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Abstract

A series ofN? N°-bis(3-methoxypropyl)pyridine-2,6-diamine azo dypsepared by
coupling 2,6-bis((3-methoxypropyl)amino)-4-methgliinonitrile and diazotized
substituted anilines with distinguishable electrpush-pull abilities, have been
described in this paper. The new dyes undergoingbldo functional group
transformation (FGT) show extremely high pH stépitompared to corresponding
mono FGT dyes, which could be ascribed to the dhtetion of the second
3-methoxypropylamino group forming the new pyridyé-diamine backbone. It is
noted that the unusual transformation fromzBA to A-z—D system has been
verified for our multi-substituted phenyl-azo-pyrid FGT products. The adjustment
of electron-donating and electron-withdrawing pHeamd pyridine substituted groups
narrows the discrepancy of electron push-pull céifiab for dizao and coupling
components, which makes possible the transforméioroles of donor and acceptor.
It is believed that the achievement of extremelyghhipH stability for
pyridine-2,6-diamine based heterocyclic azo dye®gsmrded as a useful exploration

for designing new FGT modified pyridone dyes.

Keywords: Pyridone dye; Functional group transformation; W6 spectrum,;

Push-pull substituent; pH Stability



1. Introduction

Since their discovery in the 20th century, hetecticydisperse dyes have spurred
tremendous interest among researchers becauseioffiplications not only in the
dyestuff industry [1-2] as high level-dyeing agebtd also in the electronic industry
including nonlinear optical devices [3], colorimetsensors [4-5] and dye-sensitized
solar cells [6]. Among them, pyridine-2,6-dione &héntermediates are considered as
useful coupling components in the syntheses ofrbeyelic disperse dyes with a
variety of diazo components [7-12], and the restiltlyes have exhibited bright hues
and excellent performance on versatile fastnessl@]3 For instance, Jarej al have
investigated the various color range and dyeing peries for several
pyridine-2,6-dione based arylazo dyes on polytrimgleine terephthalate (PTT) fabric,
where the wash and light fastness were improvecbmparison with C.I. Disperse

Yellow 241 [17].

Regrettably, the color of these pyridine-2,6-didrased dyes fades quickly under
the basic condition in the dyeing process [18-%9]the fine control of pH values
should be taken into account. The possible reas@uggested to be the following:
Pyridine-2,6-dione based heterocyclic dyes generakist in the hydrazone
tautomeric form under the neutral and acidic cood#, but they turn to the
deprontonated azo form under the basic conditisunltieag in the alteration of the
m-conjugated system and the color instability of wiele molecules simultaneously.
The proton transfer is originated from the azo-hydne tautomerism in

pyridine-2,6-dione based dyes, and our previousliesuhave demonstrated that
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azo-hydrazone tautomerism can be driven by theesblpolarity, pH titration and
metal-ion coordination [20—24].

To avoid the color variation problem for pyridinggalione based dyes, we have
previously proposed a functional group transfororat{FGT) strategy, where the
acidic hydroxyl (-OH) has been transformed into asib secondary amine
(-NHCH,CH,CH,OCH;s) accomplished by the configuration transformati@m the
hydrazone form to azo one [25]. As a result, thevakmentioned proton transfer and
azo-hydrazone tautomerism have been successfuslyumted which can be verified
by their increased pH stability. Actually, FGT ségy has been widely used in the
antimicrobial surface modification [26], membraneodifications [27], polymer
grafting and cross linking [28—29], and the introtion of reactive centers for further
reactions [30]. However, there appear to be noreefees using FGT strategy to
modify pyridine-2,6-dione precursors before us.

In this work, we have selected a special pyridifeelone precursor, i.e.
6-hydroxy-4-methyl-2-oxo-1,2-dihydropyridine-3-carbtrile, to fulfill the double
FGT for both  acidic  hydroxyl groups. As a result, ix s
N2 N°-bis(3-methoxypropyl)pyridine-2,6-diamine based ahes (Scheme 1) have
been produced via a 2,6-dichloropyridine intermegiavhere two basic secondary
amine units (-NHCKCH,CH,OCH;) are successfully introduced. From the
viewpoint of molecular design, the targeting azo egly with
N? N°-bis(3-methoxypropyl)pyridine-2,6-diamine backboaee no longer pyridone

