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An efficient synthesis of novel near-infrared electrochromic 6-substituted (NO 2, Br) anthraquinone imides, i.e., 2a and 2b, was established.
Bearing functional groups suitable for further structural modifications by nucleophilic substitution reaction and various metal-catalyzed coupling

reactions (e.g., Suzuki coupling), 2a and 2b were easily transferred to la by reaction with 4-methoxyphenol and 1b by reaction with
4-hexyloxyphenylboronic acid, respectively. These new imides are electrochromic and absorb intensely in the near-infrared range of 700 -1600
nm upon electrochemical reduction.

Electrochromic (EC) materials are known to have wide ap- more attention due to their potential applications in optical
plications in fields such as smart windows, variable reflec- communications, biomedicalss camouflage materials in
tance mirrors, and information display and storage devices. warfare? and thermal control and thermal emission detectors
Currently, most studies with EC materials are concerned with for spacecraft.
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Up to now, various types of NIR electrochromic materials
have been developed, including transition-metal compléxes,
viologens, conjugated polymetsromatic diquinone$and
aromatic imide$.Among them, we are particularly interested
in anthraquinone imides (AQIs). Upon electrochemical
reduction to the state of radical anion, they strongly absorb
in a range of 70861200 nm, which has much less optical
interference for tissue and other biological studies. Difficul-
ties with the synthesis of functionalized AQIls hamper further
exploration of AQIs as NIR electrochromic materials in
various applications. To the best of our knowledge, there is
still no AQI bearing functional groups on the anthraquinone
moiety that could tune the electrochromic propertfes.
Herein, we report an efficient synthesis of a new type of
anthraquinone imides bearing the functional groups (i.e., nitro
and bromo groups) at the 6-position on the anthraquinone
moiety, i.e.,N-butyl-6-nitroanthraquinone-2,3-dicarboxylic
imide (2a) and N-butyl-6-bromoanthraquinone-2,3-dicar-
boxylic imide @2b). The high reactivity of the nitro and bromo
groups, due to the activation effect of electrodeficient quinone
unit, allows for easy functionalization through the nucleo-
philic substitution reaction and metal-catalyzed coupling
reaction (e.g., Suzuki coupling). In this regard, two new
modified anthraquinone imides, i.e\-butyl-6-(4-methox-
yphenoxy)anthraquinone-2,3-dicarboxylic imide (1a) and
N-butyl-6-(4-hexyloxyphenyl)anthraquinone-2,3-dicarboxy-
lic imide (1b) were synthesized by reacti2g with 4-meth-
oxyphenol and2b with 4-hexyloxyphenylboronic acid,
respectively. All the intermediates and compounds were fully
characterized by spectroscopic means.

Scheme 1. Synthetic Route of Target Molecules

Q

O‘O -

CHy

Q

CH,
' @
CH;

? o
O‘O Rl
X
4 >

2a, X = NO, yield 55%
2b, X = Br, yleld 78%

? o
HiCO.
T T e
o
4 o

1a, yield 34%

L AKCh, 110°C, 4 b
it HpS0;, 110°C, 1h

X X

4a,X = NO,, yield > 10%
4b, X = Br, yield > 42%

| KMO; 1 H;50,] H,0,90°C, 4 1
. AcO, reflux, 8 h

2 o
O‘O P
X
i ©

3a, X = NOy, yield 47%
3b, X = Br, leld 31%

4-{hexyloxy)phenylboronic acldibenzene/H,01
E1OHIDMFIPA(PPh), reflux, 30 min

CHoNH, 1 DMF

reflux12 b

sodium pmethoxyphenolate DMF
120°C, 15 min

CeHi30

1D, yield 98%

with 4-nitro (or bromo)-phthalic anhydride in the presence
of anhydrous aluminum chloride, followed by ring-closure
reaction using sulfuric acid yielded 6-substituted-2,3-dim-
ethylanthraquinones. Due to the monosubstitution, four
isomers could be expected in the first acylation step and three
isomers after the cyclization. Although effort was initially
made to separate all four isomers from the first acylation
step, it turned out to be time-consuming and inefficient. Thus,
isolation and purification were carried out on 6-nitro-2,3-
dimethylanthraquinone (4a) and 6-bromo-2,3-dimethylan-

Cyclic voltammetry of these imide compounds showed two tyraquinone (4b). Column chromatography was inefficient
one-electron reduction processes, corresponding to the radicaj, separation ofta from other isomers. Three recrystalliza-
anion and dianion states of anthraquinone imide, respectively.iions from toluene resulted in a mixture of needlelike and
Upon reduction to the radial anion, all compounds exhibited grainlike crystals, which were confirmed to be the three

intense absorptions in the NIR range. isomers4a, 6-nitro-1,2-dimethylanthraquinone, and 7-nitro-

For the synthesis of 6-substituted anthraquinone imides 1,2-dimethylanthraquinone from the proton NMR and mass
(i.e., 2a, 2b, 1a, 1b), important intermediates, i.68aand  gpectroscopic studies. Fortunately, it was found that the
3b, were first prepared via a multistep synthetic route as needielike crystals had a much better solubility in dichlo-
shown in Scheme 1. FriedeCrafts acylation ofo-xylene romethane than the other grainlike crystals. Thus, the
crystalline mixture was further treated with dichloromethane,
followed by removal of solvent and recrystallization from
toluene again, to yield puréa (mp = 220.8—222.0°C) in
an overall yield of 10% based on 4-nitrophthalic anhydride
(not including the recovered product). TH¢ and'3C NMR
spectra (Figures S1 and S2) confirmed its correct structure.
The residue after removal df contained a mixture (mg-
162.3-166.1°C) of roughly equal amounts of the other two
isomers as indicated by4 and**C NMR spectra (Figures
S3 and S4). The separation and purification 4df was
relatively easier. Recrystallization from acetic acid and
petroleum ether (1/1, v/v) 4 to 5 times yielded pdie(mp

