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ABSTRACT: Dynamic covalent bonds are useful tools in a wide range of applications. Although various reversible chemical reac-
tions have been studied for this purpose, the requirement for harsh conditions, such as high temperature, and low or high pH to 
activate generally stable covalent bonds limits their potential applications involving biomolecules or household utilization.  Here, we 
report the design, synthesis, characterization, and dynamic covalent bonding properties of 1,2-disubstituted-1,2-dihydro-1,2,4,5-te-
trazine-3,6-diones (TETRAD). Hetero-Diels–Alder reactions of TETRAD with furan derivatives and their retro-reactions proceeded 
rapidly at room temperature under neutral conditions, enabling a chemically induced sol–gel transition system.

INTRODUCTION 
Some covalent bonds in organic molecules can be reversibly 

formed and cleaved under certain reaction conditions; this phe-
nomenon is known as dynamic covalent bonding. Such dy-
namic processes are realized by reversible chemical reactions 
such as imine/acetal formation, transesterification, Diels–Alder 
reactions, etc.1 These reversible reactions guide the whole sys-
tem to the most thermodynamically stable state under the given 
conditions, and adaptable dynamic changes can be achieved 
when an external perturbation is applied to the system (Figure 
1a). In the past few decades, reactions for dynamic covalent 
bond formation have been broadly studied not only in the con-
text of fundamental organic chemistry, but also in applied 
chemical sciences. Compared to non-covalent bonding interac-
tions, which have also been extensively investigated in supra-
molecular chemistry and related research fields, dynamic cova-
lent bonding reactions can potentially provide functional mole-
cules with both static and dynamic characteristics. These reac-
tions have been widely utilized for various applications, such as 
macromolecular chemistry,2 covalent organic frameworks 
(COFs),3 drug discovery/delivery,4  and construction of well-de-
fined molecular architectures5 (Figure 1b). 

Although various kinds of reversible chemical reactions have 
been exploited to develop such functional molecules,1-5 the 
cleavage of covalent bonds under mild reaction conditions re-
mains a challenging and important issue (Figure 1c). Because 
the formation of stable covalent bonds is usually highly exer-
gonic, the retro-reaction to cleave them exhibits a high activa-
tion barrier, and thus requires high/low pH, particular transition 
metal catalysts, or high temperature. These harsh conditions can 
limit the applications of dynamic covalent bonding in situations 
where such drastic conditions are not suitable, e.g. applications 
involving unstable biomolecules4 or household utilization. 

Therefore, the development of a novel reversible covalent 
bonding system that can be activated by a mild external pertur-
bation is of great importance and could significantly expand the 
applications of reversible covalent bonding. 

Here, we report the synthesis of 1,2-disubstituted-1,2-dihy-
dro-1,2,4,5-tetrazine-3,6-diones (1; TETRAD), and their dy-
namic covalent bonding properties. TETRAD 1 undergoes an 
instantaneous hetero-Diels–Alder (HDA) reaction with furan 
derivatives, and the HDA adducts also undergo a very fast retro-
Diels–Alder reaction under ambient conditions (Figure 1d). We 
demonstrated the utility of TETRAD 1 through the develop-
ment of furan-containing polyurethanes gelated by a TETRAD-
based cross-linker, which exhibited fast and chemically-con-
trolled sol–gel transition ability at room temperature. 

Our design of TETRAD 1 was inspired by 4-substituted-
1,2,4-triazoline-3,5-diones (TAD, 2). TAD is a five-membered 
heterocyclic compound containing a highly electrophilic cis-
fixed azo group, which is activated by two carbonyls. TAD 2 
participates in HDA reactions, Alder-ene reactions, thermal 
[2+2] cycloadditions, and electrophilic aromatic substitutions 
under mild conditions (Figure 2a).6 Due to its high reactivity 
under ambient conditions without any catalysts, TAD 2 has 
been used as a clicking unit for numerous applications involv-
ing polymer synthesis/functionalization7 and bioconjugation.8 
Additionally, some covalent-bond-forming reactions of TAD 
have been reported to be reversible and have found applications 
in dynamic covalent bonding systems.9-12 For example, a re-
versible hetero-ene reaction of 4-methyl-TAD (MeTAD) and 
indole derivatives was used for the protection of indoles in nat-
ural product synthesis10 as well as reversible polymer conjuga-
tion/recombination with click reaction characteristics.11,12 Alt-
hough TAD represents the prominent properties as a dynamic 
covalent binding unit, retro-reactions to regenerate the TAD 
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Figure 2. Design of TETRAD inspired by TAD. 