derivatives, so they exhibit extremely high pH 8igb(1~13) evidenced by the



acid-base titration. More interesting, in the shsdion structure-performance
relationship for this family of double 3-methoxypem-1-amine substituted
heterocyclic azo dyes, the uncommon transformétomoles of donor and acceptor
(D-=—A and A-z—-D) has been observed because of very close efectro
donating/withdrawing capabilities of substitutecepil rings, which can be deduced
from related electronic absorption spectral conguens. As far as we are aware, this
is the first report onN? N°-bis(3-methoxypropyl)pyridine-2,6-diamine heteroayc
azo dyes prepared from 6-hydroxy-4-methyl-2-oxodil®&dropyridine-3-carbonitrile

via the FGT strategy.

2. Experimental section

2.1.Materials and physical measurements

Analytical grade reagents were purchased from cawialesuppliers and used
without any further purification unless otherwidated. Intermediate3 and4 were
prepared according to our previously reported pioce [25]. Column
chromatography was carried out on silica gel (200-&esh). All melting points
were measured without corrections. Ultraviolet-Bisi (UV-Vis) spectra were
recorded with a Shimadzu UV-3150 double-beam speletitometer using a quartz
glass cell with a path length of 10 mm at room terafure (25C). *H NMR spectral
measurements were performed on a Bruker DMX300 M¥MR or a Bruker
DMX400 MHz spectrometer, usinghloroformd (CDCl;) as a solvent with

tetramethylsilane (TMS) as the internal standambaitn temperature (2%). Infrared



spectra in the region of 4000-500 ¢rwere obtained using a Nicolet FT—IR 170X
spectrophotometer on KBr disks. Electrospray idioza mass spectra (ESI-MS)
were recorded on a Finnigan MAT SSQ 710 mass speeter in a scan range of
50-500 or 50-1000 amu. Elemental analyses (EACfdd and N were performed on

a Perkin-Elmer 1400C analyzer.

2.2.1. Preparation of compound 1
(2,6-bis((3-methoxypropyl)amino)-4-methylnicotirtara)
2,6-Dichloro-4-methylnicotinonitrile  (1.86 g, 10.0nmol) was added to
3-methoxypropan-1-amine (3.98 g, 44.0 mmol) undierirey, and the mixture was
refluxed for 3 h. After being cooled to room teradare, 30 mL of water and 30 mL
of ethyl acetate were added into the reaction EwlutThe aqueous layer was
separated, and the ethyl acetate layer was wastied by brine and dried with
anhydrous MgS@ The solvent was removed by a rotary evaporatier aémoving
MgSQO,, and the crude solid was recrystallized by etlogtate and hexane (v:iv = 4:1)
to give compoundl in a yield of 2.19 g (75%). Mp: 41-4%. Main FT-IR
absorptions (KBr pellets,cm™): 3376 (s), 2923 (m), 2871 (w), 2188 (vs), 1598)(v
1526 (s), 1356 (m) and 1119 (44 NMR (400 MHz, CDC}, ppm):é = 5.55 (s, 1H),
5.40 (t,J = 4.8 Hz, 1H), 4.98 () = 5.0 Hz, 1H), 3.51 (m, 6H), 3.41 (m, 2H), 3.37 (s
3H), 3.35 (s, 3H), 2.24 (s, 3H) and 1.86 (m, 4Ahal. Calcd. For GsH24N4O,: C,
61.12; H, 8.27; N, 19.16%. Found: C, 60.92; H, 8M819.02%. Positive ESI-MS in
MeOH: m/z= 293.25 (100.0%), [M+H] 315.25 (84.0%), [M+N4d] Single crystals of

compoundl suitable for X—ray diffraction measurement werdagked by slow
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evaporation from a mixture of CHZAnd MeOH (v:v = 1:1) in air for one week.

