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Chapter 1 

Introduction 

1.1 Reversibly Formed and Dissociated Covalent Bonds in Supramolecular 

and Polymer Chemistry 

In polymer chemistry and supramolecular chemistry, a promising strategy for synthesizing 

complex molecules with sophisticated structure is to utilize covalent bonds which can be formed 

and dissociated efficiently in a reversible fashion.1 Chemists have utilized this reversibility for 

nanostructure fabrication, the development of adaptive materials, and identification of biologically 

active compounds. In general, reversible reactions can be classified into three types of equilibrium 

controlled reactions: (a) formation/scission of a new type of bond, (b) direct exchange reaction, and 

(c) metathesis (Scheme 1.1). The thermodynamic equilibrium of a reversible bond formation–

dissociation is generally manipulated in one of two ways: (i) the equilibrium can be driven in one 

direction by adjusting the reaction conditions, i.e., adding or removing starting material or product, 

or (ii) the starting materials can be chosen so as to encourage the formation of a particular product, 

i.e., by incorporating certain steric or electronic recognition features into the precursors which favor 

the formation of the desired product. This reversible covalent chemistry involves imine bond, 

disulfide bond, Diels–Alder reaction, radical exchange, olefin metathesis, and so on.  
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Scheme 1.1 Three types of reversible reactions: (a) formation/scission of a new type of bond (e.g. imine 

condensation), (b) direct exchange reaction (e.g. imine exchange), and (c) metathesis type reaction (e.g. 

imine metathesis) 

 

Thermodynamic covalent bond chemistry has a long history in polymer science from ring–

chain equilibria (including ring-opening polymerizations) and reactive polymer blends (e.g. 

transesterification of reactions in polyester blends).2 In equilibrium polymerizations, monomers, 

oligomers, and polymers can be interchanged through the formation and scission of covalent bonds 

in response to external stimuli. Thermodynamic behaviors caused by changes in temperature and 

concentration were examined during polymerizations of vinyl monomers3, cyclic ether4, cyclic 

acetal5, cyclic esters6, and cyclic amides7. 

The olefin metathesis reaction is an interchange of carbon atoms between two double bonds, 

which suggests that this process has the potential to be a reversible one. In 1977, Dolgoplosk et al. 

reported a ring-opening metathesis polymerization of cyclooctene 1, by employing WCl6/iBu2AlCl 

in benzene at room temperature (Scheme 1.2).8 During the polymerization, there is an initial sharp 

increase in the viscosity of the mixture and then, in the course of time, it decreases slowly. This 

behavior is explained by the initial formation of high molecular weight polymer 2, followed 
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thereafter by the formation of a mixture of cyclic species and shorter polymers. More recently, 

Grubbs and co-workers reported acyclic diene metathesis (ADMET) polymerization of allylic ether 

terminated oligoethers,9 utilizing high tolerant benzylidene ruthenium complex as a catalyst.10 

Scheme 1.2 ROMP of cyclooctene 1 catalyzed by WCl6/iBu2AlCl 

 

 Brunelle and co-workers have developed a high-yielding synthesis of a variety of macrocylic 

carbonates by using a pseudo high dilution technique, and used them as synthetic intermediates for 

polycarbonates (Scheme 1.3).11 This kinetically controlled procedure involves treating the 

monomeric bischloroformate 3 with an aqueous NaOH solution (in the presence of an amine 

catalyst) in a reaction which results in both hydrolysis and condensation to give the macrocyclic 

products 4 (m = 2–20) in high yields. Polymerization of these macrocycles can be induced using a 

variety of catalysts and conditions. For example, the polymerization of the bisphenol A macrocyclic 

derivatives 4 (R = C(Me)2) with [Ti(O-iPr)2(acac)2] resulted in the formation of commercially 

important bisphenol A polycarbonate 5 (Mw = 248,000, PDI = 2.5).12 

Scheme 1.3 Kinetic formation of the macrocyclic carbonates 4 and their subsequent thermodynamic 

polymerization to yield the polycarbonates 5 

 

 Endo et al. reported that cationic polymerization of spiro-orthoester 6 proceeds at low 
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temperature to give poly(cyclic orthoester) 7 (Scheme 1.4).13 Since this reaction is a typical 

equilibrium polymerization, the obtained polymer 7 could be readily converted into the original 

monomer 6 by treatment with acid catalyst at room temperature. A similar thermodynamic 

equilibrium was observed between bicyclic-orthoester 8 and its polymer 9.14  

Scheme 1.4 Equilibrium polymerizations of spiro-orthoesters and bicyclic-orthoester 

 

In recent polymer chemistry, reversible covalent bonds have been successfully used for 

“controlled” radical polymerization reactions15 such as (a) nitroxide-mediated radical 

polymerization (NMP)16, (b) atom transfer radical polymerization (ATRP)17, and (c) reversible 

addition-fragmentation chain transfer radical polymerization (RAFT)18. In these precision 

polymerizations, reversible covalent bonds in polymer chain ends of dormant species 10 go into 

rapid equilibrium and play an essential role to keep the instantaneous concentrations of growing 

active species 11 low (Scheme 1.5). 
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Scheme 1.5 Equilibria between propagation radicals 11 and covalent domant species 10 in (a) NMP of 

polystyrene using 2,2,6,6-tetramethylpiperidine 1-oxyl (TEMPO) 12, (b) ATRP of PMMA, and (c) RAFT 

polymerization of styrene 

 

Formation of imine bond is a reversible reaction, which operates under thermodynamic 

control (Scheme 1.1). Therefore it has been employed widely in the construction of 

supramolecules.19 Quan and Cram synthesized a large container-like molecule, octaimine 

hemicarcerand 14, from a tetrafromyl cavitand and m-phenylenediamine 13.20 The ability to open 

and close the hemicarcerand 14, by sequential imine exchange and then imine formation, was 

exploited for the controlled release of ferrocene (Fc) from the corresponding Fc-containing 

hemicarceplex 15 (Scheme 1.6).21 The half-life for the release of Fc from 15 in CDCl3 was shown 

to be >4000 h. However, the addition of m-phenylenediamine 13 (in addition to the acid) 

accelerated the release of Fc and resulted in a half-life of 180 h. When m-phenylenediamine 13 is 

present, imine exchange may be operating, thereby opening a “door” in the hemicarceplex shell 

through which the Fc can escape. 
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Scheme 1.6. Acid-catalyzed reversible encapsulation of ferrocene in a hemicarcerand 14 

 

Zhao and Moore have designed a sophisticated reversible covalent polymer system based on 

imine metathesis (Scheme 1.7).22 Curved tetrameric m-phenylene ethynylene oligomers 16 and 17 

bearing bis-imino end groups were synthesized and used as monomers for imine metathesis 

polymerization in acetonitrile or chloroform in the presence of an acid catalyst. In polar acetonitrile, 

high-molecular weight polymer 18 was generated because of formation of helical assembly 

stabilized by intrahelix solvophobic interactions. In contrast, a lower degree of polymerization was 

observed in non-polar chloroform. 

Scheme 1.7 Imine metathesis polymerization of bis-imino m-pheylene ethynylene oligomers 16 and 17 
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Reversible covalent bonds have been used recently to develop a novel class of polymers 

having dynamic properties, the so-called “dynamers”, such as a changeable and tunable constitution 

even after polymerization.23 Lehn and co-workers have developed a number of main-chain dynamic 

covalent polymers based on the (acyl)hydrazone bond: an acid-sensitive bond formed between an 

aldehyde and a hydrazide.24 These structurally dynamic polymers 19 show the ability to exchange 

components after polymerization by simply mixing different monomers 20 or polymers and 

submitting them to acidic conditions. Under such conditions these polymers exchange and shuffle 

components to produce distinct moieties 21 not present in the starting materials (Scheme 1.8). 

Scheme 1.8 Monomer exchange reactions of polyacylhydrazones 

 

Stoddart and co-workers reported the thermodynamically controlled synthesis of a 

dialkylammonium based [2]rotaxane in which a crown ether like macrocycle is clipped around a 

dumbbell-shaped component (Scheme 1.9).25 When 2,6-pyridinedicarboxaldehyde 22 is treated 

with diamine 23, an equilibrium mixture, which appears to be comprised of many different cyclic 

and acyclic oligomeric species, is obtained after 24 h. However, addition of a dumbbell-shaped 

ammonium component 25 to this equilibrium mixture has a dramatic effect. After only 4 mins, a 

new equilibrium state is reached, in which the main component is the [2]rotaxane 26. This result 

suggests that the dibenzylammonium ion 25 templates the formation of the crown ether like 

macrocycle 24 around itself, thus generating the interlocked molecule 26.26 
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Scheme 1.9 The reaction of macrocycle 24 with 25 leading to the equilibrium being shifted to form almost 

exclusively the [2]rotaxane 26 

 

 The same group also achieved synthesis of the stable Borromean-ring structure, three 

interlocked rings in an inseparable union, by employing tridentate 2,6-bisiminopyridyl and 

bidentate 2,2’-bipyridyl moieties as the endo and exo ligands, respectively (Scheme 1.10).27 

Bis-amine terminated 2,2’-bipyridyl 27 and 2,6-diformylpyridine 28 were reacted in boiling 

methanol in the presence of zinc acetate affording the hexanuclear Borromean ring compound 29 in 

80% yield. Its interlocked nature was confirmed unambiguously by X-ray crystallography. 

Scheme 1.10 (Top) Schematic assembly of a Borromean link (Bottom) Reversible reaction of 

2,6-diformylpyridine 28 with a diamine containing a dipyridyl binding site 27, in the presence of zinc 

acetoacetate affords a molecular Borromean link 29 
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Thiol groups and disulfide linkages undergo a spontaneous reaction, in which the thiol group 

displaces one sulfur atom of the disulfide bond (Scheme 1.11), that is, a small amount of thiol can 

act as a catalyst for reversible disulfide exchange reaction.28 

Scheme 1.11 Reversible cleavage of disulfide linkage 

 

 The first report of this potentially reversible bond being employed to construct an interlocked 

molecule under thermodynamic control appeared in early 2000 by Takata et al.29 When a 

bifunctional secondary ammonium salt bearing disulfide linkage and bulky end-caps 30 was mixed 

with dibenzo-24-crown-8 (DB24C8) and a catalytic amount of benzenethiol, crown ether entered 

into disulfide linkage to afford [2] and [3] rotaxanes, 33 and 34, respectively (Scheme 1.12). This 

mechanism of the formation of these rotaxanes is so called “unlock–lock” process; The initial S–S 

bond cleavage by the catalysis of thiol results in the formation of half rotaxane or pseudorotaxane, 

both of which can thread in the wheel and undergo end-capping as “unlock” process to give 

[2]rotaxane 33. Similar process gives [3]rotaxane 34. 
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Scheme 1.12 Formation of rotaxanes based on reversible thiol–disulfide exchange 

 

Combinatorial chemistry under thermodynamic control is called dynamic combinatorial 

chemistry; that is, in a dynamic combinatorial library (DCL), all costituents are in equilibrium.30 

Dynamic combinatorial chemistry relies on the selection of the thermodynamically most stable 

product from an equilibrating mixture. When a template is added to the mixture and binds to a 

specific library member, this species is stabilized and the equilibrium will shift, resulting in an 

increase in the concentration of the selected library member (“amplification”). Templates can be 

used to select species that can act as hosts or receptors (Scheme 1.13), as well as for the discovery 

of new guests or ligands. Otto et al. prepared dithiol building blocks 35–37 and analyzed how 

DCLs made from these building blocks responded to the addition of a variety of ammonium guests 

38–40 (Scheme 1.14).31 Guest 38 induced the amplification of heterotrimer host 41 with a high 

affinity. Remarkably, exposure of the same library to guests 39 and 40 induced the amplification of 

new receptors 42 and 43, respectively. 
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Scheme 1.13 A small dynamic combinatorial library and its free energy landscape, showing the effect of 

adding template that strongly and selectively binds to one of the equilibrating species 

 

Scheme 1.14 Macrocyclic receptors 41–43 produced from DCL of dithiol building blocks 35–37 
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1.2 Reversible Crosslinking and Decrosslinking Systems 

Covalently crosslinked networks or thermosets are extensively used as structural materials in 

a vast array of applications ranging from coatings to composites to biomaterials. Incorporation of 

dissociable covalent bonds into such network polymers allows decrosslinking of three 

dimensionally networked polymers into the corresponding linear ones, which can be crosslinked 

again on demand. These systems have been extensively investigated from the viewpoint of 

chemical recycling32 as well as self-healing materials33. 

 Endo et al. have investigated a polymer networks that can be interconverted with a linear 

polymers on the basis of aforementioned ring–chain equilibria of spiro-orthoester and 

bicyclic-orthoester (Scheme 1.4). They designed copolymers having spiro- and bicyclic-orthoester 

moieties as pendant groups (44 and 46, respectively), which were reversibly changed between the 

networks (45 and 47, respectively) and linear structures in the presence of cationic catalysts 

(Scheme 1.15). Crosslinking was enhanced with an increase in the concentration of the polymer, 

whereas recovery of the starting linear polymer through decrosslinking increased with decreasing 

concentration of the crosslinked polymer.34,35 Similar reversible ring opening–closing systems 

associated with six-membered cyclic carbonate36 and five-membered cyclic dithiocarbonate37 have 

been reported. 

Scheme 1.15 Reversible network formation and dissociation of spiro- and bicyclic-orthoesters 
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 Takata and co-workers applied the interlocked system utilizing the reversible disulfide 

linkage into recyclable crosslinked polymers (Scheme 1.16).38 Polyurethane having crown ether 48 

was prepared and the crosslinking reaction was carried out by mixing with the bis-ammonium salt 

49 in the presence of benzenethiol or 50 in chloroform. The resulting networked polymer 51 could 

be degraded into thiol 50 and poly(crown ether) 48 by the addition of an equimolar amount of 

benzenethiol as a reducing agent for the disulfide linkages in DMF that prevents the hydrogen 

bonds between the sec-ammonium salt and the DB24C8 moieties. 