O p - o the substitution of anthracul = 194.8—196.0C) in an overall yield of 42%. Its structure
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readily purified by dissolution in agueous ammonia solution
followed by acidification.
6-Nitro-/bromo-substituted anthraquinone imides, Re.,

and 2b, were then prepared by imidization of the corre-
sponding anhydrides (refluxing the diacids in acetic anhy-
dride) withn-butyl amine (Scheme 1). Due to the activation
effect of the electron-deficient benzoquinone unit, the nitro
and bromo groups should have high reactivity toward

nucleophilic substitution reaction and metal-catalyzed cou-

pling reaction (e.g., Suzuki coupling), which allows for
further modification. Thus,1a was first prepared in a
moderate yield of 34% by reactir&a with 4-methoxyphenol.
Caswell and co-worket5 reported thatN-substituted ph-
thalimide could activate the 3-nitro group, but the nucleo-
philic substitution yields were very low, possibly due to the
imide hydrolysis. The Suzuki coupling reaction 21§ with
4-hexyloxyphenylboronic acid was also carried out to give
a 6-aryl-substituted anthraquinone imidd) in 98% yield.

Table 1. Electrochemical Properti@ef the AQI Derivates

cmpd E°req1 V) E°peqo % E°eq3 (V)
2a —0.82 —-1.32 —1.86
2b -0.99 —1.49 -
la —-1.07 —1.53 -
1b —1.07 —1.51 -

ac=5x 103 mol/L in CH,CI,/TBAP (0.1 M) vs Fc/F¢ at 100 mV/s.

at E%eq1 = —1.07 V, E%qg>, = —1.51 V, whereada shows
the lowest potentialseqs = —1.07 V,E°eg2= —1.53 V).

In addition, the substituted effect of nitro causes the carbonyl
in imide moiety to be reduced &°eq; = —1.86 V. From
the above discussion we find that electron effect of substi-
tuted groups can strongly influence the electrochemical
properties ofAQI. These results indicate that the electron
structure of AQI can be efficiently tuned by introducing

Substitution at the 6-position with different electron-donating different substituted groups
and -withdrawing groups is expected to tune the redox and Spectroelectrochemical Work was done on tA@I

NIR electrochromic properties of anthraquinone imides.
The redox properties of the newQl| derivates were

investigated by cyclic voltammetry in GBI, and tetra-n-

butylammonium perchlorate (TBAP) as an electrolyte (Figure

1). Reduction potentials were measured relative to the
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Figure 1. Cyclic voltammograms of AQI derivates in GEIl,/
TBAP (0.1 M) at room temperature, scan rate of 100 mV/s, Pt disk
working electrode, potentials vs Fc/Fc

internal standard ferrocene/ferricenium (Fc/Fc+) (Table 1).
For the three compound4a, 1b, and2b, two reduction
waves were revealed, indicating the formation of stable
radical anions and dianions, respectively. However, the CV
curve of2a exhibited three reduction processes. According
to electron effect2a, which has the strongest acceptor nitro
is reduced at the highest potenti&q; = —0.82 V, E%eq2
—1.32V),2b at E%eq1 = —0.99 V, E%q. = —1.49 V, 1b

(12) Caswell, L.; Kao, TJ. Heterocycl. Chenml966, 3, 333.

Org. Lett, Vol. 10, No. 4, 2008

derivatives in order to investigate their NIR EC properties.
Figures 2 and 3 illustrate the spectroelectrochemical spectra

35

| — Neutral
3.0 ".-. - - - - Radical anion
ik ------- Dianion
251}
(B
1 *
8 P 4
= ! \
g A
o X v
2 B! )
<
i ' 5
’

T T T T
1200 1400 1600 1800

Wavelength (nm)

T T
800 1000 2000

Figure 2. UV/is/NIR absorption spectra &a (10~2 M containing
0.1 M TBAP) and its electrochemically generated radical anion
and dianion in CHCls.

of 2a and2b in dichloromethane containing 0.1 M TBAP.
Upon one-electron reduction to radical anions, intense NIR
absorptions appeared in the range of 70600 nm with
maximal peaks at 863 and 1267 nm &a, whereas in the
range 700—1100 nm the peak fab centered at 808 nm.
These NIR absorptions can be attributedrte-z* (SOMO

— LUMO) transitions of the radical anions of the imid®s.
Further reduction to dianions resulted in the disappearance
of the NIR absorptions and the appearance of new absorption
bands at 522, 672 nm f&a and 447 nm for2b. Spectro-
electrograms of other twAQI derivates,1a (Figure S17)
and1b (Figure S18) are similar to the spectrum2if. But

the maximal absorption wavelengths are different. In anionic
state, the NIR absorption centered at 810 and 827 nrhgor
and 1b, respectively. Otherwise, when they were reduced
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conjugating length. Strong electron-withdrawing substituents
led to a large red-shift in the absorption of anions. Increas-
ing the conjugating length of the molecule had a similar
effect.

In conclusion, we have established an efficient method
for the syntheses of 6-nitro (and bromo)-substituted an-
thraquinone imides and demonstrated further functionaliza-
tions through the nitro displacement and Suzuki coupling
reactions. The new anthraquinone imides are redox active
and NIR electrochromic in a range of 700600 nm and
potentially useful as an NIR tag for tissue and other biological
studies.
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into dianionic state, a new absorption band appeared at 52
nm for laand 541 nm fodb. Simultaneously, the absorption
in NIR region disappeared. The above results proved that
the electrochromic wavelength range AQI could be
modulated by substitution on the ring and by extending the OL703001S
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