2.2.2. Preparation of precursor
6-chloro-1,4-dimethyl-2-oxo-1,2-dihydropyridine-&bonitrile for preparing
compound

6-Hydroxy-1,4-dimethyl-2-oxo-1,2-dihydropyridine€arbonitrile (1.64 g, 10.00
mmol) was refluxed with phosphorus oxychloride (@@, 21.60 mmol) for 3 h,
accompanied by the color change from yellow to Eecdtess phosphorus oxychloride
was then distilled under the reduced pressureladesidue was added to teeater
(100 g) with vigorous stirring. The resulting dadd solid was filtered, dissolved in
dichloromethane and washed by brine. The orgaerlavas dried with anhydrous
NaSO, and the solvent was removed by a rotary evaporatee crude solid was
recrystallized from toluene in a yield of 1.10 d%6). Mp: 176-178C. Main FT-IR
absorptions (KBr pellets; cm™): 3074 (m), 2983 (w), 2215 (s), 1644 (vs), 1578 (s
1533 (vs), 1447 (m) and 1198 (mMiH NMR (400 MHz, CDCJ, ppm): s = 6.33 (s,
1H), 3.70 (s, 3H) and 2.42 (s, 3Wnal. Calcd for GH¢CIN,O: C, 52.62; H, 3.86; N,
15.34%. Found: C, 52.48; H, 3.91; N, 15.22%. PesitSI-MS in MeOH:m/z =

183.08 (72.5%), [M+H], 205.17 (100.0%), [M+N4]

2.2.3. Preparation of compound 2
(6-((3-methoxypropyl)amino)-1,4-dimethyl-2-oxo-tljRydropyridine-3-carbonitrile)
The synthetic proceduréor compound2 was analogous to that described for

compound 3 except that



6-chloro-1,4-dimethyl-2-oxo0-1,2-dihydropyridine-arbonitrile (1.82 g, 10.00 mmol)
was used as the starting material to replace
6-chloro-1-ethyl-4-methyl-2-oxo-1,2-dihydropyridi3ecarbonitrile.  Yield: 1.55 ¢
(70%). Mp: 180—18ZC. Main FT—IR absorptions (KBr pellets,cm™): 3324 (vs),
2950 (w), 2877 (W), 2195 (m), 1644 (s), 1558 (1)34 (m), 1237 (m) and 1119 (w).
'H NMR (400 MHz, CDC}, ppm):d = 6.36 (s, 1H), 5.29 (s, 1H), 3.65t= 5.1 Hz,J

= 10.2 Hz, 2H), 3.41 (s, 3H), 3.38 (s, 3H), 3.34 @H), 2.31 (s, 3H), 2.01 (m, 2H).
Anal. Calcd for GoH17/N3O2: C, 61.26; H, 7.28; N, 17.86%. Found: C, 61.127K8;

N, 17.69%. Negative ESI-MS in MeOHvz= 234.17 (100%), [M-H]

2.2.4. Preparation of compound 5
((E)-5-((4-methoxy-2-nitrophenyl)diazenyl)-2,6-8s(hethoxypropyl)amino)-4-meth
yInicotinonitrile)

4-Methoxy-2-nitroaniline (0.34 g, 2.00 mmol) wasssblved in a mixture of
concentrated hydrochloric acid (1 mL) and watenmr(fl) at -5 ‘C in an ice bath.
Sodium nitrite (0.15 g, 2.20 mmol) was dissolved water (2 mL) and added
dropwise to the reaction mixture for 30 minutes emdahechanical stirring. The
diazonium salt solution was obtained and usedHerfollowing reaction. Compound
1 (0.58 g, 2.00 mmol) was dissolved in a methanater mixture (16 mL, viv = 1:1)
immersed in an icesalt bath, and freshly prepared diazonium saltteslwas added
dropwise for 15 minutes under vigorous mechanidakirggy (0-5 C). After
additional 3 h’s stirring, the precipitate wasdikkd and dried after thorough washing

with distilled water. The crude product was realszed from MeOH in a yield of
8



0.76 g (81%). Mp: 154-158 . UV-Vis in MeOH, Amax (M) /& (x10* L mol™ cm™)
= 467 / 1.99, 312 / 1.11, 242 / 1.Main FT—-IR absorptions (KBr pellets,cm™):
3363 (m), 3127 (m), 2208 (m), 1585 (vs), 1519 (01 (m), 1257 (w), 1191 (m)
and 1119 (m)'H NMR (300 MHz, CDC{, ppm):d = 10.91 (s, 1H), 7.86 (d,= 9.1
Hz, 1H), 7.42 (dJ = 2.8 Hz, 1H), 7.17 (dd] = 9.2,J = 2.8 Hz, 1H), 6.37 (t} = 4.9
Hz, 1H), 3.92 (s, 3H), 3.69 (m, 4H), 3.56J& 5.6 Hz, 2H), 3.47 (i = 6.2 Hz, 2H),
3.41 (s, 3H), 3.33 (s, 3H), 2.71 (s, 3H) and 1.86 @H). Anal. Calcd. For
Ca2H29N;Os: C, 56.04; H, 6.20; N, 20.79%. Found: C, 55.82;6:88; N, 20.65%.