Scheme 1.16 Polyrotaxane network synthesized on the basis of disulfide exchange 

 

Matyjaszewski et al. prepared self-healing polymeric materials with branched architectures 
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living radical polymerization (Scheme 1.5a). Based on this radically exchangeable alkoxyamine 

bonds, Otsuka and Takahara have reported a series of thermodynamic polymer crosslinking systems 

(Scheme 1.17).40 They prepared two kinds of random copolymers (52 and 53) having the potential 

to generate nitroxide radical and styryl radical, respectively. Upon heating the mixture of 52 and 53 

in anisole, the thermodynamic exchange reaction was conducted between the nitroxide radical on 

the side chain of 52 and styryl radical on the side chain of 53. Thus the solution became a gel at 

high concentrations. The dissociation reaction of the networked polymer 54 was achieved by 

heating the mixture of 54 and an excess of nonfuctionalized alkoxyamine derivative 55. After 

heating, copolymers 52 and 53 were reformed. Recently, they have made a polymer gel that can be 

healed without the need for an external stimulus at room temperature, capitalizing on the reversible 

formation of diarylbibenzofuranone (DABBF) crosslinkers from the dimerization of stable 

arylbenzofuranone (ABF) radicals.41  

Scheme 1.17 Thermodynamic polymer crosslinking system based on radically exchangeable covalent bonds 
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both their synthetic potential and reaction mechanism. Consequently, they are recently re-evaluated 

as a click chemistry42 and a thermoreversible covalent chemistry43. Furan and maleimide have been 

the predominant functional groups to create thermoreversible DA networks due to the convenient 

temperature range in which this reaction shifts from products to reactants.44 Wudl and colleagues 
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made use of this reaction to develop a material with mechanical properties that compare with 

commercial epoxy resins, but with the capacity to re-heal under mild conditions (Scheme 1.18).45 

This re-healable resin comprised a trifunctional maleimide 56 and tetrafunctional furan 57, 

polymerized at 75 ºC to give a transparent solid 58. The material was then subjected to 

fracture-mending studies; after the structural fracture of a monolith, it was treated at 120 ºC under 

nitrogen for 2 h, after which it had recovered a significant portion of the material’s mechanical 

properties (approximately 41% of the original fracture load). 

Scheme 1.18 Re-healable resin based on Diels–Alder reaction  

 

Recently, Lehn and co-workers explored the DA reactions of anthracene–tricynoacrylate46 

and fulvene–tricynoacrylate47. They extended these novel linkages in a network and observed 

self-healing properties.48 
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1.3 Vicinal Tricarboyl Compounds 

 Vicinal tricarbonyl compounds, such as 1,2,3-indanetrione (dehydrated ninhydrin), 

dehydroascorbic acid, alloxan, and diphenylpropanetrione (DPPT), have by definition the three 

contiguous carbonyl groups, and are characterized by a highly activated central carbonyl group.49,50 

Ninhydrin 60 is the hydrate of 1,2,3-indanetrione 59 and used to detect ammonia or primary and 

secondary amines.51 When reacting with these free amines, it produces a deep purple color known 

as Ruhemann’s purple 61 (Scheme 1.19a). Also, most of the amino acids are hydrolyzed and react 

with ninhydrin. Therefore, ninhydrin is most commonly used to detect fingerprints. 

Dehydroascorbic acid 63 is an oxidized form of ascorbic acid 62 (Vitamin C). It is reduced back to 

ascorbate by glutathione and other thiols in cells. In aqueous solution, dehydroascorbic acid 63 

exists as monohydrate 64 or dihydrate 65; the cyclic hemiketal structure 64 is the predominant one 

(Scheme 1.19b). Alloxan 66 is prepared by oxidation of uric acid by nitric acid or oxidation of 

barbituric acid by CrO3. Alloxan is a strong oxidizing agent and one-electron reduction of alloxan 

hydrate 67 results in alloxan radical 68, which dimerizes to product alloxantin 69, known as one of 

the reductones which play an important role in oxidation–reduction systems (Scheme 1.19c).52 

  



 17 

Scheme 1.19 Representative vicinal tricarbonyl compounds: indanetrione 59, dehydroascorbic acid 63, and 

alloxan 66 

 

Endo and Okawara synthesized a polymer bearing alloxan structure 71 via oxidation of 
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of hydrate of alloxan polymer 72 resulted in a polymer containing alloxan radical 73, which did not 

dimerize and was stable in air because of the steric hindrance of the polymer matrix chain. 

Scheme 1.20 Synthesis of a polymer bearing alloxan and its photoreduction 
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reactive toward various nucleophiles, such as water, alcohols, amines, and thiols to produce the 

corresponding gem-diol 75, hemiketal 76, hemiaminal 77, and hemithioketal 78, respectively 

(Scheme 1.21). Reactions proceed at much lower temperatures, often without the catalysis required 

for simpler carbonyl compounds. Generally, these addition reactions are reversible. For example, 

hydrates 75 can be dehydrated to give pure free vicinal tricarbonyls 74 by heating under vacuum,54 

sublimation,55 distillation,56 crystallization,57 azeotropic removal of water,58 and utilization of 

dehydrating agents such as molecular sieves or P2O5.59 Moreover, of particular interest is that the 

reversible addition and elimination process is accompanied by disappearance and appearance of the 

distinctive color due to the collapse and recovery of the contiguous three carbonyl groups, 

respectively, hence being detectable by the naked eye. 

Scheme 1.21 Reversible addition of water, alcohols, thiols, and amines to vicinal tricarbonyl compounds 
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80 without deteriorating the polymer structure. 

Scheme 1.22 Reversible addition of water or alcohols to a polystyrene bearing vicinal tricarbonyl structure 

79 
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1.4 Brief Overview of the Present Thesis 

 As mentioned at the beginning of Section 1-2, the incorporation of reversible covalent bonds 

within networked polymers is lying at the center of the design and synthesis of new polymer 

materials possessing chemically recyclable or self-healable properties. Although a variety of 

reversible covalent bonds have been strenuously investigated for such purposes, most of them 

require strong external stimuli such as heating, light, and catalyst to trigger their bond formation–

dissociation process. Therefore, it is still an important and challenging task to explore new 

reversible covalent bonds that can form and dissociate under mild conditions and to incorporate 

them within three-dimensionally networked polymer materials. Against this background, the author 

took notice of the potential usefulness of the reversible addition–elimination reactions of alcohols 

with vicinal tricarbonyl groups, which proceed in both directions under mild conditions without 

catalyst. In addition, the reaction progress is detectable by the naked eye. Consequently, one can 

expect that incorporating the vicinal tricarbonyl–alcohol linkage within networked polymers will 

lead to polymer materials that can be reversibly crosslinked and decrosslinked under mild 

conditions without strong external stimuli.  

 On the basis of the above information, the author has studied to construct reversibly 

crosslinked and decrosslinked systems under mild conditions without catalyst utilizing vicinal 

tricarbonyl functionalities. These studies are described in the following four chapters.  

 Chapter 2 reports the reversible crosslinking and decrosslinking system of a polystyrene 

bearing monohydrate structure of vicinal tricarbonyl groups with an α,ω-diol, utilizing the direct 

water–alcohol exchange reactions on the vicinal tricarbonyl moieties.  

Chapter 3 focuses on the synthesis and characterization of an acyclic bifunctional vicinal 
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tricarbonyl compound (bistriketone), its hydrate, and its ethanol-adduct.  

 Chapter 4 reports the construction of the reversibly crosslinked and decrosslinked systems of 

commercially available alcoholic polymers, namely, poly(2-hydroxyethyl methacrylate) (PHEMA) 

and poly(vinyl alcohol) (PVA), using the bifunctional vicinal tricarbonyl compound.  

Chapter 5 summarizes the achievements of each chapter and describes perspectives on 

polymer materials with vicinal tricarbonyl–alcohol linkages. 
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Chapter 2 

Reversible Crosslinking and Decrosslinking System of 

Polystyrenes Bearing the Monohydrate Structure of Vicinal 

Tricarbonyl Group through Water–Alcohol Exchange  

2.1 Introduction 

 Vicinal tricarbonyl compounds, such as alloxan, 1,2,3-indanetrione, dehydroascorbic acid, 

and diphenylpropanetrione (DPPT, 1), have by definition the three contiguous carbonyl groups, and 

are characterized by a highly electrophilic central carbonyl group, which is activated by the adjacent 

two carbonyls and significantly reactive toward various nucleophiles, such as water and alcohols 

(Scheme 2.1).1,2 Hence, vicinal tricarbonyl compounds are usually obtained as their hydrated forms 

(2,2-gem-diol, DPPT-H2O, 2) as a result of hydration with moisture in air or solvents used during 

the isolation processes (Scheme 2.1a). These hydrates can be dehydrated to give pure free vicinal 

tricarbonyls (1) by heating under vacuum,3–5 sublimation,5,6 distillation,7–10 crystallization,9 

azeotropic removal of water,10 and utilization of dehydrating agents such as molecular sieves 4A or 

P2O5.6,10,11 This reversible hydration–dehydration nature of vicinal tricarbonyls enables us to utilize 

them as recyclable dehydrating agents.12 Of particular interest is that the reversible hydration 

process is accompanied by disappearance and appearance of the distinctive yellow color due to the 

collapse and recovery of the contiguous three carbonyl groups, respectively, hence being detectable 

by the naked eye.1,2 The vicinal tricarbonyl compounds exhibit a similar behavior toward alcohols 

(Scheme 2.1b); the addition of alcohols readily proceeds at ambient temperature to form the 

corresponding alcohol adducts (hemiketal, DPPT-ROH, 3) without any catalyst, being accompanied 
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by disappearance of their distinctive color arising from the vicinal tricarbonyl structures. 

Conversely, the vicinal tricarbonyl compounds are obtained by heating under vacuum to remove the 

alcohols. 

Scheme 2.1 Reversible Addition of Water and Alcohols to Vicinal Tricarbonyl Groups 

 

 Motivated by the characteristic features of vicinal tricarbonyl compounds, Endo et al. 

recently reported design and synthesis of a polystyrene derivative bearing acyclic vicinal 

tricarbonyl structures in the side chains (4) and detailed investigation of its reversible addition–

elimination behavior of water and alcohols to the vicinal tricarbonyl polymer (Scheme 2.1c).13-16 

The vicinal tricarbonyl pendants of 4 readily reacted with water or alcohols to quantitatively yield 

the corresponding water or alcohol adduct polymer 5. On the other hand, heating 5 under vacuum 

afforded the original polymers with the vicinal tricarbonyl pendants 4 without deteriorating the 

polymer structure. 

 Polymer materials that can be reversibly crosslinked and decrosslinked through covalent 

bonds have recently attracted much attention from the standpoint of chemical recycling as well as 
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self-healing materials.17-19 Taking advantage of the reversible nature of the alcohol addition to 

vicinal tricarbonyl groups, Endo et al. developed a new reversible crosslinking system from the 

vicinal tricarbonyl polymers 4 and an α,ω-diol as the crosslinking reagent. However, the vicinal 

tricarbonyl polymer system has some drawback toward materials application; the decrosslinking 

step utilizing the elimination of alcohols requires heating at around 100 °C under reduced pressure. 

In addition, the polymers bearing vicinal tricarbonyl pendants are susceptible to moisture and need 

to be preserved under dry conditions. Therefore, new processes or systems that can be reversibly 

crosslinked and decrosslinked under mild conditions are desired to be developed.  

Over the course of the study to develop new polymer materials based on the vicinal 

tricarbonyl structures, the author noted that the two reversible reactions, the reversible addition of 

water and that of alcohol, indicated that the apparently direct exchange of water and alcohols on the 

vicinal tricarbonyls in situ is possible by way of vicinal tricarbonyl intermediates (Figure 2.1a). On 

the basis of this equilibrium, the author envisaged that use of the gem-diol polymers would lead to a 

new system that can be reversibly crosslinked and decrosslinked system under mild conditions 

through the direct water–alcohol exchange reaction (Figure 2.1b). However, no detailed study for 

such direct water–alcohol exchange reactions had been reported to date. Therefore, the author 

started from the systematic study of the water–alcohol exchange reactions using a unit model 

compound, and then the author went into the gem-diol polymers. Herein, the author describes the 

reversible crosslinking and decrosslinking system of polystyrene bearing the gem-diol structure of 

vicinal tricarbonyl group using an α,ω-alcohol exploiting the direct water–alcohol exchange 

reaction along with the detailed investigation using a unit model compound. 
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Figure 2.1 Schematic illustrations of (a) water–alcohol exchange reaction on vicinal tricarbonyl groups and 

(b) reversible crosslinking and decrosslinking of polymers bearing vicinal tricarbonyl pendants using 

α,ω-diols through water–alcohol exchange reaction. 

2.2 Experimental Section 

2.2.1 Materials  

Chloroform, chloroform-d (CDCl3) and dimethyl solfoxide-d6 (DMSO-d6) were distilled over 

molecular sieves 4A (MS 4A). Acetone and acetone-d6 were distilled over CaCl2. Benzyl alcohol 

and 1-hexanol were distilled over CaH2. 1,4-Dioxane was distilled over sodium benzophenone ketyl. 

D2O (Merck KGaA, Germany), n-Hexane (Wako Pure Chemical Industries, Japan) and 

1,6-hexanediol (Wako) were purchased and used without further purification. 

Diphenylpropanetrione monohydrate (2, DPPT-H2O), diphenylpropanetrione-benzyl alcohol adduct 

(3a, DPPT-BnOH) and polymer bearing monohydrate structure of vicinal tricarbonyl moieties 5a 

were synthesized according to the literature.13 The number-average molecular weight of 5a was 

estimated to be 1.5 x 104 with a polydispersity index (PDI) of 10.3 by size exclusion 

chromatography (SEC) based on PSt standards.  Polymer 5a with number-average molecular 
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weight of 3.8 x 103 with a PDI of 2.9 was prepared from the polymer synthesized by radical 

polymerization of 4-vinyldibenzoylmethane with 20 mol% of 2,2’-azobis(isobutyronitrile) (AIBN) 

at 80 ºC for 18 h. 