unit from the stable adducts still usually require high tempera-
tures. Diels–Alder (DA) reactions with aromatic compounds are 
noticeable exceptions, but irradiation with light is required for 
the highly endothermic forward reactions in many cases.9b,c,f,12a 
The use of anthracene derivatives is essential for the forward 
reactions under thermal conditions.9e,12b We speculated that the 
high barriers for the retro-reactions could be related to the high 
exergonicity of the forward reactions, and thus, the retro-reac-
tion could be facilitated by destabilizing the products. While 
TAD adducts possess a stable five-membered planar 6π system, 
TETRAD 1 is expected to form adducts (1,2,4,5-tetrazinane-
3,6-diones; p-urazines 3) possessing a distorted twist-boat-like 
six-membered ring, which might lead to the destabilization of 
the adducts and decreased exergonicity of the forward reactions. 
In addition, we envisioned that TETRAD 1 might exhibit atten-
uated electrophilicity compared with that of TAD 2 because the 
extra nitrogen atom could be partially electron-donating to the 
carbonyl groups. As the violent electrophilicity of TAD 2 some-
times causes undesired side reactions and decomposition, atten-
uation of its electrophilicity would be advantageous for various 
applications (Figure 2b). 

 RESULTS AND DISCUSSION 
Synthesis of p-urazines and TETRAD. Based on the syn-

thesis of TAD 2,6 we speculated that TETRAD 1 would be ac-
cessible via the oxidation of 1,2-disubstituted-1,2,4,5-tetrazi-
nane-3,6-dione (1,2-disubstituted-p-urazine) 3, although such 
seemingly simple compounds were not found in the literature 
(Scheme 1a). 

To the best of our knowledge, only a few successful synthe-
ses of p-urazines with other substitution patterns have been re-
ported.13 In 1982, Neugebauer and Fischer reported the synthe-
sis of 1,5-dibenzyl- and non-substituted p-urazines by intramo-
lecular acylation of a carbohydrazide derivative and the further 
removal of the benzyl groups (Scheme 1b).13a,b They also re-
ported the X-ray crystal structure of 1,2,4,5-tetramethyl-p-ura-
zine and revealed its twist-boat-like structure.13d Importantly, 
they pointed out that most earlier synthetic studies of p-urazine 
derivatives since the 1880s14 had misassigned the products; the 
synthesized products would not be p-urazines, but instead their 
five-membered ring isomers or linear bisureas.13a These previ-
ous studies suggested that the formation of the distorted six-
membered ring of p-urazines is unfavorable compared with the 
competing five-membered ring formation. An appropriate cy-
clization precursor that cannot undergo the undesired five-
membered ring formation should be prepared. Accordingly, we 
planned to synthesize a 1,2-disubstituted-p-urazine 3 via intra-
molecular cyclization as shown in Scheme 1c.  

Initially, we examined the cyclization from  an ethyl carba-
zate-derived intermediate (R = Bn, LG = OEt in Scheme 1c) 
under basic conditions, but the desired product was not obtained, 
probably due to the deprotonation of an acidic NH proton of the 
carbazate. After several attempts, we found that the cyclization 
reaction under neutral conditions from a more reactive interme-
diate (LG = imidazole) effectively provides a p-urazine deriva-
tive. The optimized synthetic route is shown in Scheme 2. The 
successive one-pot condensation of tert-butyl carbazate, CDI 
(1,1′-carbonyldiimidazole), and N,N′-dibenzyl hydrazine pro-
vided 4 in 54% after recrystallization. The acidic removal of the 
Boc-group and neutralization by aqueous K2CO3 furnished 5 in 
95% yield. Gratifyingly, the desired 1,2-dibenzyl-p-urazine 3a 
was obtained by sequential intermolecular and intramolecular 
carbonylation of 5 with CDI. The cyclization step was sluggish, 
but the yield was improved by removing basic imidazole via 



 

Scheme 1. (a) TETRAD 1 from 1,2-disubstituted p-urazine; 
(b) Reported synthesis of 1,5-disubstituted p-urazine; (c) 
Our synthetic plan for 1,2-disubstituted p-urazine. 

