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a b s t r a c t

One-step construction of the amino-substituted squaraine dye backbone was discovered unexpectedly in
an amidation reaction. Under the catalysis of Mukaiyama's reagent, (4-dimethylamino)phenylacetic acid
and bulky secondary amine 2,2,6,6-tetramethylpiperidine give the reduced form of aminosquaraine
instead of amide as the major product. The reduced form of aminosquaraine can be oxidized to a dark-
colored conjugated aminosquaraine within seconds. The method provides a novel and facile way to
functionalize the four-membered core of squaraine dye.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Squaraine dyes are a class of conjugated organic dyes with
strong absorption in visible to near-infrared region (low band-gap),
which features a four-membered aromatic ring structure as the
core (see one example in Scheme 1a). Over the past few decades,
squaraine dyes have been developed for many different applica-
tions [1,2], including sensors [3,4], organic electronics [5e7], and
photo dynamic therapies (PDT) [8,9]. Squaraine dyes are usually
synthesized through condensation reaction of electron-rich arenes
and squaric acid (Scheme 1b) [1]. Structure tuning of squaraine
dyes are mostly focused on interchanging and modifying the are-
nes, while the functionalization of the squaric core (Scheme 1a) is
challenging [1]. It has been reported that the squaric core can be
modified with a substituted methylene group via a semisquarate
intermediate [10]. The squaric core can also be modified by amino
group through post-modification using sequential reduction-
substitution-oxidation reactions (Scheme 1b) [11]. However, both
routes involve tedious multi-step syntheses. Herein, we report a
new method to synthesize amino substituted squaraine (also
named as aminosquaraine), which is discovered unexpectedly in a
simple amidation reaction (Scheme 1b), and takes only one step to
construct the aminosquaraine backbone.
2. Results and discussions

2.1. Unexpected synthesis of aminosquaraine backbone from
amidation reaction

(4-Dimethylamino)phenylacetic acid (1, 1.0 equiv.) and bulky
secondary amine 2,2,6,6-tetramethylpiperidine (2, 3.0 equiv.) were
mixed with Mukaiyama's reagent (3, 1.5 equiv.) as the carboxylic
acid activation reagent. After the mixture was vigorously stirred for
12 h, one new major product was observed using thin layer chro-
matography (TLC). Purification of the compound via column chro-
matography, and 1H NMR characterization showed that the
structure did not match the structure of expected amide product 4
(Fig. 1a). Comparing with simulated 1H NMR spectrum of 4, each
peak for protons in phenyl ring and methyl groups in aniline and
bulky amine groups splits into two, which manifests that the
compound is asymmetric (Figure 1b & S2). Based on integrals of
peaks, the compound contains two aniline and one bulky amine
structures (or their integer multiples). Integrating the above in-
formation and the molecular weight obtained from mass spec-
trometry (MS), we identified the structure as compound 5 (Fig. 1b).
Compound 5 contains characteristic four membered ring core
structure, which is the reduced form of 1-(2,2,6,6-
tetramethylpiperidinyl) substituted aniline based squaraine dye.
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Scheme 1. Squaraine dye derivatives: (a) Structures of squaraine and core-substituted squaraine dyes. (b) Conventional and our new approaches to synthesize amino-substituted
squaraine
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2.2. Proposed mechanism for the formation of reduced form of
aminosquaraine dye

Scheme 2a illustrates the proposed mechanism for the forma-
tion of reduced aminosquaraine 5. The carboxylic acid 1 is first
activated by Mukaiyama's reagent, followed by substitution with
bulky amine 2 giving amide 4, the targeted product. Because of the
presence of basic amines in the reaction and the stability of benzyl
anions, amide 4 likely undergoes deprotonation followed by
Claisen condensationwith another molecule of activated carboxylic
ester to form ketone 8. Ketone 8 can then undergo intramolecular
Aldol condensation, giving the final product 5.

Electron-rich carboxylic acid and bulky amine are required for
the reaction to proceed. When 1 was changed to more electron
deficient 10, or 2 was changed to less bulky primary amine 20 while
reaction conditions and reactant molar ratios were kept the same,
no aminosquaraine dye was detected. Instead, amides were ob-
tained in high yield (Scheme S2~S5, Figs. S3~S7). It is presumably
because: i) For electron deficient amide 40, the benzylic carbanion is
less nucleophilic and tends to form ketene by elimination of bulky
amine group (previously reported as dynamic amide) [12], making
it less likely for Claisen condensation to occur; ii) Typical ring-
closing intramolecular Aldol condensations occur between carb-
anions and electrophilic carbonyl compounds (aldehydes/ketones).
Normally, the more electron-rich amides do not participate in this
reaction. However, the bulky amide does not completely adopt the
typical amide structure. To avoid the steric hindrance, the CeN
bond has lower energy barrier to rotate, which partially breaks the
electron delocalization amide bond, making the amide more like a
‘ketone’ for Aldol reaction [12].