Negative ESI-MS in MeOHn/z= 470.33 (100.0%), [M—H]

2.2.5. Preparation of compound 6
((E)-2,6-bis((3-methoxypropyl)amino)-4-methyl-5-fi@rophenyl)diazenyl)nicotinoni
trile)

The synthetic proceduréor compound6 was analogous to that described for
compound5 except that 4-nitroaniline (0.28 g, 2.00 mmol) wased as the starting
material to replace 4-methoxy-2-nitroaniline. Yie@75 g (85%). Mp: 160-16Z.
UV-Vis in MeOH, Anax (M) /& (x10° L mol™ cm™®) = 478 / 1.81, 310 / 1.25, 242 /
1.71 Main FT—IR absorptions (KBr pellets,cm™): 3127 (vs), 2877 (w), 2208 (m),
1683 (w), 1585 (s), 1401(vs), 1283 (m) and 1100. fd)NMR (300 MHz, CDC},
ppm):é = 11.13 (s, 1H), 8.30 (d,= 9.1 Hz, 2H), 7.78 (d] = 9.1 Hz, 2H), 6.54 (] =
4.7 Hz, 1H), 3.71 (m, 4H), 3.58 {,= 5.6 Hz, 2H), 3.52 (J = 6.0 Hz, 2H), 3.42 (s,

3H), 3.36 (s,3H), 2.74 (s, 3H) and 1.95 (m, 4H)nal. Calcd. For GH27N;O,: C,



57.13; H, 6.16; N, 22.21%. Found: C, 57.02; H, 618822.01%. Negative ESI-MS

in MeOH: m/z= 440.25 (100.0%), [M-H]

2.2.6. Preparation of compound 7
((E)-2,6-bis((3-methoxypropyl)amino)-4-methyl-5-fi#ophenyl)diazenyl)nicotinoni
trile)

The synthetic proceduréor compound7 was analogous to that described for
compound5 except that 2-nitroaniline (0.28 g, 2.00 mmol) wased as the starting
material to replace 4-methoxy-2-nitroaniline. Yie@l74 g (84%). Mp: 125-12T.
UV—-Vis in MeOH, Amax (M) /& (x10° L mol™ cm™) = 461 / 2.68, 310 / 1.56, 243 /
2.28 Main FT—IR absorptions (KBr pellets,cm™): 3337 (s), 2923 (w), 2877 (w),
2208 (m), 1591 (vs), 1512 (m), 1283 (w), 1197 (Wil 4119 (m)*H NMR (400 MHz,
CDCl;, ppm):é = 11.06 (s, 1H), 7.93 (dd,= 8.2 Hz,J = 1.3 Hz, 1H), 7.87 (dd] =
8.3 Hz,J = 1.2 Hz, 1H), 7.61 (m, 1H), 7.37 (m, 1H), 6.49)(t 4.8 Hz, 1H), 3.69 (m,
4H), 3.57 (tJ = 5.6 Hz, 2H), 3.47 (t) = 6.2 Hz, 2H), 3.41 (s, 3H), 3.33 (s, 3H), 2.72
(s, 3H) and 1.96 (m, 4HRAnal. Calcd. For GiH,7N7O4: C, 57.13; H, 6.16; N, 22.21%.
Found: C, 57.00; H, 6.28; N, 22.11%. Negative ES3-M MeOH: m/z = 440.25

(100.0%), [M=H].