N
NH

NH

O
R

R
HN

N
N

NH

O
R

R
NH

O

R
NH
NH

R

LG LG

O

NH
NH2

NBn
NH2

O

BnN
NH2

COCl2 NBn
NH

O

BnN
HN

O

H2, PdO NH
NH

O

HN
HN

O

BnNHNH2
PhCHO NHBn

NPh
1) COCl2

2) NH2NH2

(b) Reported synthesis of 1,5-disubstituted p-urazine

(c) Our synthetic plan for 1,2-disubstituted p-urazine 3

3 PGO

LG

(a) TETRAD 1
 from 1,2-disubstituted p-urazine 3

N
N N

N

O

O

R

R

N
N NH

NH

O

O

R

R

[O]

1 3

 
aqueous work-up soon after the first carbonylation. Essentially 
pure 3a was obtained after filtration in 77% yield. As expected, 
the oxidation of 3a with DABCO-Br15 proceeded smoothly, af-
fording the desired 1,2-dibenzyl-TETRAD (Bn2-TETRAD) 1a 
as a deep-orange solid. The established synthetic route does not 
require any chromatographic purification and thus is scalable, 
which allowed further intensive studies of the reactivities and 
properties of 1 and 3. 

The steric and electronic effects of substituents can be im-
portant factors to control the reactivity and reversibility of 
TETRAD 1, prompting us to seek rapid access to various deriv-
atives. As 1a and 3a are easy to prepare and contain removable 
benzyl groups on the nitrogen atoms, we examined the synthesis 
of other derivatives using 1a and 3a as common intermediates 
(Scheme 3). Dimethylation of 3a with MeI and subsequent 
debenzylation under hydrogenolysis conditions13a furnished di-
methyl p-urazine 3b, which was then oxidized to Me2-TETRAD 
1b in almost quantitative yield. The high electrophilicity of 1a 
also enabled diversification with nucleophilic reagents. Hetero-
Diels–Alder (HDA) reactions of 1a with butadiene or 1,3-cy-
clohexadiene rapidly proceeded to give bicyclic p-urazines 7 in 
high yield. Hydrogenolysis of the benzyl groups of 7 along with 
the reduction of the olefin and subsequent oxidation afforded 
the TETRAD products with bicyclic backbones (1c and 1d).   

The structures of p-urazines 3a (CCDC 2119672) and 3d 
(CCDC 2119675) and TETRAD 1a (CCDC 2119673) and 1d 
(CCDC 2119676) were determined via single crystal X-ray 
crystallography (Figure 3). The solid-state structure of 3 adopts 
a twist-boat-like conformation,13d,e probably due to the elec-
tronic repulsion between lone pairs of two adjacent nitrogen at 
oms, while all six atoms constituting the core ring of 1 are co-
planar, suggesting stabilized π-conjugation. The lengths of the 
N–N bonds are summarized in Table 1. The short lengths of the 
reactive N–N bonds in 1a (1.260 Å) and 1d (1.261 Å) clearly 
show the double-bond character, and these bond lengths are not  

Scheme 2. Chromatography-free synthesis of p-urazine 3a 
and TETRAD 1a. 
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strongly affected by the substituents. In contrast, the difference 
in the backbone N–N bond lengths of 1d and 3d (∆ = 0.062 Å) 
is somewhat larger than that of 1a and 3a  (∆ = 0.014 Å). We 
speculate that this difference could be attributed to the enhanced 
strain derived from the tricyclic structure of 3d. 