2.2.2 General Measurements 

 1H NMR spectra were measured on a JEOL JNM-ECS 400 spectrometer at a resonance 

frequency of 400 MHz with tetramethylsilane (TMS) as an internal standard. NMR chemical shifts 

were reported in delta unit (δ). IR spectra were recorded on a Thermo Scientific Nicolet iS10 

spectrometer. UV–vis spectra were measured with a JASCO V-570 spectrophotometer in a 1-cm 

quartz cell. Number-average and weight-average molecular weights (Mn, Mw) and polydispersity 

indices (Mw/Mn) of the polymers were estimated by size exclusion chromatography (SEC) using 

tetrahydrofuran (THF) as the eluent at a flow rate of 0.6 mL/min at 40 ºC, performed on a Tosoh 

chromatograph model HLC-8320 system equipped with Tosoh TSKgel SuperHM-H styrogel 

columns (6.0 mm φ x 15 cm, 3 and 5 µm bead sizes), UV–vis detector (254 nm). The molecular 

weight calibration curve was obtained with polystyrene standards. Thermogravimetric analysis 

(TGA) was performed on a Seiko Instrument Inc. TG-DTA 6200 with an aluminum pan under a 

150 mL/min N2 flow at a heating rate of 10 ºC/min. The single crystal X-ray data for the benzyl 

alcohol adduct (3a) was collected on a Bruker Smart Apex CCD-based X-ray diffractometer with 

Mo-Kα radiation (λ = 0.71073 Å).20 

2.2.3 Model Reactions 

Water–Alcohol Exchange Reaction of DPPT-H2O 2 with Alcohols. A typical experimental 

procedure was as follows. 2 (64.1 mg, 0.250 mmol) was dissolved in 0.50 mL of CDCl3 under an 
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argon atmosphere. To the solution was added BnOH (26.2 µL, 0.250 mmol), and the solution was 

transferred to an NMR tube. The reaction progress was monitored by 1H NMR. 

Water–Alcohol Exchange Reaction of DPPT-BnOH 3a with Water. DPPT-BnOH (7.81 mg, 

0.025 mmol) was dissolved in 0.50 mL of a mixture of D2O and acetone-d6 (1/9, v/v) under an 

argon atmosphere, and the solution was transferred to an NMR tube. The reaction progress was 

monitored by 1H NMR. 

Water–Alcohol Exchange Reaction of Polystyrene Derivative 5a with Alcohols. A typical 

experimental procedure was as follows. Polymer 5a (282 mg, 1.00 mmol) was dissolved in 

chloroform (5.0 mL). To the solution was added 1-hexanol (374 µL, 3.00 mmol), and the reaction 

mixture was stirred at ambient temperature under argon atmosphere for 3 days. The resulting 

mixture was precipitated with n-hexane and filtered to obtain polymer 6 (298 mg, 94%) as a pale 

yellow solid. 1H NMR (400 MHz, acetone-d6, 298 K): δ 8.17–5.20 (br, aromatic-H, –OH), 3.70–

3.30 (br, –OCH2–), 2.40–0.50 (br, aliphatic-H) ppm. IR (ATR) 3415 (O–H), 2929 (C–H), 1721 

(central C=O), 1682 (side C=O) cm–1. 

Recovery of Polymer 5a from Polymer 6 through Water–Alcohol Exchange Reaction with 

Water. Polymer 6 (151 mg, 0.469 mmol) was dissolved in 10 mL of a mixture of water and acetone 

(1/9, v/v), and the resultant solution was stirred at ambient temperature for 3 days. The resulting 

mixture was precipitated with a large amount of water and filtered to obtain polymer 5a (127 mg, 

96%) as a pale yellow solid. 1H NMR (400 MHz, acetone-d6, 298 K): see Figure 2.9. 

2.2.4 Crosslinking and Decrosslinking 
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Crosslinking of Polystyrene Derivative 5a through the Water–Alcohol Exchange Reaction 

with 1,6-Hexanediol. To a solution of polymer 5a (282 mg, 1.00 mmol) in acetone (0.50 mL) was 

added 1,6-hexanediol (11.8 mg, 0.100 mmol), and the reaction mixture was stirred at ambient 

temperature under argon atmosphere for 5 days. The resultant highly viscous mixture was filtered 

and washed with acetone (5.0 mL). The insoluble part was dried in vacuo at room temperature to 

afford the networked polymer 7 (292 mg, 99%) as a yellow solid. IR (ATR) 3392 (OH), 2932 (C–

H), 1721 (central C=O), 1674 (side C=O) cm–1. 

Recovery of Polymer 5a by Decrosslinking of Networked Polymer 7 through the Water–

Alcohol Exchange Reaction with Water. A pea-sized piece of networked polymer 7 (168 mg) was 

immersed in 10 mL of water–acetone (1/9, v/v) and the mixture was gently stirred at room 

temperature. The polymer swelled gradually and then completely dissolved within 2 days. The 

resultant solution was stirred for one more day, and then mixture was reprecipitated with a large 

amount of water and filtered to obtain polymer 5a (149 mg, 0.527 mmol, 91%) as a pale yellow 

solid. 1H NMR (400 MHz, acetone-d6, 298 K): see Figure 2.13. 
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2.3 Results and Discussion 

2.3.1 Reversible Water–Alcohol Exchange Reaction of Monohydrate of DPPT 

The author chose the monohydrate of diphenylpropanetrione 2 (DPPT-H2O) as a unit model 

compound for polystyrene bearing monohydrate structure of vicinal tricarbonyl group and 

investigated its water–alcohol exchange reaction in detail. Before investigating the model reaction, 

the author prepared the benzyl-alcohol adduct of diphenypropanetrione 3a (DPPT-BnOH) 

according to the previous report.15 Single crystals of 3a suitable for X-ray analysis were grown 

from a solution in benzyl alcohol. The X-ray analysis revealed that the benzyl alcohol was added to 

the central carbonyl group, and the central carbon atom adopted the tetrahedral configuration 

(Figure 2.2).20 The author monitored the water–alcohol exchange reaction of 2 with benzyl alcohol 

in CDCl3 by 1H NMR. Figure 2.3 shows the time dependence of partial 1H NMR spectra in the 

aromatic region of an equimolar mixture of 2 and benzyl alcohol ([2]0 = [BnOH]0 = 0.5 M) after 

mixing at ambient temperature, indicating that three species, i.e., 2, and diphenylpropanetrione 

(DPPT, 1), and BnOH adduct (DPPT-BnOH, 3a) were involved in the equilibrium. The existence of 

1 was also evidenced by the naked-eye observation that the reaction mixture took on the distinctive 

yellow color due to the contiguous three carbonyl groups.1,13-15 The ortho-proton signals of the 

benzene rings of 1, 2, and 3a appeared as three clearly separated ones at around 8 ppm, with which 

the author estimated the content ratios of the three species. The contents of the three species were 

plotted against the reaction time as shown in Figure 2.4A. At an early stage of the reaction (10 min, 

Figure 2.3a), the major part of the mixture was 2, and a small amount of 1 with a trace amount of 3a 

were detected after 1h (Figure 2.3b). The content of 1 reached maximum a few hours later, and the 

content of 3a gradually increased with time, while 1 and 2 decreased monotonously (Figure 2.3c). 

The mixture reached equilibrium within 48 h, at which the content ratios of 1, 2, and 3a were 18%, 
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33%, and 49%, respectively (Figure 2.3d). The initial concentration of the starting materials and the 

reaction temperature markedly affected the reaction rate as well as the position of the equilibrium of 

the water–alcohol exchange reaction. When the initial concentrations of 2 and BnOH were set to 0.1 

M, the reaction became significantly slow and 4 days were required for reaching equilibrium at 

ambient temperature, where the content ratios of 1, 2, and 3a were 38%, 34%, and 28%, 

respectively (Figure 2.4B). In contrast, the rate of the exchange reaction became much higher at 50 

ºC than that at ambient temperature and the equilibrium state was achieved within half a day. The 

position of the equilibrium state was also shifted to a certain extent toward the free tricarbonyl 1; 

the contents of 1, 2, and 3a at equilibrium were 49%, 15%, and 36%, respectively at 50 °C (Figure 

2.4C). 

 

Figure 2.2 ORTEP structure of 3a with thermal ellipsoids at 50% probability. Selected data: bond lengths; 

O1-C7 1.214 Å, O2-C15 1.208 Å, O3-C8 1.407 Å, O4-C8 1.394 Å, angles; O3-C8-O4 113.36º, C7-C8-C15 

110.12º, dihedral angles; O1-C7-C8-O3 -133.36º, O2-C15-C8-O3 -129.29º. 
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Figure 2.3 1H NMR spectra of the reaction mixture of DPPT-H2O 2 with equimolar benzyl alcohol in CDCl3 

at ambient temperature after (a) 10 min, (b) 1 h, (c) 12 h, and (d) 48 h (400 MHz, 298 K). [2]0 = [BnOH]0 = 

0.5 M. 

 

Figure 2.4 Changes in the content ratio of 1, 2, and 3a upon mixing DPPT-H2O 2 and BnOH in CDCl3: (A) 

[2]0 = [BnOH]0 = 0.5 M, r.t., (B) [2]0 = [BnOH]0 = 0.1 M, r.t., and (C) [2]0 = [BnOH]0 = 0.5 M, 50 ºC. 
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Next, the author investigated the effect of solvent on the water–alcohol exchange reaction 

(Figure 2.5). The author chose 1-hexanol instead of benzyl alcohol, because the BnOH adduct 

showed poor solubility and insufficient peak separation of the 1H NMR spectra in acetone and 

DMSO. In CDCl3, the exchange reaction with 1-hexanol exhibited a similar behavior to that with 

benzyl alcohol and the mixture reached equilibrium within 48 h, at which the content ratios of 1, 2, 

and 3b were estimated to be 11%, 21%, and 68% by using the integrals of the 1H NMR spectrum. 

The content of the 1-hexanol adduct 3b at equilibrium was much higher than that of 3a in CDCl3 

probably because of the less steric hindrance of the hydroxyl group in 1-hexanol than that of benzyl 

alcohol. In contrast, the exchange reaction rate slowed very much in DMSO-d6 and it took ca. 120 h 

until equilibrium was attained. The content of 3b was as low as 23% at equilibrium, which was 

much lower than that in CDCl3. This is consistent with our previously reported result that the 

addition of alcohol to 1 is slowed in polar solvents,15 thus indicating that the rate-determining step 

for the water–alcohol exchange reaction is most likely to be the addition of the alcohol. The 

reaction rate was even lowered in acetone-d6 than in DMSO-d6, and it required more than 240 h to 

achieve equilibrium, although the content of 3b was higher than that in DMSO-d6 at the final 

equilibrium state. 
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Figure 2.5 Changes in the content ratios of 3a and 3b upon mixing with BnOH in CDCl3 (a), and with 

1-hexanol in CDCl3 (b), in DMSO-d6 (c), and in acetone-d6 (d) at ambient temperature. [2]0 = [1-hexanol]0 = 

0.5 M. 

 The author demonstrated the back reaction directly from 3a to 2 exploiting the water–alcohol 

exchange reaction in a similar way to that for the hydration of 1 according to our previous report.13 

The isolated 3a was dissolved in a mixture of D2O and acetone-d6 (1/9, v/v) at ambient temperature, 

and the exchange reaction was monitored by 1H NMR (Scheme 2.2). After 3 days, an almost 

quantitative water–alcohol exchange was achieved with generation of 2’ (DPPT-D2O) in 97% yield 

confirmed by 1H NMR (Figure 2.6A). Similarly to the forward reaction, the backward reaction was 

accelerated by heating at 50 ºC, so that 2’ was generated in 97% yield (1H NMR) within 24 h 

(Figure 2.6B). 

Scheme 2.2 Water–Alcohol Exchange Reaction of DPPT-BnOH 3a with D2O 
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Figure 2.6 Change in the content ratio of DPPT 1, DPPT-D2O 2’ and DPPT-BnOH 3a upon mixing 3a in 

D2O/acetone-d6 (1/9, v/v) at (A) ambient temperature and (B) at 50 ºC. [3a]0 = 0.05 M. 

2.3.2 Reversible Water–Alcohol Exchange Reaction of Monohydrate of Polystyrene Derivative 

with 1-Hexanol  

Based on the results of the model reactions, the author investigated the reversible water–

alcohol exchange reaction of the polystyrene bearing monohydrate structure of vicinal tricarbonyl 

group 5a with 1-hexanol (Table 2.1). The polymer with gem-diol structure 5a (Mn = 1.5 × 104, PDI 

= 10.3) was prepared according to our previous report.13 1-Hexanol was added to a solution of 5a in 

CHCl3 ([5a]0 = 0.2 M) and the reaction mixture was stirred at ambient temperature and took on a 

yellow color, which suggested the existence of vicinal tricarbonyl units. After 3 days, the resulting 

mixture was precipitated with n-hexane to obtain 1-hexanol adduct of the polymer 6 in 91–96% 

yield. The IR spectrum showed a weak but distinctive absorption peak at 1721 cm–1 assignable to 

the three contiguous carbonyl groups, indicating that 6 contained vicinal tricarbonyl unit along with 

gem-diol and hemiketal units (Figure 2.7). A weak but distinctive absorption peak at 455 nm 

observed in the UV/vis spectrum also the existence of the vicinal tricarbonyl unit in the polymer 6 

(Figure 2.8).1,13-15 The hemiketal structure in 6 was confirmed by the appearance of a broad signal 



 42 

between 3.3 and 3.7 ppm in the 1H NMR spectra that corresponds to that of alkoxymethylene 

protons of the hemiketal side chain (Figure 2.9). The contents of gem-diol, tricarbonyl, and 

hemiketal structures were estimated by using the integrals of the 1H NMR spectra. When equimolar 

1-hexanol was used, the contents of the three units were 39%, 27%, and 34% for gem-diol, vicinal 

tricarbonyl, and hemiketal units, respectively. The content of the hemiketal unit (34%) halved when 

compared to that of the equilibrium solution of an equimolar mixture of 2 and 1-hexanol in CDCl3 

(68%, vide infra). This could be attributed to the lowered total concentration as well as the steric 

hindrance of the polymer backbones. The content of hemiketal unit in 6 increased with an increase 

in the feed ratio of 1-hexanol, and it reached 62% when 10 equivalent of 1-hexanol was used. The 

thermogravimetric analysis (TGA) profile of 6 was consistent with the 1H NMR results (Figure 

2.10). Only a negligible weight loss was observed up to 220 °C for the tricarbonyl polymer 4 

(dehydrated form of 5a) upon being heated from 30 °C at a rate of 10 °C/min under nitrogen flow. 

In contrast, the gem-diol polymer 5a showed a weight loss of 6 wt% up to 200 °C, which was in 

good agreement with the weight of water that can be released potentially from 5a. The TGA profile 

of 6 (obtained with 3 eq of 1-hexanol) had two-step weight loss at around 100 °C and 200 °C, 

which probably correspond to the releases of water and 1-hexanol, respectively. The weight loss up 

to 250 °C coincides with the combined weight of water and 1-hexanol incorporated in 6 that was 

estimated by the 1H NMR analysis. 
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Table 2.1 Water–Alcohol Exchange Reaction of 5a with 1-Hexanol and Compositions of Resulting 

Polymers 

 

entry 
hexanol 

/equiv.a 

content ratiob / % 
yieldc / % 

gem-diol tricarbonyl hemiketal 

1 1 39 27 34 91 

2 3 38 16 46 94 

3 10 24 14 62 96 

a Versus gem-diol moieties of 5a. b Determined by integral ratios on 1H NMR spectra. c Isolated yield. 