2.2.7. Preparation of compound 8
((E)-5-((2,3-dimethylphenyl)diazenyl)-2,6-bis((3thwxypropyl)amino)-4-methylnico
tinonitrile)

10



The synthetic proceduréor compound8 was similar to that described for
compound5 except that 2,3-dimethylaniline (0.24 g, 2.00 mmwhs used as the
starting material to replace 4-methoxy-2-nitroamdli Yield: 0.52 g (62%). Mp:
120-122°C. UV-Vis in MeOH, Anax (M) /& (x10* L mol™* cmi™) = 414 / 2.72, 304 /
1.31, 246 / 2.20Main FT—IR absorptions (KBr pellets,cm™): 3344 (s), 2923 (w),
2863 (W), 2202 (m), 1585 (vs), 1539 (s), 1368 (nd 4119 (m)*H NMR (400 MHz,
CDCl;, ppm):s = 10.84 (s, 1H), 7.46 (m, 1H), 7.15 (m, 2H), 6(1,3 = 5.1 Hz, 1H),
3.66 (M, 4H), 3.55 (1) = 5.7 Hz, 2H), 3.46 () = 6.2 Hz, 2H), 3.40 (s, 3H), 3.32 (s,
3H), 2.75 (s, 3H), 2.49 (s, 3H), 2.37 (s, 3H) ané4{m, 4H).Anal. Calcd. For
Ca3H32NeO2: C, 65.07; H, 7.60; N, 19.80%. Found: C, 64.92;7¥8; N, 19.59%.

Negative ESI-MS in MeOHn/z= 423.25 (100.0%), [M—H]

2.2.8. Preparation of compound 9
((E)-5-((4-bromophenyl)diazenyl)-2,6-bis((3-methmopyl)amino)-4-methylnicotino
nitrile)

The synthetic proceduréor compound9 was analogous to that described for
compounds except that 4-bromoaniline (0.34 g, 2.00 mmol) wssd as the starting
material to replace 4-methoxy-2-nitroaniline. Yie@76 g (80%). Mp: 103-10%".
UV—-Vis in MeOH, Amax (M) /& (x10° L mol™ cm™) = 435 / 2.43, 306 / 1.20, 244 |
1.58 Main FT—IR absorptions (KBr pellets,cmi™): 3356 (s), 2926 (w), 2871 (w),
2195 (m), 1585 (vs), 1539 (s), 1381 (w) and 111P (M NMR (400 MHz, CDC},
ppm): & = 10.89 (s, 1H), 7.56 (m, 4H), 6.23 Jt= 5.1 Hz, 1H), 3.67 (m, 4H), 3.55 (t,

11



J=5.7 Hz, 2H), 3.49 (1) = 6.0 Hz, 2H), 3.40 (s, 3H), 3.35 (s, 3H), 2.713d) and
1.3 (m, 4H).Anal. Calcd. For GH,7BrNgO,: C, 53.06; H, 5.72; Br, 16.81; N, 17.68%.
Found: C, 52.82; H, 5.88; N, 16.69%. Negative ES3-M MeOH: m/z = 473.25

(100.0%), [M=H]; 475.17 (96.0%), [M+2—H]

2.2.9. Preparation of compound 10
((E)-2,6-bis((3-methoxypropyl)amino)-4-methyl-5€pkldiazenyl)nicotinonitrile)

The synthetic procedurtor compound10 was analogous to that described for
compounds except that aniline (0.19 g, 2.00 mmol) was usetha starting material
to replace 4-methoxy-2-nitroaniline. Yield: 0.57%1%). Mp: 98-100C. UV-Vis in
MeOH, Amax (M) /& (x10° L mol™* em™) = 412 / 3.39, 303 / 1.70, 245 / 2.83ain
FT—IR absorptions (KBr pellets,cm™): 3337 (s), 2930 (w), 2887 (w), 2202 (s), 1578
(vs), 1546 (vs), 1381 (m) and 1125 (). NMR (400 MHz, CDC}, ppm):s = 10.96
(s, 1H), 7.71 (ddJ = 8.4, 1.1 Hz, 2H), 7.45 (8 = 7.5 Hz, 2H), 7.32 () = 7.3 Hz,
1H), 6.15 (t,J = 5.0 Hz, 1H), 3.68 (m, 4H), 3.55 (= 5.7 Hz, 2H), 3.50 (t) = 6.1
Hz, 2H), 3.40 (s, 3H), 3.36 (s, 3H), 2.74 (s, 3HY .93 (m, 4H)Anal. Calcd. For
Ca1H28N6O2: C, 63.62; H, 7.12; N, 21.20%. Found: C, 63.42;7k28; N, 19.99%.