Evaluation of reversibility of hetero-ene reactions of 
TETRAD with indole. Having synthesized several TETRAD 
derivatives (1a–1d), we next investigated the reversibility of the 
hetero-ene reactions of these molecules with indole 8, because 
these reversible reactions had been studied in depth for TAD 
2.9d,10,11 The expected ene products 9 were obtained within 10 
min from 1 and 8, except for 1d; this  transformation can be 
easily monitored via the color change from deep-red/orange to 
colorless (Figure 4a). The reactions using TETRAD 1 were 
slightly slower than those using TAD 2,11a,c which indicates the 
attenuated electrophilicity of TETRAD 1. The resulting adducts 
9 were then subjected to a kinetic reversibility test according to 
the previously reported procedure for TAD 2;11a,c the adduct 9 
in DMSO-d6 was treated with a slight excess of (2E,4E)-2,4-
hexadien-1-ol (HDEO, 10), which rapidly and irreversibly traps 
a liberated TETRAD 1 to form a thermodynamically stable 
HDA adduct 11. After heating at various temperatures for 15 
minutes, the conversion of 9 and 10 to 11 and 8 was measured 
and used as an indicator of the reversibility (Figure 4a). As a 
control experiment, PhTAD 2a and MeTAD 2b were used for 
the same test in our hands. 

The results are summarized in Figure 4b. The conversions 
(reversibility) are plotted as a function of the reaction tempera-
tures, and thus, the plotted curve moves to the left as the revers-
ibility increases. TETRAD 1 exhibited reversibility similar to 
that of TAD 2, but the rate of the retro-reaction depends signif-
icantly on the substituents. TETRAD 1a has the lowest reversi-
bility, and a temperature of over 140 °C was required to achieve 
50% conversion. TETRAD 1b and tricyclic 1d showed similar 
results. Whilst the reversibilities of 1a, 1b, and 1d are similar 
to that of MeTAD 2b and lower than that of PhTAD 2a, bicyclic 
TETRAD 1c exhibited slightly greater reversibility than 2a. 
Although the reversibility using TETRAD 1a–1d with indole 8 
is not significantly different from that for TAD 2, the large sub-
stituent effects observed imply the potentially tunable nature of 
TETRAD 1. We speculated that the bicyclic structure of 1c 
would further destabilize the adduct 11 by increasing the strain 
and thus improve the reversibility, whilst the more strained   



 

Scheme 3. Derivatization of p-urazines 3 and TETRAD 1. 
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     Figure 3. X-ray crystal structures of 3a, 1a, 3d, and 1d drawn with thermal ellipsoids at 50% probability. 

Table 1. N–N bond lengths in X-ray structures of 1 and 3 

 Backbone 
N–N bond (Å) 

Reactive 
N–N bond (Å) 

 3 1 3 1 
a 1.410 1.396 1.426 1.260 
d 1.446 1.384 1.396 1.261 
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tricyclic structure of 1d would destabilize both the adduct and 
1d itself.  
Reversible hetero-Diels-Alder reaction with furan. With the 
promising properties of TETRAD 1 as dynamic covalent bond-
ing units in hand, we next examined their HDA reactions with 
furan. DA reactions of furan with maleimides are well-known 
reversible processes and are widely used in dynamic covalent 
bonding, especially for polymer materials.16,17 Generally, most 
of the forward reactions proceed within several minutes to hours 

under ambient conditions around room temperature to 50 °C, 
and the retro-reactions proceed on the same time scale when 
heated to over 90 °C. We envisioned that faster and more re-
versible HDA reactions of a furan could be achieved using 
TETRAD 1 as the dienophiles. In addition, the HDA reactions 
using TETRAD 1 would not afford diastereomers unlike those 
using maleimides, which simplifies the overall system. 