 

Figure 2.7 IR spectra of 5a, 6 and 7 (ATR). 
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Figure 2.8 UV–vis spectra of 5a in 1,4-dioxane/water (97/3, v/v, left: 1.0 x 10–4 M, right: 5.0 x 10–3 M) and 

6 in 1,4-dioxane (left: 1.0 x 10–4 M, right: 5.0 x 10–3 M). 

 

Figure 2.9 1H NMR spectra of the 5a as-prepared (top), 6 and the 5a recovered from the hemiketal polymer 

6 (acetone-d6, 400 MHz, 298K). 
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Figure 2.10 TG profiles of 4, 5a, 6 and 7 (heating rate 10 ºC / min, under N2 flow). 

The author also examined the recovery of the gem-diol polymer 5a directly from the 

hemiketal polymer 6 in the same manner as that for the unit model system (Scheme 2.3). Being 

stirred at ambient temperature, a mixture of 6 in water–acetone (1/9, v/v) became homogeneous and 

colorless. After 3 days, the mixture was reprecipitated with water to afford 5a in 96% yield. The 1H 

NMR spectrum of the obtained polymer 5a agreed completely with that of the original gem-diol 

polymer 5a (Figure 2.9). 

Scheme 2.3 Recovery of Polymer 5a 
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2.3.3 Reversible Crosslinking and Decrosslinking through Water–Alcohol Exchange 

The author investigated the reversible crosslinking–decrosslinking of the gem-diol polymer 

5a through the water–alcohol exchange reaction by using 1,6-hexanediol as a bifunctional 

crosslinking reagent (Figure 2.11). The author used acetone for the solvent, because it is a good 

solvent for 5a so that the author could achieve a high concentration of 5a, which is advantageous 

for the crosslinking reaction. A small amount of 1,6-hexanediol (0.2 eq of OH group relative to the 

gem-diol moiety of 5a) was added to a concentrated solution of 5a (Mn = 1.5 × 104, PDI = 10.3) in 

acetone (2.0 M). After 1 day at ambient temperature, the magnetic stirring had been stopped 

because of significantly increased viscosity of the mixture. The mixture displayed an orange color, 

which indicated the existence of vicinal tricarbonyl units. The highly viscous mixture was allowed 

to stand for 4 more days and washed with acetone. The insoluble part was dried in vacuo at room 

temperature to afford the networked polymer 7 in 99% yield as a yellow solid. In the IR spectrum of 

the obtained networked polymer, a peak due to methylene moiety of 1,6-hexanediol and a weak 

peak originating from the vicinal tricarbonyl structure were observed at 2,932 cm–1 and 1,721 cm–1, 

respectively (Figure 2.7).1,13-15 The TGA profile of 7 showed a weight loss of 9 wt% up to ca. 

250 °C, which agreed well with the combined weight of water and 1,6-hexanediol covalently 

attached to the polymer side chain (Figure 2.10). Figure 2.11 shows the photographs for the 

polymer mixture before (a) and after (b) the crosslinking. While the solution of 5a in acetone 

exhibited high fluidity as solution, a transparent self-standing gel was formed after the crosslinking 

with 1,6-hexanediol. The scanning electron microscopy (SEM) images of the fracture surface of the 

networked polymer are shown in Figure 2.12. The morphology of the networked polymer 7 showed 

smooth and homogeneous surface, and no phase-separated morphology was observed in the 

micrometric scale. 
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Figure 2.11 Photographs of before (a) and after (b) crosslinking of the polystyrene derivative 5a through 

water–alcohol exchange reaction on its vicinal tricarbonyl moieties. 

 

Figure 2.12 SEM images of networked polymer 7. 

 The author demonstrated the decrosslinking of the obtained networked polymer 7 through 

water–alcohol exchange reaction. A pea-sized piece of 7 was immersed in water–acetone (1/9. v/v) 

and the mixture was gently stirred at ambient temperature. The polymer swelled gradually and then 

completely dissolved within 2 days. The resultant solution was stirred for one more day and became 

colorless. After reprecipitation with water, the water-insoluble part was dried in vacuo at ambient 
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temperature to afford the gem-diol polymer 5a in 91% yield, of which the 1H NMR spectrum was 

completely identical to that of the original polymer 5a (Figure 2.13). 

 

Figure 2.13 1H NMR spectra of the 5a as-prepared (top) and the 5a recovered from the networked polymer 7 

(acetone-d6, 400 MHz, 298K).  

 Finally, the author attempted SEC analysis of the reaction mixture prior to the gel point, in 

order to visualize the crosslinking–decrosslinking behavior of 5a.21 To this end, the author prepared 

polymer 5a with a lower molecular weight (Mn = 3.8 × 103, PDI = 2.9) and allowed to react with 

1,6-hexanediol in the same manner. The SEC analysis of the reaction mixture showed an increase in 

molecular weight as well as PDI after 24 h (Mw = 4.5 × 103, PDI = 5.0) and after 48 h (Mn = 4.6 × 

103, PDI = 8.5), indicating the formation of network polymer via crosslinking (Figure 2.14a-c). 

Upon treatment of the resulting partially networked polymer with excess amount of water at 
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ambient temperature for 3 days, the SEC profile of the polymer (Mn = 3.4 × 103, PDI = 2.9) showed 

good accordance with that of the original polymer 5a as-prepared (Figure 2.14d), indicating that the 

decrosslinking was completed. 

 

Figure 2.14 SEC profiles of polymer 5a (a) as-prepared, (b) after crosslinking for 48h, (c) after crosslinking 

for 96 h, and (d) after decrosslinking. 

2.4 Conclusions 

The author has thus demonstrated here that the direct water–alcohol exchange reactions on 

the vicinal tricarbonyl compounds can be carried out reversibly in both directions by changing 

solvents, exploiting the reversible nature of the addition of alcohols to vicinal tricarbonyl 

compounds as well as that of the elimination of alcohols from the alcohol adducts. It should be 

noted here that the water–alcohol exchange reactions proceed without any catalysts and under mild 

conditions such as ambient temperature. By virtue of the above characteristic features of the water–

alcohol exchange reactions on vicinal tricarbonyl compounds, the polystyrene derivative bearing 

monohydrate structure of vicinal tricarbonyl group can be networked with 1,6-hexanediol at 

ambient temperature through the water–alcohol exchange reaction to afford the networked polymer 
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in almost quantitative yield. On the other hand, the treatment of the networked polymer with water 

affords the original polymer in high yield as a result of decrosslinking through the water–alcohol 

exchange reaction. Thus, the author believes that the crosslinking and decrosslinking system based 

on the water–alcohol exchange reactions on vicinal tricarbonyl compounds is promising for 

development of new chemical recycling and self-healing materials because of its reversible nature 

as well as the feasibility under mild conditions. 
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Chapter 3 

Synthesis and X-ray Structural Analysis of an Acyclic 

Bifunctional Vicinal Triketone, Its Hydrate, and Its 

Ethanol-Adduct 

3.1 Introduction 

 Vicinal tricarbonyl compounds, such as alloxan, 1,2,3-indanetrione, dehydroascorbic acid, 

and diphenylpropanetrione (DPPT, 1), are known to have a highly electrophilic nature due to the 

three contiguous carbonyl groups, which are activated by the adjacent two carbonyl groups.1,2 

Consequently, they are highly reactive toward various nucleophiles, such as water and alcohols, to 

afford the corresponding hydrate or alcohol-adduct. These covalently-bonded water or alcohols can 

be eliminated to give pure free tricarbonyls by heating under vacuum,3,4 sublimation,4,5 

distillation,6–8 crystallization,7 azeotropic removal,8 and utilization of molecular sieves or P2O5.5,8,9 

Of particular interest is that the hydration and alcohol-addition processes are reversible10 and are 

accompanied by disappearance and appearance of the distinctive yellow–orange color due to the 

collapse and recovery of the contiguous three carbonyl groups, respectively, hence being detectable 

by the naked eye.1 

Endo et al. have started their studies to develop new polymer materials based on the vicinal 

tricarbonyl structures, motivated by the characteristic features of vicinal tricarbonyl compounds. 

Recently, Endo et al. reported design and synthesis of a polystyrene bearing acyclic vicinal 

tricarbonyl structures in the side chains and detailed investigation of reversible addition–elimination 

behavior of water or alcohols to the vicinal tricarbonyl moiety of the polymer.11–13 Moreover, the 
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author has successfully constructed the reversible crosslinking and decrosslinking system that can 

be controllable at ambient conditions, utilizing the direct water–alcohol exchange reaction on the 

vicinal tricarbonyl groups.14  

Several bifunctional vicinal polycarbonyl compounds have been reported to date. For 

example, Wasserman and Baldino synthesized bifunctional α,β-diketoesters tethered by phenylene, 

naphthylene, and decamethylene linkers and found that these compounds acted as dielectrophiles 

toward the amino groups of DNA bases, effectively crosslinked the DNA strands.15 Gleiter and 

Schang synthesized two bifunctional cyclic vicinal triketones (1,2,3,5,6,7-s-hydrindacenehexone, 

and 1,2,3,6,7,8-pyrenehexone), which formed 1:1 donor-acceptor complexes with pyrene.16 The 

same group also reported the synthesis and structure of a cyclic bifunctional vicinal tetraketone, and 

disclosed the presence of some intra-annular interactions in the solid state by X-ray single crystal 

structure analysis.17 Thus, bifunctional vicinal polycarbonyl compounds are of interest from a 

viewpoint of not only their molecular structures but also their chemical properties that could lead to 

the application to crosslinking agents. Another important feature of the vicinal tricarbonyl 

compounds is their relatively large structural changes accompanied by the addition of water and 

alcohols, which could be applied to polymer systems to create new stimuli-responsive materials or 

supramolecular systems such as molecular machines or molecular muscles.18 Investigation on the 

structural changes of bifunctional vicinal tricarbonyl compounds is an important, preliminary step 

toward future design and synthesis of such stimuli-responsive supramolecular systems consisting of 

vicinal tricarbonyl polymers. Herein, the author reports the facile synthesis, structures, and 

chemical properties of an acyclic bifunctional vicinal tricarbonyl compound (bistriketone, 3), its 

hydrate 4, and its ethanol-adduct 5 together with the drastic structural changes accompanying their 

reversible interconversion. 
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3.2 Experimental Section 

3.2.1 Materials  

Chloroform, chloroform-d (CDCl3), dimethyl sulfoxide, dimethyl sulfoxide-d6 (DMSO-d6), 

and ethyl acetate were distilled over molecular sieves 4A (MS 4A). Acetone and acetophenone were 

distilled over CaCl2. Ethanol was distilled over CaH2. Tetrahydrofuran (THF) and 1,4-dioxane were 

distilled over sodium benzophenone ketyl. NaH (60% in oil) (WAKO, Japan) was washed with 

n-hexane before use. Diphenylpropanetrione (DPPT, 1) was synthesized according to the 

literature.11 Other reagents were used as received. 

3.2.2 General Measurements 

1H and 13C NMR spectra were measured on a JEOL JNM-ECS 400 spectrometer at a 

resonance frequency of 400 and 100 MHz, respectively, with tetramethylsilane (TMS) as the 

internal standard. NMR chemical shifts were reported in delta unit (δ). IR spectra were recorded on 

a Thermo Scientific Nicolet iS10 spectrometer. UV/vis spectra were measured with a JASCO 

V-570 spectrophotometer in a 1-cm quartz cell. Melting points were measured on a Stuart Scintific 

SMP3 apparatus. Elemental analyses were carried out using a LECO CHNS-932. The single crystal 

X-ray data were collected on a Bruker Smart Apex CCD-based X-ray diffractometer with Mo-Ka 

radiation (λ = 0.71073 Å). Cyclic voltammograms were recorded at a scan rate of 100 mV/s on an 

ALS Electrochemical Analyzer Model 612D using a glassy carbon working, a Pt counter, and an 

Ag/Ag+ reference electrodes, and Bu4NPF6 (0.1 M) was used as supporting electrolyte for CH2Cl2 

solutions. 

3.2.3 Synthesis of Bistriketone, Its hydrate, and Its Ethanol-adduct  
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3,3’-(1,4-phenylene)bis(1-phenylpropane-1,3-dione) (2) To a suspension of NaH (4.80 g, 200 

mmol) in dry THF (100 mL), dimethyl terephthalate (9.71 g, 50.0 mmol) and acetophenone (11.7 

mL, 100 mmol) were added and stirred for 20 min at ambient temperature under Ar atmosphere. 

Then the mixture was stirred at 50 ºC for 33 h. After cooling the mixture to ambient temperature, 

the reaction was quenched by the addition of aqueous HCl (2 M, 100 mL) and a large amount of 

water. The resultant suspension was filtered and the collected solid was washed with water and 

chloroform, and dried in vacuo to yield 2. The combined filtrate was extracted with chloroform and 

washed with water, dried over MgSO4, filtered, and concentrated in vacuo. The crude material was 

recrystallized from toluene to yield 2 (14.0 g, 37.8 mmol, 76%) as a light yellow solid; m.p. 175.9–

176.7 ºC (lit. 176–177 ºC)21. 1H NMR (400 MHz, CDCl3, 298 K): δ 16.84 (s, 2H, enol-OH), 8.10 (s, 

4H, Ar-H), 8.05-7.99 (m, 4H, Ar–H), 7.63-7.56 (m, 2H, Ar–H), 7.56-7.49 (m, 4H, Ar–H), 6.93 (s, 

2H, enol-CH) ppm. 13C NMR (100 MHz, CDCl3, 298 K): δ 187.2, 183.6 (4C, C=O), 138.8, 135.5, 

133.0, 128.9, 127.5, 127.5 (18C, Ar-C), 93.9 (2C, –CH2–) ppm. IR (ATR): 3048 (C–H), 1524 

(C=O) cm–1. 