2.3. Synthesis of conjugated aminosquaraine dye

As a reduced form of dye, compound 5 could be easily oxidized
to give fully conjugated aminosquaraine dye. Interestingly, it was
observed that the spot of 5 on the TLC plate gradually turned green
after being exposed to air for several minutes. To further under-
stand the oxidation process of 5, DDQ (6, 2,3-dichloro-5,6-dicyano-
1,4-benzoquinone), a widely used organic oxidant for dehydroge-
nation/aromatization reactions, was used to treat 5. Whenmixing 5
and 6 in 1:1 molar ratio (Fig. 2a), we observed immediate color
change from light yellow to dark blue (Fig. 2c), and the reaction
finished within minutes. 1H NMR illustrates that all peaks for 5
moved to downfield, and the ‘split’ peak pairs merged into singlet
peaks (Fig. 2b). It corresponds well to the fact that the asymmetric 5
becomes symmetric and more electron deficient after being
oxidized to 7. Also, the peaks becamemuch broader, possibly due to
the electrostatic and p-p interactions between cationic 7 and
anionic reduced form of 6. The molecular weight measured by MS
showed the reduction of molecular weight by 2, which also



Fig. 1. Amidation reaction gives unexpected product: (a) Amidation reaction of 1 and 2 gives reductive squaraine derivative 5 instead of expected amide 4 as the major product; (b)
1H NMR spectrum of 5 (peaks were assigned to corresponding protons).

Scheme 2. Proposed mechanism for the synthesis of reduced form of aminosquaraine 5.
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Fig. 2. Oxidation of 5 by DDQ: (a) Scheme showing oxidation of 5 by DDQ with the
proposed synergistic hydride transfer mechanism; (b) Comparison of 1H NMR spectra
of 5 (asymmetric reductive form) and 7 (symmetric oxidative form); (c) UVeVis ab-
sorption spectra of 5, 6, and 7; Inset: images of solutions of 5, 6, and 7 showing sig-
nificant color change before and after mixing of 5 and 6 (all solutions were
characterized in the concentration of 10�4 M).
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confirmed the dehydrogenation process. Titration of 6 to 5
demonstrated the oxidation reaction stoichiometry to be 1:1
(Fig. S9).

We then characterized the UVeVis absorption of squaraine dye
before and after oxidation. As shown in Fig. 2c, 5 and 6 only showed
absorption signals below 500 nm. After mixing, a very intense ab-
sorption signal appeared in long wavelength range peaked at
649 nm, which confirmed the extension of conjugation from 5 to 7.
We noticed that the H-transfer in this oxidation process has perfect
geometric match. As shown in Fig. 2a, 5 and 6 co-facially approach
each other through a donoreacceptor interaction. When one of the
oxygen atoms of 6 abstracts the H� from themethine of 5, the other
oxygen atom of 6 builds negative charge through electron transfer,
which is at the correct position for electrostatic interactionwith the
newly formed positive charge of nitrogen in 5. This synergistic
process lowers the transition state energy, and explains the fast
kinetics of this oxidation reaction.
3. Conclusion

In conclusion, we report that the amidation reaction between
electron-rich phenylacetic acid and bulky secondary amine unex-
pectedly leads to the synthesis of reduced amino-substituted
squaraine dye 5 in one step, which avoids the conventional
multi-step synthesis in previous reports. We found that the
electron-rich carboxylic acid and aminewith bulky substituents are
required for the reaction to proceed. The reductive aminosquaraine
can be oxidized by organic oxidant DDQ within minutes, giving
cationic aminosquaraine with extended conjugated structure and
intensive absorption in long wavelength range. Studies to further
explore this unique reaction are underway, including the tests of
different amine and carboxylic acid substrates. The photophysical
properties change after oxidation potentiates the use of the com-
pound as an indicator of oxidative species (e.g., reactive oxygen
species (ROS)). Studies are also underway to explore the absor-
bance/fluorescence response and selectivity of reduced amino-
squaraine dye to various ROS. Overall, with the ease of synthesis
and feasibility of core-functionalization, bioconjugation, and tuning
of photophysical properties, the amino-substituted squaraine dyes
may become new candidates for the design of new biological and
electronic materials.
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Appendix A. Supplementary data

Supplementary data related to this article can be found at http://
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