The HDA and retro-HDA reactions of 1 and 2,5-dimethylfu-
ran 12a were examined using a protocol similar to that for the 
above-mentioned ene reactions, and the results are summarized 
in Table S2 and Figure 5. The forward HDA reactions were 
monitored using 1H NMR at 10, 60, and 120 min (T1) after mix-
ing 1 and 12a in C6D6. After 80 min (T1), HDEO 10 was added 
to a portion of the reaction mixture, and the concentration of 
each component was monitored using 1H NMR after 15, 30, and 
90 min (T2), observing the retro-HDA reaction of 13 to regen-
erate 12a with the irreversible formation of 11 (Figure 5b). All 
the reactions and analyses were performed at ambient tempera-
ture (22±2 °C). The initial concentration for 1a and 1c was 10 
mM, while that for 1c and 1d was 2.5 mM due to their limited 
solubility. In the forward reactions, the ratio of 12a, 1, and 13 
remains almost unchanged from 10 min to 120 min, indicating 
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Figure 4. Evaluation of the reversibility of hetero-ene reactions of TETRAD 1 or TAD 2 and indole 8.11a,c 

that the reaction systems reach thermodynamic equilibrium 
within 10 min in all cases. On the other hand, the equilibrium 
constant varies significantly depending on the substituents on 1. 
The experimental Gibbs free energy changes of the reactions 
were calculated using the concentrations at T1 = 60 min (T2 = 
0 min in Figure 5b) and are shown in Table 2. The benzyl sub-
stituents stabilize the adduct (1a/13aa), while the tricyclic 
structure leads to destabilization (1d/13ad). To our delight, af-
ter the addition of HDEO 10, the concentration of 13 smoothly 
decreased with a concomitant increase in those of 11 and 12a 
(Figure 5b), confirming the rapid retro-HDA reaction from 13. 
It is noteworthy that even when using 1a, which afforded the 
most stable adduct (exp. ∆Gr° = –6.0 kcal/mol) among 1a–1d, 
most of the adduct 13ad underwent the retro-reaction and was 
trapped by 10 within 90 min (T2) at room temperature. We ob-
served some degradation when 1c was used, leading to a bad 
mass balance. We also performed DFT calculations for these 
HDA reactions, which found two possible concerted transition 
states, i.e., endo- and exo-TS. The endo-TS is lower in energy 
than exo-TS in all cases (Table 2, calc. ∆G‡). The calculated 
∆Gr° and activation energies for the forward and retro-reactions 
are reasonable compared with experimental observations, alt-
hough the exergonicity for the forward reactions are slightly 
overestimated, especially for 1b and 1c. The DFT studies also 
suggest that 13ad is significantly destabilized compared to 
other adducts. The calculated backbone N–N bond length of 
13ad (1.420 Å) is greater than those of the other adducts (13aa : 
1.395 Å; 13ab : 1.393 Å; 13ac : 1.394 Å). This difference is 
similar to that observed in the X-ray structures of 1 and 3, as 
discussed above, and we speculate that the enhanced strain de-
rived from the tricyclic structure of 13ad might lead to its de-
stabilization.  

We also experimentally and computationally examined  the 
reactivity of PhTAD 2a, MeTAD 2b, and N-Me-maleimide 
with 16 for comparison with that of 1 under the same conditions 
(Scheme 4). Although 2a and 2b provided the corresponding 
HDA adducts 14 at the initial point, some unidentified byprod-
ucts were observed and increased with prolonged reaction time, 
resulting in a complex mixture after 60 min (14, <5%), probably 
due to the violent electrophilicity of TAD 2 (Scheme 4a).18 Fur-
ther addition of HDEO 10 did not form the corresponding ad-
ducts 15, and the concentration of 12a did not increase, indicat-
ing the some irreversible reactions between 2 and 12a. In par-
ticular, the reaction using 2a gradually formed an insoluble, 
probably polymeric material. Unexpectedly, the calculated ex-
ergonicities for the reactions of 2 and 12a are moderate and sim-
ilar to those for 1 and 12a. Therefore, we concluded that an im-
portant feature of 1 in terms of successful reversible HDA reac-
tion was the attenuated electrophilicity. Additionally, N-
methylmaleimide 16 did not react with 12a under these mild 
reaction conditions (Scheme 4b). Our DFT calculations may 
slightly underestimate the stability of the adducts in this case,19 
but the higher calculated activation barrier for maleimide 16 
compared to those for 1 and 2 reflects the experimentally ob-
served lower reactivity.  