3,3’-(1,4-phenylene)bis(2,2-dihydroxy-1-phenylpropane-1,3-dione) (4) 

3,3’-(1,4-Phenylene)bis(1-phenylpropane-1,3-dione) 2 (926 mg, 2.50 mmol) and NBS (890 mg, 

5.00 mmol) were dissolved in DMSO (25 mL). The mixture was stirred at 80 ºC for 24 h. After 

cooling to ambient temperature, distilled water (5.0 mL) was added to the solution and stirred for 1 

h. The reaction was quenched by the addition of a large amount of water and the resultant 

suspension was filtered. The collected solid was washed with water and chloroform, and dried in 

vacuo to yield 4 (940 mg, 2.16 mmol, 87%) as a white solid; m.p. 98 ºC (decomp.). 1H NMR (400 

MHz, DMSO-d6, 298 K): δ 8.06 (s, 4H, Ar-H), 8.02 (d, J = 7.6 Hz, 4H, Ar–H), 7.88 (s, 2H, –OH), 

7.60 (t, J = 7.4 Hz, 2H, Ar–H), 7.47 (dd, J1 = 7.8 Hz, J2 = 7.6 Hz, 4H, Ar–H) ppm. 13C NMR (100 
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MHz, DMSO-d6, 298 K): δ 196.2, 196.1 (4C, C=O), 136.9, 133.8, 133.3, 130.2, 129.9, 128.7 (18C, 

Ar-C), 97.2 (2C, C(OH)2) ppm. IR (ATR): 3368 (O–H), 1679 (C=O) cm–1. Anal. Calcd for 

C24H18O8: C, 66.36; H, 4.18; O, 29.47. Found: C, 65.83; H, 4.12; N, 0.17. 

3,3’-(1,4-phenylene)bis(1-phenylpropane-1,2,3-trione) (3) 

3,3’-(1,4-Phenylene)bis(2,2-dihydroxy-1-phenylpropane-1,3-dione) 4 (1.53 g, 3.52 mmol) was 

heated at 100 ºC for 4 h under reduced pressure (2 mmHg) to give 3 (1.40 g, 3.52 mmol, quant.) as 

an orange solid; m.p. 140.0–141.0 ºC. 1H NMR (400 MHz, CDCl3, 298 K): δ 8.25 (s, 4H, Ar-H), 

8.02 (d, J = 6.8 Hz, 4H, Ar–H), 7.74 (t, J = 7.4 Hz, 2H, Ar–H), 7.58 (dd, J1 = 7.9 Hz, J2 = 7.6 Hz, 

4H, Ar–H) ppm. 13C NMR (100 MHz, CDCl3, 298 K): δ 191.9, 191.8, 187.2 (6C, C=O), 136.6, 

135.8, 132.0, 130.6, 130.4, 129.3 (18C, Ar-C) ppm. IR (ATR): 1723 (central C=O), 1675 (side 

C=O) cm–1. Anal. Calcd for C24H14O6: C, 72.36; H, 3.54; O, 24.10. Found: C, 71.80; H, 3.38; N, 

0.00. 

Hydration of 3 To a solution of 3 (267 mg, 0.670 mmol) in acetone (6.3 mL), water (0.70 mL) was 

added and the solution was stirred at ambient temperature. After 1 h, the solvent of the resulting 

suspension was removed under reduced pressure to give 4 (291 mg, 0.670 mmol, quant.) as a white 

solid. 

3,3’-(1,4-phenylene)bis(2-ethoxy-2-hydroxy-1-phenylpropane-1,3-dione) (5) 

3,3’-(1,4-Phenylene)bis(1-phenylpropane-1,2,3-trione) 3 (851 mg, 2.14 mmol) was suspended in 

ethanol (4.0 mL) at ambient temperature and then the suspension was heated to 70 ºC. After 20 min, 

the resulting solution was cooled to ambient temperature and allowed to stand for 1 h. The resulting 

precipitation was filtered, washed with n-hexane, and dried in vacuo. The crude product was 

recrystallized in dry EtOAc to afford 5 (798 mg, 1.63 mmol, 76%) as colorless blocks; m.p. 103 ºC 
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(decomp.). 1H NMR (400 MHz, CDCl3, 298 K): δ 8.25 (s, 4H, Ar-H), 8.18 (d, J = 7.4 Hz, 4H, Ar–

H), 7.61 (t, J = 7.4 Hz, 2H, Ar–H), 7.46 (dd, J1 = 7.8 Hz, J2 = 7.6 Hz, 4H, Ar–H), 5.91 (s, 2H, –OH), 

3.69-3.48 (m, 4H, –OCH2–), 1.20 (t, J = 6.9 Hz, 6H, –CH3) ppm. 13C NMR (100 MHz, CDCl3, 298 

K): δ 195.7, 195.3 (4C, C=O), 136.7, 134.5, 132.5, 130.7, 130.5, 128.7 (18C, Ar-C), 99.6 (2C, 

C(OH)(OR)), 59.2 (2C, –OCH2–), 15.5 (2C, –OCH3) ppm. IR (ATR): 3419 (O–H), 2978 (C–H), 

1694, 1674 (C=O) cm–1. Anal. Calcd for C28H26O8: C, 68.56; H, 5.34; O, 26.09. Found: C, 67.99; H, 

5.12; N, 0.00. 

Ethanol-elimination from 5 

3,3’-(1,4-Phenylene)bis(2-ethoxy-2-hydroxy-1-phenylpropane-1,3-dione) (5) (123 mg, 0.250 

mmol) was heated at 120 ºC for 1 h under reduced pressure (2 mmHg) to give 3 (100 mg, 0.250 

mmol, quant.) as an orange solid. 

3.3 Results and Discussion 

3.3.1 Synthesis of a Bifunctional Vicinal Triketone, Its hydrate, and Its Ethanol-Adduct 

The bifunctional vicinal tricarbonyl compound 3 (bistriketone), its hydrate 4, and its 

ethanol-adduct 5 were synthesized according to Scheme 3.1. Treatment of dimethyl terephthalate 

and acetophenone with NaH in THF at 50 ºC afforded the bifunctional 1,3-diketone 2. Oxidation of 

the two 1,3-diketone moieties of 2 by N-bromosuccinimide (NBS) in DMSO at 80 ºC for 1 day 

resulted in the formation of the corresponding bistriketone 3, confirmed in situ with the orange 

coloration of the reaction mixture originating from the vicinal tricarbonyl structures. Since the 

tricarbonyl compound 3 is labile to hydration by moisture in solvents or air during isolation 

processes, the author isolated its hydrate form 4 instead of 3; on addition of an excess of water to 

the reaction mixture, the color of the solution immediately turned light yellow indicating hydration 
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of 3. After 1 h, a large amount of water was added to the solution and the resulting suspension was 

filtered. The residue was washed with water and chloroform to obtain bis(gem-diol) 4 as a colorless 

solid. Heating 4 at 100 ºC in vacuo for 4 h resulted in quantitative generation of orange-colored 

bistriketone 3. Conversely, hydration of 3 proceeded smoothly upon treatment with water/acetone 

(1/9, v/v) for 1 h and 4 was quantitatively obtained after evaporation of the volatile components. 

The ethanol-adduct 5 was obtained by treatment of 3 with hot ethanol; when a suspension of 

bistriketone 3 in ethanol was heated at 70 ºC, it became homogeneous. The solution was then 

cooled to r.t., to form a white precipitate, which was collected by suction filtration and washed with 

n-hexane to obtain the ethanol-adduct 5. The white microcrystalline solid of 5 contained ethanol 

molecules included in the crystalline lattice, which were hardly removed by simply heating in vacuo. 

The ethanol-containing solid of 5 was subjected to recrystallization from ethyl acetate to give pure 5 

as a white microcrystalline solid that did not contain any solvent molecules. Similarly to the hydrate 

4, elimination of the ethanol from 5 proceeded by heating; 3 was regenerated quantitatively by 

heating 5 at 120 ºC in vacuo for 1 h. 

Scheme 3.1 Synthesis of the bistriketone 3, its hydrate 4, and its ethanol-adduct 5. 
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3.3.2 Spectral Properties 

The structures of bistriketone 3, its hydrate 4, and its ethanol-adduct 5 were confirmed 

unambiguously by NMR, IR, and UV/vis spectroscopies. Four peaks assignable to the phenyl and 

p-phenylene protons were observed in the 1H NMR spectrum of bistriketone 3 in CDCl3, whereas 

an additional singlet peak due to the gem-diol protons was observed at 7.88 ppm for hydrate 4 in 

DMSO-d6 (Figure 3.1). Similarly, the signals assignable to the hemiketal hydroxyl protons along 

with the ethoxy groups were observed in addition to those due to the aromatic protons in the 1H 

NMR spectrum of 5 in CDCl3. In the 13C NMR spectrum of bistriketone 3, the three sequential 

carbonyl carbons gave three peaks at 191.9, 191.8, and 187.2 ppm (Figure 3.2). On the other hand, 

only two carbonyl signals along with one signal for the quaternary carbon for the gem-diol or 

hemiketal signal were observed in the 13C NMR spectra of 4 or 5, respectively. 

 

Figure 3.1 1H NMR spectra of 3, 4, and 5 (400 MHz, 298 K, 3, 5: CDCl3, 4: DMSO-d6). 
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Figure 3.2 13C NMR spectra of 3, 4, and 5 (100 MHz, 298 K, 3, 5: CDCl3, 4: DMSO-d6). 

 The IR and UV/vis spectra of 3 showed characteristic absorptions originating from its vicinal 

tricarbonyl structure. As for IR, the bistriketone 3 exhibited the diagnostic absorption of the 

stretching vibration of its vicinal tricarbonyl groups at 1723 cm–1, a close value to that of the 

monofunctional triketone DPPT 1 (1715 cm–1, Figure 3.3). On the other hand, the hydrate 4 and the 

ethanol-adduct 5 offered absorption peaks at around 3400 cm–1 due to the O–H groups of the 

gem-diol or hemiketal structures instead of the tricarbonyl absorption at around 1720 cm–1.  

UV/vis absorption spectra of 3, 4, and 5 together with that of DPPT 1 were shown in Figure 3.4. A 

solution of the bistriketone 3 in dry 1,4-dioxane exhibited an absorption in the region from 400 to 

500 nm with a maximum ε value of 128 M–1cm–1 at 456 nm arising from the carbonyl n-π* 

transitions. The maximal absorption wavelength of 3 approximately coincided with that of DPPT 1 

(450 nm),11 indicating clearly that the conjugated system of the vicinal tricarbonyl structure was not 

elongated. In contrast to the bistriketone 3, the hydrate 4 in 1,4-dioxane/water (97/3, v/v) and the 

ethanol-adduct 5 in 1,4-dioxane/ethanol (97/3, v/v) showed a negligible absorption in the same 
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region, which is attributable to the collapse of the conjugate systems consisting of the three 

sequential carbonyl groups as a result of the addition of water or ethanol to the central ones. 

 

Figure 3.3 FT-IR (ATR) spectra of 3, 4, and 5. 

 

Figure 3.4 UV/vis absorption spectra of 3 in 1,4-dioxane, 4 in 1,4-dioxane/water (97/3, v/v), and 5 in 

1,4-dioxane/ethanol (97/3, v/v) along with DPPT 1 in 1,4-dioxane. 
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3.3.3 X-ray Crystallographic Analysis 

 Finally, the structures of these three species were determined by X-ray crystallographic 

analysis.19 Figure 3.5 shows the ORTEP drawings of 3, 4, and 5; single crystals of 3, 4, and 5 

suitable for X-ray analysis were grown from chloroform, acetone, and ethyl acetate, respectively. In 

the crystal structure of the bistriketone 3, the sequential three carbonyl groups adopt helical 

conformations with slightly shorter bond lengths (ca. 0.01 Å) of the central carbonyl C8=O2 (1.209 

Å) than those of the side ones C7=O1 (1.220 Å) and C9=O3 (1.217 Å), as often the case with other 

vicinal tricarbonyl compounds (Figure 3.5a).1 As a whole, the bistriketone molecule took a rod-like 

structure, in which the distance between the two terminal phenyl rings was 15.49 Å. The crystal 

structure of the hydrate 4 revealed that the two central carbon atoms (C8, C17) adopted sp3-hybrid 

orbitals and the four hydroxyl groups formed intramolecular hydrogen bonds with the neighboring 

carbonyl oxygen atoms (O1···O2, O3···O4, O5···O6, O7···O8) with lengths of 2.61–2.63 Å 

(Figure 3.5b). Similarly to the hydrate 4, the central carbonyl carbons (C8) of the ethanol-adduct 5 

adopted tetrahedral configurations as a result of the addition of ethanol molecules (Figure 3.5c). 

Intramolecular hydrogen bonds are also observed between the hemiketal hydroxyl moieties and the 

neighboring carbonyl oxygen atoms of 5 (O1···O3) with a length of 2.58 Å. The crystallized 5 is its 

meso isomer. In contrast to the rod-like structure of 3, the molecules of 4 and 5 adopted 

zigzag-shaped structures in the solid state, in which the two terminal phenyl groups are located with 

distances of 10.76 Å and 13.77 Å, respectively. It follows from the changes in distance that the 

bistriketone molecule shrinks in length by 31% and 11% upon addition of the water and ethanol 

molecules, respectively. 
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Figure 3.5 Single crystal X-ray structures of (a) 3, (b) 4, and (c) 5, top views (above) and side views (below) 

along with the distances between the centroids of the terminal phenyl rings. Thermal ellipsoids are drawn at 

50 % probability. Acetone molecules in the crystal structure of 4 are omitted for clarity. 



 65 

3.3.4 CV Measurements 

The electrochemical properties of bistriketone 3 and its ethanol-adduct 5 were evaluated by 

cyclic voltammetry (CV) analysis. The cyclic voltammograms of 3 and 5 in CH2Cl2 containing 

n-Bu4NPF6 are shown in Figure 3.6 along with that of DPPT 1. Whereas the DPPT 1 showed 

almost reversible single-electron-transfer peak, the bistriketone 3 exhibited quasi-reversible, 

two-step, and two-electron-transfer peaks. The half-wave reduction potentials of 3 were observed at 

E1
1/2 = –0.84 V and E2

1/2 = –1.11 V (vs. Ag/Ag+), which were presumably attributed to the 

formation of anionic radical and dianion with p-quinodimethane structure,20 respectively. The E1
1/2 

of 3 was less negative than E1/2 of DPPT 1 (–1.06 V vs. Ag/Ag+) because of the 

electron-withdrawing tricarbonyl moiety on the other side of 3. The decrease in the current intensity 

of the oxidation peak indicated that the anionic species generated from 3 was less stable than that of 

1. In contrast to these triketones, ethanol-adduct 5 exhibited a completely irreversible reduction 

peak at E1/2 = –1.12 V (vs. Ag/Ag+). 

