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a b s t r a c t

In this paper, we report reversible capture and release of aromatic amines by diphenylpropanetrione
(DPPT). Addition of aromatic amines to the central carbonyl group occurred readily at ambient tem-
perature to provide the aromatic amine adducts of DPPT (DPPTearomatic amines), which has a hemi-
aminal structure. On the other hand, washing a solution of DPPTearomatic amine with diluted
hydrochloric acid (HCl) enabled successful recovery of DPPT to demonstrate the reversible nature of this
system.

� 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Vicinal tricarbonyl compounds, such as alloxan, 1,2,3-
indanetrione (dehydrate form of ninhydrin), and dehydroascorbic
acid (oxidative form of Vitamin C), are defined as compounds
containing three consecutive carbonyl groups, and show highly
electrophilic reactivity due to the electron-poor central carbonyl
group.1,2 One of the intriguing properties of vicinal tricarbonyl
compounds is high reactivity to various nucleophiles. For instance,
addition of vicinal tricarbonyl compounds and water, alcohol, or
amine afford gem-diol, hemiketal, or hemiaminal, respectively
(Scheme 1). Because these reactions proceed without any catalysts,
vicinal tricarbonyl compounds are usually obtained as their hy-
drated form. These hydrates can be dehydrated by heating under
vacuum,3,4 sublimation,4,5 distillation,6e8 crystallization,7 azeo-
tropic removal of water,8 and utilization of dehydrating agents5,8,9

to afford the free vicinal tricarbonyls.
To date, we have investigated the reactivity of tricarbonyl

compounds to water or alcohols in detail, and exploited the re-
actions to develop functional network materials. We have

synthesized polystyrene derivatives containing vicinal tricarbonyl
moieties in its side chain, and confirmed that water and alcohols
added to the vicinal tricarbonyl polymer in a reversible manner.10

Based on the reaction, we have designed and synthesized a re-
versible network formation and dissociation system using the
vicinal tricarbonyl polymer and 1,6-hexanediol11 or poly(ethylene
glycol).12 Moreover, we have also reported the synthesis of a bi-
functional vicinal tricarbonyl compound (bistriketone) and

Scheme 1. Reversible addition of water, alcohol, or amine to vicinal tricarbonyl
compounds.
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reversible crosslinking and decrosslinking systems of commercially
available alcoholic polymers, namely, poly(2-hydroxyethyl meth-
acrylate) and poly(vinyl alcohol), using bistriketone as a cross-
linker.13 Thus, exploiting a new crosslinking unit plays an important
role in developing functional networked materials.

As mentioned above, vicinal tricarbonyl groups can also un-
dergo the addition of amines to the central carbonyl group. Pre-
viously reported methods for preparing hemiaminals of vicinal
tricarbonyl compounds include the addition of amines,14,15 imine,16

or amide17,18 to vicinal tricarbonyl compounds. However, there was
no report on reversibility of neither their hemiaminal formation
nor their regeneration of vicinal tricarbonyl compounds, to the best
of our knowledge, since most of the works focused on developing
synthetic methods for natural products. These facts prompted us to
construct novel, reversible capture and release system of amines by
vicinal tricarbonyl compounds (Scheme 1). Herein, we describe our
investigation on reversible capture and release behavior of aro-
matic amines by vicinal tricarbonyl compounds.

2. Results and discussion

First, we investigated capture and release behavior of amines by
diphenylpropanetrione (DPPT) by 1H NMR (Fig. 1). The 1H NMR
spectrum of a chloroform-d (CDCl3) solution of an equimolar
mixture of DPPT and p-toluidine (0.1 M each) 10 min after mixing
showed characteristic peaks at 8.01, 7.46, and 7.32 ppm as well as
2.18 ppm due to the protons of p-toluidine-adduct of DPPT
(DPPTLp-toluidine). Fig. 2 shows the time dependence of con-
version of DPPT in the addition of p-toluidine determined by 1H
NMR analysis. The conversion reached about 40% in 10 min and
virtually no changewas observed after 43 h, and besides. Upon five-
fold dilution, the peaks due to DPPTep-toluidine almost dis-
appeared within 10 min (0.02 M, Fig. 1d). In an attempt to evaluate
the kinetics of the reaction in more detail, 1H NMR analysis was
carried out at lower temperature. We found that the addition re-
actionwas so fast even at�40 �C that it reached equilibriumwithin
5 min. It is worth mentioning here that the equilibrium is highly
dependent on temperature; the conversion of DPPT in the solution
of an equimolar mixture of DPPT and p-toluidine (0.1 and 0.02 M