The same experiments using 1a and non-substituted furan 
12b or 2-methylfuran 12c were performed (see Supporting In-
formation for details). Furan 12b exhibited a reactivity similar 
to that of 12a, albeit in slightly lower conversion at the equilib-
rium point. On the other hand, when using 12c, several uniden-
tified side reactions competed and the reaction profile was com-
plicated. 
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Figure 5. (a) Reversible hetero Diels–Alder (HDA) reactions between TETRAD 1 and 2,5-dimethylfuran 12a. X = 10 for 1a and 1c, 2.5 
for 1b and 1d. HDEO 10 was added 80 min (T1) after mixing 1 and 12a. For more details, see Table S2 in the Supporting Information. (b) 
Yields of each component after the addition of 10. The values at T2 = 0 min are those observed before the addition of 10 (T1 = 60 min).  

Table 2. Experimental and calculated Gibbs free energies of 
the of the HDA reactions between 1 and 12a in Figure 5. 

1 
exp. ∆Gr° a 
(kcal/mol) 

calc. ∆Gr° b,c 
(kcal/mol) 

calc. ∆Gendo‡ b 

(kcal/mol) 
calc. ∆Gexo‡ b 

(kcal/mol) 
1a –6.0 –7.2 +16.2 +27.0 
1b –3.8 –6.3 +16.6 +27.8 
1c –4.1 –5.7 +19.7 +27.7 
1d –2.3 –2.7 +18.7 +29.8 

aCalculated using the results at T1 = 60 min in Figure 5 and Ta-
ble S2 (T = 295.15 K). bCalculated at the M06-2X/def2-
TZVPP+SMD(benzene)//M06-2X/def2-SVP+SMD(benzene) 
level of theory (T = 295.15 K). cCalculated as the difference be-
tween the Gibbs energy of the starting materials and that of the 
more stable conformer of the adduct among the two conformational 
isomers that are formed from the endo or exo transition states. 

Reversible sol–gel transition of polyurethane at room tem-
perature. Based on the fundamental studies of the reversible 
HDA reactions of TETRAD 1 with a furan, we designed a new 
functional polymer that undergoes fast sol–gel transition under 
neutral conditions at room temperature in response to a chemi-
cal stimulus, i.e., the addition of a furan (Figure 6a). Goussé, 
Gandini, and Hodge reported polystyrene gels cross-linked by 
a maleimide/furan DA reaction, which underwent de-cross-
linking by heating at 130 °C for 3–48 h in the presence of 2-
methylfuran via a retro-DA reaction and DA reaction with 2-
methylfuran.20 We envisioned that fast cross-linking and de-
cross-linking at room temperature with no heating, no light, and 
no pH change could be realized by using TETRAD 1 as the 
cross-linking unit, and that the cross-linking and de-cross-link-
ing could be controlled by the addition/removal of a volatile fu-
ran derivative that reversibly caps the cross-linking moiety. 

Scheme 4. HDA reactions using TAD 2 and maleimide 16 

O + N
N

O
C6D6

 (10 mM)

22 °C, 60 min

Me

Me

Me

Me

(a) HDA reaction of TAD 2 and 2,5-dimethylfuran 12a

N
N

N

O

O

R N

O

O

R

2a: R = Ph
2b: R = Me

calc. ∆Gr
°

unidentified
products

calc. ∆Gexo
‡calc. ∆Gendo

‡

2a: R = Ph
2b: R = Me

–6.2
–6.1

+12.5
+13.2

+20.5
+21.3

O + O
C6D6

 (10 mM)

22 °C, 60 min

Me

Me

Me

Me

(b)
 HDA reaction of N-methylmaleimide 16 and 2,5-dimethylfuran 12a

N

O

O

Me N

O

O

Me

calc. ∆Gr
° calc. ∆G‡

endo adduct
exo adduct

+1.8
+1.3

+26.3
+27.5

12a

12a

14a,b, <5%

16 17, <5%

12a
20% with 2a
17% with 2b

+

10 (1.1 equiv.)