Negative ESI-MS in MeOHn/z= 395.25 (100.0%), [M—H]

2.2.10. Preparation of compound 11
((E)-5-((4-methoxy-2-nitrophenyl)diazenyl)-6-((3thaxypropyl)amino)-1,4-dimethyl
-2-0x0-1,2-dihydropyridine-3-carbonitrile)

12



The synthetic procedurtor compound11l was analogous to that described for
compound5 except that compound (0.47 g, 2.00 mmol) was used as the starting
material to replace compourid Yield: 0.51 g (61%). Mp: 170-17Z. UV-Vis in
MeOH, Amax (M) /& (x10° L mol™* em™) = 453 / 1.01, 330 / 0.51, 240 / 0.8Bain
FT—IR absorptions (KBr pellets,cm™): 3324 (m), 2877 (w), 2818 (w), 2202 (m),
1651 (s), 1565 (vs), 1434 (m), 1283 (w) and 1112 {m NMR (300 MHz, CDC},
ppm):é = 12.45 (s, 1H), 7.84 (d,= 9.2 Hz, 1H), 7.43 (d] = 2.8 Hz, 1H), 7.21 (dd}
= 9.2 Hz,J = 2.8 Hz, 1H), 3.93 (s, 3H), 3.76 (m, 2H), 3.613H), 3.35 (tJ = 5.6 Hz,
2H), 3.22 (s, 3H), 2.72 (s, 3H) and 1.99 (m, 2Ahal. Calcd. For GoH2:NgOs: C,
55.07; H, 5.35; N, 20.28%. Found: C, 54.82; H, 5M819.99%. Negative ESI-MS
in MeOH: m/z= 412.92 (100.0%), [M—H] Single crystals of compourid suitable
for X-ray diffraction measurement were obtainedsloyv evaporation of a mixture of

CHCI; and MeOH (v:v = 1:1) in air for one week.

2.2.11. Preparation of compound 12
((E)-1-ethyl-5-((4-methoxy-2-nitrophenyl)diazeng{3-methoxypropyl)amino)-4-me
thyl-2-oxo-1,2-dihydropyridine-3-carbonitrile)

The synthetic procedurtor compound12 was analogous to that described for
compoundll except that compoung (0.50 g, 2.00 mmol) was used as the starting
material to replace compourdd Yield: 0.58 g (68%). Mp: 166—16&. UV-Vis in
MeOH, Amax (M) /& (x10° L mol™* em™) = 453 / 1.55, 347 / 0.78, 241 / 1.0dain
FT—IR absorptions (KBr pellets,cmi™): 3120 (vs), 2825 (w), 2818 (w), 2208 (m),

13



1664 (s), 1565 (s), 1408 (vs), 1270 (m), 1204 (g 112 (m)*H NMR (400 MHz,
CDCl;, ppm):d = 12.96 (s, 1H), 7.82 (d, = 9.1 Hz, 1H), 7.43 (d] = 2.8 Hz, 1H),
7.21 (ddJ = 9.1 Hz,J = 2.8 Hz, 1H), 4.22 (m, 2H), 3.93 (s, 3H), 3.79 @Hl), 3.40 (t,
J=5.6 Hz, 2H), 3.26 (s, 3H), 2.70 (s, 3H), 2.02 @H) and 1.42 (t) = 7.0 Hz, 3H).
Anal. Calcd. For GoH24NeOs: C, 56.07; H, 5.65; N, 19.62%. Found: C, 55.82588;

N, 19.49%. Negative ESI-MS in MeOHvz= 426.83 (100.0%), [M—H]

2.2.12. Preparation of compound 13
((E)-1-(3-isopropoxypropyl)-5-((4-methoxy-2-nitraptyl)diazenyl)-6-((3-methoxypro
pyl)amino)-4-methyl-2-oxo-1,2-dihydropyridine-3-banitrile)