each) reached 90% and 75%, respectively, both of which are much
higher than those at ambient temperature (Figs. S1 and S2). By the
reversible nature of the reaction, the conversion of DPPT of the
0.1 M solution changed to 40% soon after it was warmed to ambient
temperature. These results indicated that the addition reaction of
DPPT and p-toluidine was reversible and much faster than the ad-
dition reaction of benzyl alcohol to DPPT, which took 19.5 h ormore
than 120 h to reach equilibrium at a concentration of 4 M or 0.1 M,
respectively.11a It should be noted here that the equilibrium of the
amine addition was shifted to the left side at ambient temperature
when compared to that of the benzyl alcohol addition, of which the
content ratio of the alcohol adduct was 79% and ca. 50% at a con-
centration of 4 M or 0.1 M, respectively.

To elucidate the capture of p-toluidine to DPPT, we attempted
the isolation of DPPTLp-toluidine. The reaction of DPPT with p-
toluidine was carried out in anhydrous CH2Cl2 at ambient tem-
perature for 1 h. As a result, DPPTLp-toluidine was obtained as
a yellow crystal in 73% yield as n-hexane-insoluble part. The
structure of DPPTep-toluidinewas confirmed by IR and elemental
analysis (Fig. 3). While DPPT shows the IR absorption due to the
central carbonyl group of DPPT at 1720 cm�1,10a this absorption
disappeared completely and new peaks due to OeH and NeH of
hemiaminal structure appeared at 3415 and 3333 cm�1, re-
spectively, in the IR spectrum of DPPTLp-toluidine. As mentioned
above, since DPPTLp-toluidine exists in fast equilibrium with
DPPT and p-toluidine in solution, the 1H NMR spectrum of a CDCl3
solution of DPPTLp-toluidine gave three sets of signals assignable
to DPPT, p-toluidine, and DPPTLp-toluidine. These spectroscopic
results indicate that the capture of p-toluidine by DPPT proceeded
smoothly to provide DPPTLp-toluidine.

Generally, hemiaminal compounds can not be isolated normally
because they are so instable that they are easily split into the
starting amine and carbonyl compounds or they are converted to
the imine through dehydration reaction.20 In order to disclose the
unusual stability of the hemiaminals, we carried out X-ray crys-
tallographic study for the hemiaminals. p-Nitroaniline-adduct of
DPPT (DPPTep-nitroaniline) could be isolated in the same way to
synthesize DPPTep-toluidine. Single crystals of DPPTep-nitro-
aniline suitable for X-ray analysis were grown from a solution in
diethyl ether. The X-ray analysis revealed that the p-nitroaniline
was added to the central carbonyl group, and the central carbon
atom adopted the tetrahedral configuration (Fig. 4)19 as in the case
of benzyl alcoholeadduct of DPPT (DPPTeBnOH).11b Additionally,
there were intramolecular hydrogen bonds between the hydroxyl

Fig. 1. 1H NMR (300 MHz, CDCl3, 298 K) spectra of (a) DPPT, (b) p-toluidine, (c) an
equimolar mixture of DPPT and p-toluidine (0.1 M) 10 min after mixing, (d) an equi-
molar mixture of DPPT and p-toluidine (0.02 M) 10 min after mixing.
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Fig. 2. Time-dependence of conversion of DPPT in the addition of p-toluidine at
ambient temperature.
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