 

Figure 3.6 Cyclic voltammograms of bistriketone 3 (red line), its ethanol-adduct 5 (green line), and DPPT 1 

(blue line) at 1.0 mM in CH2Cl2 solutions containing n-Bu4NPF6 (0.10 M). Sweep rate were 100 mV·s–1. 
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3.4 Conclusions 

In summary, the author has synthesized and fully characterized the acyclic bifunctional 

vicinal tricarbonyl compound 3, its hydrate 4, and its ethanol-adduct 5. The bistriketone 3 was 

readily and quantitatively hydrated upon treatment with water-containing solvent. Conversely, the 

hydrate 3 was dehydrated quantitatively by heating in vacuo. Similarly, the bistriketone 3 was 

converted to its ethanol-adduct by treatment with ethanol, from which the bistriketone 3 was 

quantitatively regenerated by heating under vacuum. As revealed by the X-ray crystallographic 

analysis, water and ethanol molecules added to the central carbonyl sp2-carbon atoms of the 

bistriketone 3 that changed to a tetrahedral configuration, so that the hydrate 4 and the 

ethanol-adduct 5 adopted a zigzag structure in contrast to the rod-shaped bistriketone 3. The 

changes in the crystal structures indicated that the bistriketone 3 expanded and contracted by 10–

30% in length as a result of the addition and elimination of water and ethanol molecules. The cyclic 

voltammogram of bistriketone indicated that the two vicinal tricarbonyl groups acted as 

two-electron acceptors though the generated dianion species is relatively labile when compared to 

its monofunctional counterpart 1. As is evident from the bifunctional nature of the bistriketone 3, it 

can be utilized as a reversible crosslinking reagent for multifunctional alcoholic polymers such as 

poly(vinyl alcohol) (PVA) or poly(2-hydroxyethyl methacrylate) (PHEMA). Moreover, the author 

envisages that the chemistry of the bistriketone investigated herein, though a little premature, would 

be a first step toward a future design and synthesis of supramolecular systems that can undergo 

reversible extension and contraction motion in response to some external stimuli. 
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Chapter 4 

Reversible Crosslinking and Decrosslinking of Polymers 

Containing Alcohol Moiety Utilizing an Acyclic Bifunctional 

Vicinal Triketone 

4.1 Introduction 

Polymer materials that can be reversibly crosslinked and decrosslinked have recently 

attracted much attention from the standpoint of chemical recycling as well as self-healing 

materials.1,2 One of the effective strategies for constructing such systems is to utilize covalent bonds 

that can be reversibly formed and dissociated. These reversible reactions involve thermoreversible 

Diels–Alder reaction,3 disulfide exchange,4 imine formation,5 radical exchange reaction,6 

photoinduced [2 + 2] cycloaddition,7 reversible ring-opening–closing reaction of heterocycles,8 and 

so on. Most of these works were demonstrated by utilizing polymers in which the functionalities 

had been incorporated into their side chains or termini in advance. 

 Vicinal tricarbonyl compounds, such as alloxan, 1,2,3-indanetrione, dehydroascorbic acid, 

and diphenylpropanetrione (DPPT, 1), have by definition the three contiguous carbonyl groups, and 

are characterized by a highly electrophilic central carbonyl group (Scheme 4.1).9,10 Consequently, 

weak nucleophiles, such as water or alcohols, attack to the central carbonyl without any catalysts to 

form gem-diol (2) or hemiketal (3) structure, respectively, which can dissociate to give the free 

tricarbonyl by heating or treatment with appropriate solvents or reagents (Scheme 4.1a). 

Furthermore, these addition–elimination behaviors are detectable by the naked eye, since they are 

accompanied by collapse and recovery of the three sequential carbonyl groups characterized by 
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yellow–orange coloration. Intrigued by these characteristic features, the author has designed and 

synthesized polystyrenes bearing tricarbonyl and its hydrate structures.11 The author carried out 

crosslinking of the polystyrenes through hemiketal linkages by using α,ω-diols and the crosslinked 

polymer could be decrosslinked by treatment with water-containing solvents to give the original 

polystyrenes in high yields.12,13 Very recently, the author has also reported the facile synthesis of an 

acyclic bifunctional vicinal tricarbonyl compound, 1,4-phenylenebis(phenylpropanetione) 4, and 

revealed by single X-ray crystallographic analysis that water and ethanol molecules covalently 

attached to the central carbonyl carbon atoms of 4 to form its hydrate 5a, and its ethanol-adduct 5c, 

respectively.14 These three species could be reversibly converted to one another in a facile manner 

(Scheme 4.1b). 

Scheme 4.1 Reversible Addition–Elimination of Water and Alcohols to Vicinal Tricarbonyl Compounds 

                  

 Here the author describes new reversible crosslinking and decrosslinking systems of 

commercially available, alcoholic polymers, namely, poly(2-hydroxyethyl methacrylate) (PHEMA) 

and poly(vinyl alcohol) (PVA), utilizing the bifunctional vicinal tricarbonyl compound 4 as a 

crosslinking reagent. These polymers were crosslinked through hemiketal linkages formed between 

the hydroxyl groups of the polymer side chains and the central carbonyl groups of the vicinal 

tricarbonyl moieties of the bistriketone 4. The resulting networked polymers could be decrosslinked 
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by treating with water-containing solvent or alcoholic solvent to regenerate the original linear 

polymers in high yield as well as to recover a certain amount of bistriketone 4. 

4.2 Experimental Section 

4.2.1 Materials 

DMSO and DMSO-d6 were distilled over molecular sieves 4A (MS 4A). Acetone was 

distilled over CaCl2. Methanol and methanol-d4 were distilled over CaH2. THF and diethyl ether 

were distilled over sodium benzophenone ketyl. D2O (Merck KGaA, Germany) was purchased and 

used without further purification. PHEMA (Mv 300,000, Aldrich) and PVA (polymerization degree: 

ca. 2,000 (corresponding to Mn 88,000), saponification degree: min. 98.5%, Nacalai tesque, Japan) 

were purchased and dried in vacuo at 80 ºC for 12 h before use. DPPT 111 and Bistriketone 414 were 

synthesized according to the literature. Copolymer of 2-hydroxyethyl methacrylate (HEMA) and 

methyl methacrylate (MMA) with a number-average molecular weight of 4.3 × 103 and a PDI of 2.0 

was prepared by radical copolymerization of HEMA and equimolar MMA with 20 mol % of 

2,2’-azobis(isobutyronitrile) (AIBN) in DMF (1.0 M) at 60 ºC for 22 h. 

4.2.2 General Measurements 

1H NMR spectra were measured on a JEOL JNM-ECS 400 spectrometer at a resonance 

frequency of 400 MHz with tetramethylsilane (TMS) as an internal standard. NMR chemical shifts 

were reported in delta unit (δ). IR spectra were recorded on a Thermo Scientific Nicolet iS10 

spectrometer. Number-average and weight-average molecular weights (Mn, Mw) and polydispersity 

indices (Mw/Mn) of the polymers were estimated by size exclusion chromatography (SEC) using 

tetrahydrofuran (THF) as the eluent at a flow rate of 0.6 mL/min at 40 ºC, performed on a Tosoh 
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chromatograph model HLC-8320 system equipped with Tosoh TSKgel SuperHM-H styrogel 

columns (6.0 mm φ × 15 cm, 3 and 5 µm bead sizes), refractive index (RI) detector, and UV–vis 

detector (254 nm). The molecular weight calibration curve was obtained with polystyrene standards. 

Thermogravimetric analysis (TGA) was performed on a Seiko Instrument Inc. TG-DTA 6200 with 

an aluminum pan under a 150 mL/min N2 flow at a heating rate of 10 ºC/min. Differential scanning 

calorimetry (DSC) was carried out with a Seiko Instrument DSC-6200 with an aluminum pan under 

a 20 mL min–1 N2 flow at the heating rate of 10 ºC/min. 

4.2.3 Model Reactions 

Addition Reaction of DPPT 1 to PHEMA and Subsequent Dissociation Reaction. A typical 

experimental procedure was as follows. PHEMA (130 mg, 1.00 mmol) was dissolved in 0.50 mL of 

DMSO-d6 under argon atmosphere. To the solution was added DPPT 1 (238 mg, 1.00 mmol), the 

solution was transferred to an NMR tube. After 4 days, to the solution was added 55.0 µL of D2O. 

The reaction progress was monitored by 1H NMR. 

4.2.4 Crosslinking and Decrosslinking  

Crosslinking of PHEMA with Bistriketone 4. A typical experimental procedure was as follows. 

To a solution of PHEMA (260 mg, 2.00 mmol) in DMSO (1.0 mL) was added bistriketone 4 (79.7 

mg, 0.200 mmol), and the reaction mixture was stirred at ambient temperature under argon 

atmosphere for 4 days. The resultant highly viscous mixture was filtered and washed by THF (10 

mL × 3). The insoluble part was dried in vacuo to afford the networked polymer 6 (330 mg, 97%) 

as a yellow solid. IR (ATR): 3388 (O–H), 2945 (C–H), 1720 (C=O) cm–1; glass transition 

temperature (Tg) 84 ºC; 5% weight loss temperature (Td5) 182 ºC; 10% weight loss temperature 

(Td10) 245 ºC; 15% weight loss temperature (Td15) 292 ºC. 
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Decrosslinking of Networked Polymer 6. To the DMSO-containing networked polymer 6 

prepared as described above, MeOH (9.0 mL) was added and the mixture was stirred for 4 days. 

The resulting solution was precipitated with diethyl ether (200 mL) and filtered to obtain PHEMA 

(244 mg, 94%) as a white solid. 1H NMR (400 MHz, 298 K, DMSO-d6): see Figure 4.10. To the 

filtrate, H2O (100 mL) was added and the mixture was stirred for several hours. The resulting 

precipitate was collected and heated in vacuo (100 ºC, 1 mmHg) to afford bistriketone 4 as an 

orange solid (43.0 mg, 54%). 

Crosslinking of PVA with Bistriketone 4. A typical experimental procedure was as follows. PVA 

(176 mg, 4.00 mmol) was dissolved in DMSO (2.0 mL) at 50 ºC for 12 h. Then the solution was 

cooled to ambient temperature. To the solution was added bistriketone 4 (159 mg, 0.400 mmol), and 

the reaction mixture was stirred under argon atmosphere for 4 days. The resultant highly viscous 

mixture was filtered and washed by THF (10 mL × 3). The insoluble part was dried in vacuo to 

afford the networked polymer 7 (246 mg, 73%) as an orange solid. IR (ATR): 3290 (O–H), 2907 

(C–H), 1725 (central C=O), 1684 (side C=O) cm–1; glass transition temperature (Tg) 76 ºC; 5% 

weight loss temperature (Td5) 248 ºC; 10% weight loss temperature (Td10) 276 ºC; 15% weight loss 

temperature (Td15) 295 ºC. 

Decrosslinking of Networked Polymer 7. To the DMSO-containing networked polymer 7 

prepared as described above, H2O-DMSO (1/9, v/v, 20 mL) was added and the mixture was stirred 

for 7 days. The resulting mixture was precipitated with acetone (300 mL) and filtered to obtain 

PVA (176 mg, quant.) as a light yellow solid. 1H NMR (400 MHz, 298 K, DMSO-d6): see Figure 

4.14. To the filtrate, H2O (100 mL) was added and the mixture was stirred for several hours. The 

resulting precipitate was collected and heated in vacuo (100 ºC, 1 mmHg) to afford bistriketone 4 as 

an orange solid (92.0 mg, 58%). 
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4.3 Results and Discussion 

4.3.1 Reversible Addition and Elimination of DPPT with PHEMA 

 First, the author examined the reactivity of the hydroxyl group of the polymer side chain with 

vicinal triketone moiety, using the monofunctional triketone, DPPT 1, as a model. DPPT 1 

equimolar to the OH groups of PHEMA was added to a solution of PHEMA in DMSO-d6 at a 

concentration of 1.7 M, and the reaction was monitored by 1H NMR spectroscopy at ambient 

temperature (ca. 25 ºC) (Scheme 4.2a). Figure 4.1a–c shows the time dependence of 1H NMR 

spectra of this reaction mixture. At an early stage of the reaction, three sharp peaks originating from 

the phenyl protons of the free tricarbonyl 1 were detected in the aromatic region and broad signals 

of PHEMA were observed in the aliphatic region, separately (Figure 4.1a). After several hours, 

additional broad peaks attributable to the phenyl protons and the hemiketal OH signals of DPPT 

bonding to the PHEMA side chains appeared in the aromatic region, simultaneously with a decrease 

in the OH signal intensity of PHEMA at around 4.8 ppm (Figure 4.1b). The mixture reached 

equilibrium within 3 days (Figure 4.1c). The contents of the hemiketal formed on the polymer side 

chain were estimated based on the integral ratios of the hydroxyl signal of PHEMA compared with 

the residual signal of the DMSO-d6 solvent. The content ratios of the hemiketal unit to the free 

tricarbonyl unit were plotted against the reaction time, along with those of the reaction between 

benzyl alcohol (BnOH) with DPPT 1 (1.7 M)12 (Figure 4.2). The content ratio of the hemiketal unit 

at the equilibrium state was estimated to be 60%. Both the reaction rate and the final content ratio of 

the hemiketal unit were slightly lower than those of DPPT 1 with BnOH, probably because of the 

steric hindrance due to the PHEMA main chain. In addition, the concentration also affected the 

addition reaction: at lower concentration of 1.0 M, the reaction rate became slower and the 

hemiketal contents decreased to 44% at equilibrium. 
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Scheme 4.2 Addition reaction of DPPT 1 to PHEMA, and its dissociation by alcohol–water exchange or 

alcohol–alcohol exchange reaction 

 

 

Figure 4.1 1H NMR (400 MHz, 298 K) spectra of a reaction mixture of PHEMA and DPPT 1 in DMSO-d6 

(1.7 M) after (a) 10 min, (b) 6 h, (c) 72 h, and (d) 1 day and (e) 7 days after adding D2O. 
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Figure 4.2 Changes in the content ratios of the hemiketal DPPT-ROH (ROH = BnOH or PHEMA) in 

DMSO-d6. 

 The author investigated the dissociation reaction of the DPPT moiety from the PHEMA side 

chain through alcohol–water exchange or alcohol–alcohol exchange reaction by adding D2O or 

CD3OD directly into the equilibrium mixtures, respectively (Scheme 4.2b). An excess of D2O was 

added to the equilibrium mixture, and the progress of the dissociation reaction was monitored by 1H 

NMR (D2O/DMSO-d6 = 1/9, v/v). The signals of the hydroxyl protons of the PHEMA side chain 

and the hemiketal disappeared immediately because of proton–deuteron exchange with D2O. The 

unreacted free DPPT 1 was also smoothly converted into its D2O-adduct, DPPT-D2O 2’, whereas 

the attached DPPT moiety was slowly dissociated through alcohol–water exchange (Figure 4.1d). 