C6D6
 (10 mM)

22 °C, 90 min

N
N

Me

N

O

O

R

HO

15a,b, <5%

unidentified
products

12a
19% with 2a
18% with 2b

+

12a, 88%
16, 95%

+

  
For this purpose, we synthesized a polyurethane bearing a 2,5-
dialkylfuran unit (PU-furan 18, Mn ~ 5.1 × 104) and cross-link-
ing reagent 19 (Figure 6a, see the Supporting Information for 
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Figure 6. (a) Reversible cross-linking and sol–gel transition based on the HDA reaction of TETRAD and furan. (b) Results of rheological 
measurements.

details). Before the cross-linking studies, we confirmed that the 
reversible HDA reaction was viable for the synthesized polymer. 
Namely, the treatment of PU-furan 18 with Bn2-TETRAD 1a 
led to changes in the chemical shifts of the 1H NMR signals 
corresponding to the desired HDA reaction, and the subsequent 
addition of HDEO caused the formation of 11a and the original 
PU-furan 18 (see the Supporting Information for details). 

Then, we conducted a reversible sol–gel transition experi-
ment using PU-furan 18 and 19. Although the direct reaction 
of 18 and 19 in DMF afforded a gel, an extremely fast cross-
linking reaction irreproducibly provided a heterogeneous mix-
ture. Therefore, the cross-linking reagent 19 was first capped by 
furan 12b and mixed with 18 to give a solution. When this so-
lution was moderately evacuated at ambient temperature to re-
move furan 12b, it gradually transformed into a gel. After the 
gelation, the addition of an excess of 12b again afforded a solu-
tion. This sol–gel transition triggered by the addition/removal 
of 12b proceeded in about 10 min and was successfully repeated 
(see the Supporting Information).21 To confirm the sol–gel tran-
sition, the rheological properties (dynamic viscoelasticity) were 
measured for both the sol and gel states. We used 2,5-dimethyl-
furan 12a (b.p. 92–94 °C) instead of non-substituted furan 12b 

as the capping reagent for the rheological measurements to 
avoid gelation due to the spontaneous volatilization of 12b (b.p. 
31 °C) during the measurements (see the Supporting Infor-
mation for details). The results are shown in Figure 6b. In the 
presence of 12a (sol), the G′ and G″ values were similar and 
exhibited some frequency dependency, indicating their proper-
ties as a concentrated solutions. On the other hand, before the 
addition or after the removal of 12a (gel), the G′ value was 
much higher than the G″ value and exhibited little dependence 
on the frequency, which corresponds to gel behavior. In addi-
tion, the G′ and G″ were several orders of magnitude greater 
than those in the presence of 12a. In the low angular-frequency 
region, the G″/G′ (tanδ) became large. We speculate that this is 
due to the fast exchange of the covalent cross-linking bonds via 
the retro-HDA and HDA reactions, which could follow the 
given stress and allow the structural change of the material at 
low frequency.  

CONCLUSIONS 
In summary, we have synthesized and characterized 1,2-di-

substituted-1,2-dihydro-1,2,4,5-tetrazine-3,6-dione derivatives 
(TETRAD 1) with different substituents and revealed their 



 

properties as dynamic covalent bonding units.  TETRAD 1 ex-
hibited moderately reversible reactivity in hetero-ene reactions 
with 2-phenyl-3-methylindole 8 similarly to TAD 2. Further-
more, hetero-Diels–Alder (HDA) reactions of 1 with a furan 
and the corresponding retro-reactions rapidly proceeded at 
room temperature to enable efficient dynamic covalent bonding 
under mild conditions. Based on this reversible reaction, we de-
veloped a reversible sol–gel transition system that consists of a 
polyurethane bearing furan units (PU-furan 18) and a cross-
linking reagent containing two TETRAD moieties (19). The 
sol–gel transition was triggered and controlled by the addi-
tion/removal of an external furan additive and proceeded 
smoothly without heating, reflecting the high reversibility of the 
TETRAD/furan HDA reactions. This process does not require 
drastic pH change, high temperature, or irradiation with light, 
and thus could be potentially useful in applications in which 
such harsh reaction conditions are not appropriate, e.g. applica-
tions involving biomolecules or household utilization. Further 
studies on the fundamental reactivities of TETRAD 1, as well 
as their applications, are now ongoing in our group.22  
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