The synthetic procedurtor compound13 was analogous to that described for
compoundll except that compoung (0.64 g, 2.00 mmol) was used as the starting
material to replace compourdd Yield: 0.75 g (75%). Mp: 131-13%. UV-Vis in
MeOH, Amax (M) /& (x10° L mol™* cm™) = 454 / 1.66, 352 / 0.84, 243 / 1.08ain
FT—IR absorptions (KBr pellets, cm™): 3107 (w), 2970 (w), 2930 (w), 2864 (w),
2208 (m), 1664 (vs), 1565 (vs), 1278 (s), 1198a(s) 1119 (m)*H NMR (300 MHz,
CDCl;, ppm):s = 12.88 (s, 1H), 7.81 (d, = 9.1 Hz, 1H), 7.42 (d] = 2.7 Hz, 1H),
7.20 (ddJ = 9.1 Hz,J = 2.8 Hz, 1H), 4.29 (] = 7.1 Hz, 2H), 3.92 (s, 3H), 3.82 (m,
2H), 3.50 (m, 1H), 3.40 (m, 4H), 3.23 (s, 3H), 2(03H), 2.00 (m, 4H) and 1.09 (d,
J=6.1 Hz, 6H).Anal. Calcd. For GsH3:NgOs: C, 57.59; H, 6.44; N, 16.79%. Found:
C, 57.39; H, 6.64; N, 16.59%. Negative ESI-MS inO#e m/z= 498.92 (100.0%),
[M—H]". Single crystals of compouriB suitable for X—ray diffraction measurement
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were obtained by slow evaporation of a mixture &fGL; and MeOH (v:v = 1:1) in

air for one week.

2.2.18. Xray data collection and solution

Single-crystal samples df 11 and13 were covered with glue and were mounted
on glass fibers for data collection on a Bruker SMA1K CCD area detector at
291(2) K, using graphite mono-chromated Ma Kadiation § = 0.71073 A). The
collected data were reduced by using the prograntiN$A31] and empirical
absorption corrections were done by SADABS [32]gpamn. The crystal systems
were determined by Laue symmetry and the spacepgmnere assigned on the basis
of systematic absences by using XPREP. The stesturere solved by direct
method and refined by least-squares method. Allmairogen atoms were refined
on F? by full-matrix least-squares procedure using aniguc displacement
parameters. The hydrogen atom (H3) bonded to theogein atom of
3-methoxypropylamino moiety in compoufd was located in the difference Fourier
synthesis and refined isotropically. All the othgdrogen atoms were inserted in the
calculated positions assigned fixed isotropic trerparameters at 1.2 times of the
equivalent isotropic U of the atoms to which theg attached (1.5 times for the
methyl groups) and allowed to ride on their respecparent atoms. In the case of
compoundl, the solvent molecules are highly disordered, a@tempts to locate and
refine the solvent peaks were unsuccessful. Soribatibns to scattering due to

these solvent molecules were removed usingstQEEEZEoutine of PLATON The
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structure was then refined again using the datargéed. The contents of the solvent
region were not represented in the unit cell castémthe crystal data. The carbon
atoms (C7, C8 in compountll and C62 in compound3) were refined as the
disordered mode with the site occupancy factors 0a&l7(6):0.283(6) and
0.796(7):0.204(7), respectively. All calculationere carried out on a PC with the
SHELXTL [33] PC program package and molecular gregplvere drawn by using
XSHELL, Diamond and ChemBioDraw software. Detaildle data collection and
refinement results fok, 11 and13 are listed in Table 2. Selected bond distances and
bond angles are given in Table SI1, while the hgdrobonding interactions are

listed in Table 3.

3. Results and discussion
3.1. Syntheses and spectral characterizations

The introduction of functional groups into the ppne moieties is regarded as an
essential method for designing new library of hatgclic dyes. As shown in Scheme
1, FGT  strategy was used to prepare a new type of
N? N°-bis(3-methoxypropyl)pyridine-2,6-diamine azo dy&s10, where the two
acidic hydroxylic groups of 6-hydroxypyridin-2(1té)ie precursor were successfully
replaced by 3-methoxypropan-l-amine via a 2,6-didgyridine intermediate
(Scheme SI1) prior to the coupling reactions. Inditaoh, three new
6-(3-methoxypropylamino)pyridin-2-one based dyels-13 with different pyridine
N-substituted tails were synthesized as the strakctuanalogues of
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N? N°-bis(3-methoxypropyl)pyridine-2,6-diamine d$efor comparisons (Scheme 1),
where the same 4-methoxy-2-nitroaniline diazo comgmd was adopted with
distinguishable electron-pushing (-O¢Hand electron-pulling (-N& groups
simultaneously.