Eventually, the exchange reaction had almost completed within several days after adding D2O 

(Figure 4.1e). By utilizing CD3OD instead of D2O, an almost quantitative dissociation was also 

achieved within several days; DPPT moiety was detached from the polymer chain and converted 

into its methanol-adduct, DPPT-CD3OD 3a’, by alcohol–alcohol exchange reaction (Figure 4.3). 
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Figure 4.3 1H NMR spectra (400 MHz, 298 K) of a reaction mixture of PHEMA (1.0 M) and DPPT 1 (1.0 

M) in DMSO-d6 (a) 72 h after mixing, (b) 2 h and (c) 8 days after addition of CD3OD. 

4.3.2 Reversible Crosslinking and Decrosslinking of PHEMA 

 On the basis of the model reactions, the author demonstrated reversible crosslinking–

decrosslinking of PHEMA utilizing bifunctional vicinal triketone 4 (Scheme 4.3). A small amount 

of bistriketone 4 (0.2 equiv. of the tricarbonyl moiety relative to the OH group of PHEMA) was 

added to a concentrated solution (1.7 M) of PHEMA in DMSO, and the resulting mixture exhibited 

the characteristic orange coloration due to the free tricarbonyl functionalities (Figure 4.4a). 

Viscosity of the solution gradually increased and a yellow-colored gel was formed after several 

hours. The highly viscous mixture was allowed to stand for 4 more days (Figure 4.4b). The 

resulting networked polymer gel was washed with THF and the insoluble part was dried in vacuo to 

afford the crosslinked PHEMA 6 in 97% yield. The IR absorption peak of the carbonyl groups of 6 

at 1720 cm–1 was broadened when compared to that of the original PHEMA (1714 cm–1), indicating 

the presence of the unreacted vicinal tricarbonyl structure (ca. 1723 cm–1 and ca. 1675 cm–1) as well 
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as the hemiketal structure (ca. 1674 cm–1) (Figure 4.5).14 The glass transition temperature (Tg) of 

the crosslinked PHEMA 6 was 84 ºC (Figure 4.6), which was much the same as that of the linear 

PHEMA (Tg 85 ºC)15. Thermogravimetric analysis (TGA) showed that the Td15 of the networked 

polymer 6 (292 ºC) was higher than that of the original PHEMA (282 ºC), whereas the Td5 and Td10 

of 6 (182 ºC and 218 ºC, respectively) were lower than those of the PHEMA (218 ºC and 247 ºC, 

respectively) (Figure 4.7). These results could be explained in terms of a balance between 

decomposition of the bistriketone component and stabilization by the network formation. In order to 

further investigate the crosslinking behavior, the author performed an additional 1H NMR 

experiment. A solution of PHEMA (1.0 M) and 4 (0.10 M) in DMSO-d6 was subjected to 1H NMR 

measurement to monitor the network formation reaction (Figure 4.8). In its initial stage, four sharp 

signals for the aromatic protons of 4 were observed over the range of δ 8.5–7.5 ppm. As is the case 

with DPPT 1, broad peaks appeared in the aromatic region after several hours. The mixture reached 

equilibrium within 48 h, where the conversion of the triketone into the hemiketal structure was 

estimated to be ca. 70% on the basis of the relative integral intensity of the signal of the OH group 

of the PHEMA at 4.8 ppm. The network formation was also confirmed by SEC analysis (Figure 

4.9).3d,13 To facilitate to detect the changes in the molecular weight, a THF-soluble random 

copolymer of HEMA and methyl methacrylate (MMA) with a lower molecular weight 

(poly(HEMA54-co-MMA46), Mn = 4.3 × 103, PDI = 2.0) was prepared by free radical 

copolymerization and allowed to react with bistriketone 4 (0.2 equiv. of the tricarbonyl moiety 

relative to the OH group of the copolymer) in DMSO (1.0 M). The progress of the network 

formation was monitored by SEC measurements, which showed that both the molecular weight and 

the PDI of the copolymer increased monotonously; the Mn (PDI) evaluated by refractive index (RI) 

after 4 h and 24 h were 5.9 × 103 (2.4) and 6.9 × 103 (3.0), respectively (Figure 4.9a). The SEC 

profiles obtained with a UV detector (254 nm) clearly represented the attachment process of the 
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aromatic bistriketone crosslinker to the aliphatic polymer (Figure 4.9b). The UV absorption 

intensity of the polymer component increased with time whereas that of the sharp signal at 5.5 min 

originating from the bistriketone decreased. 

Scheme 4.3 Crosslinking and decrosslinking of PHEMA exploiting bistriketone 4 

 

 

Figure 4.4 Photographs showing the crosslinking and decrosslinking behavior of PHEMA exploiting 

bistriketone 4: (a) just after and (b) 4 days after adding bistriketone 4, (c) just after and (d) 4 days after 

adding MeOH to the networked PHEMA 6. 
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Figure 4.5 Partial IR spectra (ATR) of the as-prepared PHEMA and the crosslinked PHEMA 6. 

 

Figure 4.6 DSC profiles of 6 and 7 at a scan rate of 10 °C/min with a N2 flow of 20 mL/min. 
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Figure 4.7 TG profiles of 6, 7, the original PHEMA, and the original PVA at a scan rate of 10 °C/min with a 

N2 flow of 150 mL/min. 

 

Figure 4.8 1H NMR spectra (400 MHz, 298 K, DMSO-d6) of a reaction mixture of PHEMA (1.0 M) and 

bistriketone 4 (0.10 M) (a) after 20 min, (b) 4 h, and (c) 48 h. 
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Figure 4.9 SEC profiles of the crosslinking reaction mixture of poly(HEMA-co-MMA) with bistriketone 4 

along with those of the original, as-prepared poly(HEMA-co-MMA) and the poly(HEMA-co-MMA) 

recovered after decrosslinking: (a) refractive index (RI), and (b) UV absorption (254 nm). 

 The author then conducted the decrosslinking of the resulting networked polymer 6 by adding 

an excess of methanol to the gel prepared in DMSO at ambient temperature (Figure 4.4c). After 

being gently stirred for several hours, the mixture became a faintly yellow-colored homogeneous 

solution, which was stirred for 4 days in total (Figure 4.4d). The original, linear PHEMA was 

isolated in high yield by simple reprecipitation with diethyl ether: the insoluble part was collected 

and dried in vacuo to obtain PHEMA as a white solid in 94% yield, of which the 1H NMR spectrum 

was identical with that of the original PHEMA (Figure 4.10). No peaks were detected in the 

aromatic region unambiguously indicating a complete dissociation of the bistriketone moiety from 

the polymer chain. Moreover, the bistriketone 4 was also recovered from the filtrate by evaporating 

volatile components followed by precipitation from water and subsequent heating at 100 ºC in 

vacuo14 in 54% yield. The complete decrosslinking was also supported by SEC analysis. The 
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above-mentioned reaction mixture of the partially crosslinked copolymer was treated with an excess 

of MeOH for 3 days. The SEC profiles of the resulting mixture in both RI and UV detection modes 

(Mn = 4.5 × 103, PDI = 1.8) agreed well with those of the original, as-prepared polymer (Figure 

4.9). 

 

Figure 4.10 1H NMR spectra (400 MHz, 298 K, DMSO-d6) of the original and the recovered PHEMA. 

4.3.3 Reversible Crosslinking and Decrosslinking of PVA 

 Finally, the author demonstrated reversible crosslinking–decrosslinking of PVA using 

bistriketone 4 (Scheme 4.4). In the same manner as PHEMA, bistriketone 4 (0.2 equiv. of the 

tricarbonyl moiety relative to the OH group of PVA) was added to a concentrated solution of a fully 

hydrolyzed (≥ 98.5%) PVA in DMSO (1.7 M, Figure 4.11a). A deeply red-colored gel was formed 

after 1 day, and the mixture was allowed to stand for 3 more days (Figure 4.11b). The resulting gel 

was washed with THF and the insoluble part was dried in vacuo to afford the crosslinked PVA 7 as 

a deep-red solid in 76% yield. The deeper coloring and the lower yield of the networked polymer 

compared to those of the networked PHEMA 6 indicated that the PVA gel 7 contained a larger 

amount of the unreacted tricarbonyl moiety. Steric hindrance around the secondary OH groups 
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directly attached to the PVA main chain accounts for this considerably low reactivity in comparison 

with PHEMA having the primary OH groups relatively distant from its main chain. This 

observation was consistent with the results that the bulkiness of alcohol has a great influence on the 

reaction rate with DPPT, as discussed in the previous report.12 In fact, the THF-soluble part 

consisted mainly of the unreacted bistriketone 4. The IR absorption spectrum of 7 exhibited two 

additional peaks at 1725 cm–1 and 1684 cm–1 along with those of the original PVA, originating from 

the central and side carbonyl groups of the tricarbonyl moiety, respectively (Figure 4.12). The 

observed Tg of 7 was 76 ºC (Figure 4.6), which is lower than that of the original PVA (Tg 85 ºC)16. 

A possible explanation for the decrease of the Tg of PVA is likely that the bistriketone moiety 

attached to the PVA disrupted the hydrogen-bonding interaction among the nearby OH groups. The 

networked polymer 7 exhibited a high thermal stability above 270 ºC in comparison with the 

original PVA, although its thermal decomposition started at a lower temperature than that of the 

original PVA (Figure 4.7). In the same manner as that for PHEMA, the author examined the 

network formation reaction in DMSO-d6 and monitored the changes in the 1H NMR spectra with 

time (Figure 4.13). Some spectral change was observed in the aromatic region within a few days, 

suggesting that a certain amount of the hemiketal structure was formed. Although the content of the 

hemiketal linkage was too low to be estimated by NMR or IR, the insoluble polymer gel was thus 

obtained with a small amount of crosslinking points. 
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Scheme 4.4 Reversible crosslinking and decrosslinking of PVA exploiting bistriketone 4 

 

 

Figure 4.11 Photographs showing the crosslinking and decrosslinking behavior of PVA exploiting 

bistriketone 4: (a) before and (b) 4 days after adding bistriketone 4 to a PVA solution, (c) just after and (d) 7 

days after adding H2O-DMSO (1/9, v/v) to the networked PVA. 

 

Figure 4.12 IR spectra (ATR) of the original and crosslinked PVA 7. 
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Figure 4.13 1H NMR spectra (400 MHz, 298 K, DMSO-d6) of a reaction mixture of PVA (1.0 M) and 

bistriketone 4 (0.10 M) (a) after 20 min, (b) 2 h, and (c) 48 h. 

 Decrosslinking of the networked polymer 7 was carried out by adding a large amount of 

water-DMSO (1/9, v/v) (Figure 4.11c). The mixture was slowly turned into a yellow, homogeneous 

solution within 1 day, and allowed to stand at ambient temperature for an additional 6 days (Figure 

4.11d). Reprecipitation of the solution with acetone yielded a light yellow solid, of which the 1H 

NMR spectrum showed small signals in the aromatic region indicating an incomplete dissociation 

of the bistriketone crosslinker (Figure 4.14). This incomplete decrosslinking behavior might be due 

to the low reaction rate of the vicinal tricarbonyl group with the secondary hydroxyl group of PVA. 

Addition of water to the filtrate after evaporation of volatile components precipitated the 

bistriketone hydrate 5a, which was heated at 100 ºC in vacuo to gave 4 in 58% yield.14 The 

bistriketone thus recovered was sufficiently pure, in contrast to the recovered PVA. 
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Figure 4.14 1H NMR spectra (400 MHz, 298 K, DMSO-d6) of the original and the recovered PVA.  

4.4 Conclusions 

 In conclusion, the author has constructed the reversible crosslinking and decrosslinking 

systems of commercially available alcoholic polymers, utilizing the acyclic bifunctional vicinal 

triketone. The network formation proceeded simply by adding bistriketone 4 to the polymer 

solution without catalyst or external stimuli. Conversely, treatment of the crosslinked polymers with 

water-containing solvent or alcoholic solvent resulted in dissociation of the network to recover the 

original, linear alcoholic polymers along with the bistriketone crosslinker. Through this study, the 

author has demonstrated that vicinal tricarbonyl structure is an efficient functionality for reversible 

crosslinking and decrosslinking systems, thereby being considered to be promising structural motif 

for constructing recycling polymers or sophisticated macromolecular architectures. 
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Chapter 5 

Conclusions 

 In this thesis, the author have described the results of constructing reversible crosslinking and 

decrosslinking systems based on reversible addition–elimination reactions between vicinal 

tricarbonyl compounds and alcohols, with the aim of fabrication of polymer materials which 

potentially possess chemically recyclable or self-healable properties based on the reactivity of 

vicinal tricarbonyl compounds. This chapter summarizes the results from each chapter, and 

describes the perspectives of creation of functional polymer materials utilizing vicinal tricarbonyl 

functionalities. 

Chapter 1 summarized the development of reversible covalent bonds from the early 

thermodynamic polymer synthesis to recent sophisticated supramolecular construction. Leading 

investigations of cross-linking and decrosslinking systems utilizing the reversible covalent linkages 

were described and these materials were capable of chemical recycling and self-healing. The author 

emphasized that reversible addition–elimination of vicinal tricarbonyl moieties with alcohols were 

promising reaction for construction of networked polymer systems that can be reversibly 

crosslinked and decrosslinked under mild conditions. 

Chapter 2 focused on the direct water–alcohol exchange reactions on vicinal tricarbonyl 

moieties, which facilitates crosslinking and decrosslinking procedure of polystyrene bearing vicinal 

tricarbonyl structure in comparison with the addition–elimination method (Scheme 5.1). By 

employing DPPT as a unit model compound for the polymer, the author demonstrated that the 

water–alcohol exchange reactions could be carried out reversibly in both directions by changing 
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solvents. Similarly to the model reactions, the polystyrene bearing monohydrate structure of vicinal 

tricarbonyl group was crosslinked with 1,6-hexanediol in acetone at ambient temperature for 5 days 

to afford the networked polymer in almost quantitative yield. On the other hand, the networked 

polymer was treated with an excess of water at ambient temperature for 3 days to afford the original 

linear polymer in high yield as a result of decrosslinking through the water–alcohol exchange 

reaction.  

Scheme 5.1  

 

 Chapter 3 reported the synthesis and characterization of an acyclic bifunctional vicinal 

tricarbonyl compound (bistriketone), its hydrate, and its ethanol-adduct (Scheme 5.2). The 

bistriketone was synthesized by oxidation of the corresponding bis(1,3-diketone) with NBS in 

DMSO. The bistriketone was readily converted into its hydrate or its ethanol-adduct upon treatment 

with water-containing solvent or ethanol, respectively. Conversely, heating the hydrate or the 

ethanol-adduct in vacuo quantitatively regenerated the bistriketone. The X-ray crystallographic 

analysis disclosed that the water and ethanol molecules added to the central carbonyl carbon atoms 

of the bistriketone. The cyclic voltammogram of the bistriketone indicated that the two vicinal 

tricarbonyl moieties acted as two-electron acceptor, though the generated dianion species was 

relatively labile. 
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Scheme 5.2 

 

 In Chapter 4, the bistriketone was employed as a reversible crosslinking–decrosslinking 

reagent for polymers containing hydroxyl groups. The network formation proceeded simply by 

adding a small amount of bistriketone to a solution of PHEMA in DMSO (Scheme 5.3). Conversely, 

treatment of the crosslinked polymers with MeOH resulted in dissociation of the network to recover 

the original linear PHEMA in 94% yield along with the bistriketone in 54% yield. The network 

formation and dissociation behaviors were investigated in detail by 1H NMR and SEC experiments. 

Similarly to PHEMA, reversible crosslinking and decrosslinking of PVA were achieved by addition 

of the bistriketone and by treatment of the resulting gel with H2O/DMSO (1/9, v/v), respectively 

(Scheme 5.4). 

Scheme 5.3 
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Scheme 5.4 

 

 As stated above, this thesis has demonstrated that addition–elimination equilibria between 

alcohols and vicinal tricarbonyl compounds could be shifted in both directions under mild 

conditions, and therefore, vicinal tricarbonyl–alcohol linkages are highly useful for construction of 

reversible crosslinking and decrosslinking systems. 

 This thesis has demonstrated the polystyrene bearing the hydrate structure of vicinal 

tricarbonyl was crosslinked with an α,ω-diol and the resulting networked polymer was 

decrosslinked utilizing water–alcohol exchange reactions. Although the reactions proceeded under 

mild conditions and in facile manners, it requires several days for the crosslinking or decrosslinking 

processes. It is expected that a diamine crosslinker accelerates network formation than α,ω-diol 

crosslinker due to its nucleophilicity higher than that of hydroxyl group. Moreover, vicinal 

tricarbonyl–amine bond formation probably occurs in preference to hydration of tricarbonyl. In 

other words, the amination of vicinal tricarbonyl group will proceed even in the presence of an 

excess of water, so that hydrogels fabrication will be possible by employing diamine linkers. 
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allow hybridization of (immiscible) polymers and separation to the original linear polymers, thereby 

giving access to smart polymeric materials responding to external stimuli. 

 Vicinal tricarbonyl–alcohol linkage that can be reversibly formed and dissociated under mild 

condition is of great interest from the viewpoint of supramolecular synthesis, chemical recycling, 

and self-healable polymeric materials. The author is convinced that this thesis offers fundamental 

knowledge to achieve such tasks. 
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X-ray Crystallographic Data 
 

X-ray diffraction data were collected on a Bruker Smart APEX-II CCD-based X-ray 

diffractometer with Mo-Kα radiation (l = 0.71073 Å) at 90 K.  

Single crystals of DPPT-BnOH [C22H18O4, MW = 346.36] suitable for X-ray analysis were 

grown from a solution in benzyl alcohol, and a single colorless crystal with dimensions 0.2 × 0.2 × 

0.14 mm3 was selected for intensity measurements. The unit cell was monoclinic with the space 

group Cc. Lattice constants with Z = 4, ρcalcd = 1.309 g cm–3, µ(MoKa) = 0.090 mm–1, F(000) = 728, 

2θmax = 50.04° were a = 12.031(3) Å, b = 17.789(5), c = 9.608(3) Å, β = 121.262(3)°, and V = 

17,578(8) Å3. A total of 4,135 reflections were collected, of which 2,718 reflections were 

independent (Rint = 0.0110). The structure was refined to final R1 = 0.0324 for 2,542 data [I>2σ(I)] 

with 235 parameters and wR2 = 0.0921 for all data, GOF = 1.046, and residual electron density 

max/min = 0.191/–0.183 e Å–3. The ORTEP drawing is shown in Figure S1, and crystal data and 

structure refinement are listed in Table S1. 

Single crystals of bistriketone [C24H14O6, MW = 398.35] suitable for X-ray analysis were 

grown from a solution in chloroform, and a single orange crystal with dimensions 0.20 × 0.20 × 

0.20 mm3 was selected for intensity measurements. The unit cell was monoclinic with the space 

group P21/c. Lattice constants with Z = 2, ρcalcd = 1.489 g cm–3, µ(MoKa) = 0.108 mm–1, F(000) = 

412, 2θmax = 56.38° were a = 11.301(3) Å, b = 5.8285(15), c = 14.258(4) Å, β = 108.868(3)°, and V 

= 888.7(4) Å3. A total of 3,846 reflections were collected, of which 1,563 reflections were 

independent (Rint = 0.0388). The structure was refined to final R1 = 0.0330 for 1.302 data [I>2σ(I)] 

with 137 parameters and wR2 = 0.0930 for all data, GOF = 1.084, and residual electron density 

max/min = 0.192/–0.183 e Å–3. The ORTEP drawing is shown in Figure S2, and crystal data and 
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structure refinement are listed in Table S2. 

Single crystals of bistriketone-2H2O [C27H24O9, MW = 492.46] suitable for X-ray analysis 

were grown from a solution in acetone, and a single colorless crystal with dimensions 0.20 × 0.20 × 

0.02 mm3 was selected for intensity measurements. The unit cell was triclinic with the space group 

P-1. Lattice constants with Z = 2, ρcalcd = 1.424 g cm–3, µ(MoKa) = 0.108 mm–1, F(000) = 516, 2θmax 

= 56.96° were a = 9.4625(13) Å, b = 11.3827(16), c = 11.5726(17) Å, α = 92.198(2)°, β = 

110.599(2)°, γ = 98.513(2)°, and V = 1,148.4(3) Å3. A total of 5,521 reflections were collected, of 

which 3,983 reflections were independent (Rint = 0.0141). The structure was refined to final R1 = 

0.0381 for 3.230 data [I>2σ(I)] with 343 parameters and wR2 = 0.1189 for all data, GOF = 0.909, 

and residual electron density max/min = 0.279/–0.217 e Å–3. The ORTEP drawing is shown in 

Figure S3, and crystal data and structure refinement are listed in Table S3. 

Single crystals of bistriketone-2EtOH [C28H26O8, MW = 490.49] suitable for X-ray analysis 

were grown from a solution in ethyl acetate, and a single colorless crystal with dimensions 0.20 × 

0.20 × 0.10 mm3 was selected for intensity measurements. The unit cell was triclinic with the space 

group P-1. Lattice constants with Z = 1, ρcalcd = 1.382 g cm–3, µ(MoKa) = 0.102 mm–1, F(000) = 258, 

2θmax = 57.14° were a = 8.337(3) Å, b = 8.518(4), c = 8.983(4) Å, α = 71.791(5)°, β = 77.809(5)°, γ 

= 80.783(6)°, and V = 589.2(4) Å3. A total of 2,816 reflections were collected, of which 2,035 

reflections were independent (Rint = 0.0390). The structure was refined to final R1 = 0.0582 for 

1,731 data [I>2σ(I)] with 168 parameters and wR2 = 0.1650 for all data, GOF = 1.071, and residual 

electron density max/min = 0.316/–0.485 e Å–3. The ORTEP drawing is shown in Figure S4, and 

crystal data and structure refinement are listed in Table S4. 

Data collection, indexing, and initial cell refinements were carried out using the program 
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SMART1. Frame integration and final cell refinements were performed using SAINT software2. A 

multiple absorption correction for each data set was applied using the program SADABS3. The 

structures were solved by direct methods and Fourier techniques using the program SHELXS-974 

and refined by full-matrix least squares methods on F2 using SHELXL-975 incorporated in 

SHELXTL-PC6. All non-hydrogen atoms were refined anisotropically. All hydrogen atoms were 

calculated geometrically and refined using the riding models. 
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Figure S1. ORTEP drawing of the crystal structure of DPPT-BnOH with thermal ellipsoids at 50% 

probability.  
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Table S1. Crystal data and structure refinement for DPPT-BnOH 

Empirical formula  C22H18O4 

Formula weight  346.36 

Temperature  90 K 

Wavelength  0.71073 Å 

Crystal system  Monoclinic 

Space group  Cc 

Unit cell dimensions a = 12.031(3) Å α = 90°. 

 b = 17.789(5) Å β = 121.262(3)°. 

 c = 9.608(3) Å γ = 90°. 

Volume 1,757.8(8) Å3 

Z 4 

Density (calculated) 1.309 g cm–3 

Absorption coefficient 0.090 mm–1 

F(000) 728 

Crystal size 0.20 × 0.20 × 0.14 mm3 

Theta range for data collection 2.29 to 25.02° 

Index ranges –14 ≤ h ≤ 14, –12 ≤ k ≤ 21, –11 ≤ l ≤ 10 

Reflections collected 4,135 

Independent reflections 2,718 [Rint = 0.0110] 

Completeness to theta 99.9%  

Absorption correction Semi-empirical from equivalents 

Max. and min. transmission 0.9876 and 0.9823 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 2,542 / 2 / 235 

Goodness-of-fit on F2 1.046 

Final R indices [I>2σ(I)] R1 = 0.0324, wR2 = 0.0893 
R indices (all data) R1 = 0.0361, wR2 = 0.0921 

Largest diff. peak and hole 0.191 and –0.183 e Å–3 

CCDC reference number CCDC-885018 
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Figure S2. ORTEP drawing of the crystal structure of bistriketone with thermal ellipsoids at 50% 

probability.  
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Table S2. Crystal data and structure refinement for bistriketone 

Empirical formula  C24H14O6 

Formula weight  398.35 

Temperature  90 K 

Wavelength  0.71073 Å 

Crystal system  Monoclinic 

Space group  P21/c 

Unit cell dimensions a = 11.301(3) Å α = 90°. 

 b = 5.8285(15) Å β = 108.868(3)°. 

 c = 14.258(4) Å γ = 90°. 

Volume 888.7(4) Å3 

Z 2 

Density (calculated) 1.489 g cm–3 

Absorption coefficient 0.108 mm–1 

F(000) 412 

Crystal size 0.20 × 0.20 × 0.20 mm3 

Theta range for data collection 1.90 to 25.02° 

Index ranges –8 ≤ h ≤ 13, –5 ≤ k ≤ 6, –16 ≤ l ≤ 15 

Reflections collected 3,846 

Independent reflections 1,563 [Rint = 0.0388] 

Completeness to theta 99.7%  

Absorption correction Semi-empirical from equivalents 

Max. and min. transmission 0.9787 and 0.9787 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 1,563 / 0 / 137 

Goodness-of-fit on F2 1.084 

Final R indices [I>2σ(I)] R1 = 0.0330, wR2 = 0.0888 
R indices (all data) R1 = 0.0413, wR2 = 0.0930 

Largest diff. peak and hole 0.192 and –0.183 e Å–3 

CCDC reference number CCDC-917094 
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Figure S3. ORTEP drawing of the crystal structure of bistriketone-2H2O with thermal ellipsoids at 

50% probability.  
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Table S3. Crystal data and structure refinement for bistriketone-2H2O 

Empirical formula  C27H24O9 

Formula weight  492.46 

Temperature  90 K 

Wavelength  0.71073 Å 

Crystal system  Triclinic 

Space group  P-1 

Unit cell dimensions a = 9.4625(13) Å α = 92.198(2)°. 

 b = 11.3827(16) Å β = 110.599(2)°. 

 c = 11.5726(17) Å γ = 98.513(2)°. 

Volume 1,148.4(3) Å3 

Z 2 

Density (calculated) 1.424 g cm–3 

Absorption coefficient 0.108 mm–1 

F(000) 516 

Crystal size 0.20 × 0.20 × 0.02 mm3 

Theta range for data collection 2.41 to 28.48° 

Index ranges –7 ≤ h ≤ 11, –12 ≤ k ≤ 13, –13 ≤ l ≤ 13 

Reflections collected 5,521 

Independent reflections 3,983 [Rint = 0.0141] 

Completeness to theta 98.2%  

Absorption correction Semi-empirical from equivalents 

Max. and min. transmission 0.9788 and 0.9979 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 3,983 / 0 / 343 

Goodness-of-fit on F2 0.909 

Final R indices [I>2σ(I)] R1 = 0.0381, wR2 = 0.1037 
R indices (all data) R1 = 0.0498, wR2 = 0.1189 

Largest diff. peak and hole 0.279 and –0.217 e Å–3 

CCDC reference number CCDC-917095 
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Figure S4. ORTEP drawing of the crystal structure of bistriketone-2EtOH with thermal ellipsoids 

at 50% probability. 
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Table S4. Crystal data and structure refinement for bistriketone-2EtOH 

Empirical formula  C28H26O8 

Formula weight  490.49 

Temperature  90 K 

Wavelength  0.71073 Å 

Crystal system  Triclinic 

Space group  P-1 

Unit cell dimensions a = 8.337(3) Å α = 71.791(5)°. 

 b = 8.518(4) Å β = 77.809(5)°. 

 c = 8.983(4) Å γ = 80.783(6)°. 

Volume 589.2(4) Å3 

Z 1 

Density (calculated) 1.382 g cm–3 

Absorption coefficient 0.102 mm–1 

F(000) 258 

Crystal size 0.20 × 0.20 × 0.10 mm3 

Theta range for data collection 2.42 to 25.03° 

Index ranges –9 ≤ h ≤ 9, –10 ≤ k ≤ 9, –10 ≤ l ≤ 8 

Reflections collected 2.815 

Independent reflections 2,035 [Rint = 0.0390] 

Completeness to theta 97.7%  

Absorption correction Semi-empirical from equivalents 

Max. and min. transmission 0.9800 and 0.9899 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 2,035 / 0 / 168 

Goodness-of-fit on F2 1.071 

Final R indices [I>2σ(I)] R1 = 0.0582, wR2 = 0.1553 
R indices (all data) R1 = 0.0670, wR2 = 0.1650 

Largest diff. peak and hole 0.316 and –0.485 e Å–3 

CCDC reference number CCDC-917096 
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