In our experiments, the common coupling componentf o
N? N°-bis(3-methoxypropyl)pyridine-2,6-diamine  based  slye 5-10, i.e.
2,6-bis((3-methoxypropyl)amino)-4-methylnicotinarié (1), was synthesized from
2,6-dichloro-4-methylnicotinonitrile according tauwble nucleophilic substitutions.
Similarly, mono 3-methoxypropan-1-amine substituietgrmediate2 was prepared
from a new precursor of
6-chloro-1,4-dimethyl-2-oxo-1,2-dihydropyridine-asbonitrile. Compoundl was
used for the following diazo reactions with a vbrieof arylazo components
(4-methoxy-2-nitroaniline,  4-nitroaniline,  2-nitneidine,  2,3-dimethylaniline,
4-bromoaniline and aniline) to yiel?,N°-bis(3-methoxypropyl)pyridine-2,6-diamine
based dye$-10. In addition, compoun® was coupled with the diazo salt of
4-methoxy-2-nitroaniline to access 6-(3-methoxyptamino)pyridin-2-one based
dye 11 for comparison, together with two structural agalof12 and13.

It is noted that the yields &¥?,N°-bis(3-methoxypropyl)pyridine-2,6-diamine dyes
are generally higher than those of 6-(3-methoxyplia@pino)pyridin-2-one based
dyes because of the better solubility and facilstyi@atment of the former ones.
Further  solubility data of 513 and five previously reported
6-(3-methoxypropylamino)pyridin-2-one modified adges 6a—10a with the same
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phenyl substituents reveal the obvious increasesotidbility for compounds with
multiple long alkyl chains in the pyridine ringsa@le 1). However, the improvement
of solubility of one compound sometimes means erehse of crystallinity, so the
attempts to access single-crystal structures farblgo 3-methoxypropan-1-amine
substituted dyes 5-10 are unsuccessful. Instead, two
6-(3-methoxypropylamino)pyridin-2-one based dydd and 13 are finally
characterized by X-ray diffraction, together witlhl@uble 3-methoxypropan-1-amine
substituted intermediate

In FT-IR spectra, the N—H stretching vibration asirfid as one single peak in the
cases ofl (3376 cm?) and 2 (3324 cm’), respectively, indicative of successful
hydroxyl substitution by 3-methoxypropan-1-amineatdition, the disappearance of
C=0 stretching vibration at 1644 ¢hmin compoundl could further confirm the
successful reaction between 2,6-dichloro-4-metloglimonitrile and
3-methoxypropan-1-amine. Similarly, the C=0 stragtghvibration in compounds
5-10 disappears and one strong single peak at 1578—&801can be observed,
suggesting the formation of N=N structure. In casty the C=0 stretching vibration
in  6-(3-methoxypropylamino)pyridin-2-one modifiedye$ 11-13 emerges at
1644-1664 cmt. Additionally, typical adsorptions corresponding the GN
stretching vibration in all compounds13are located at 2201-2225 ¢m

In their *H NMR spectra, the new peak at 12.45-12.96 ppnm BE&T is assigned
as the pyridyl secondary amine proton in compouried 3 [25]. In contrast, the two
secondary amine hydrogen atoms in azo dye$0 display high-field shifts to
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different extents. One is in the range of 6.13—GpM ascribed to the NH proton
adjacent the azo unit, and the other close to yaea group falls within 10.84-11.13
ppm. This phenomenon demonstrates the alteratibokemical environments after
mono and double 3-methoxypropan-1-amine substitutMoreover, ESI-MS spectral
approach is proved to be effective in analyzing i@ecular structures of our azo
dyes, where the molecular-ion peak for every comgoappears undoubtedly with
100% abundance in methanol.

Generally speaking, the variations of dye strucurgough FGT strategy would
lead to the shifts of molecular energy levels, Wwhoould be reflected by their
UV-Vis electronic absorption spectra. Thus, the ctebmic spectra of
N? N°-bis(3-methoxypropyl)pyridine-2,6-diamine ~ based slye 5-10  and
6-(3-methoxypropylamino)pyridin-2-one modified dyEb-13 have been determined
in methanol for comparisons. As we have mentiomedur previous studies [25,34],
the alteration of pyridindN-substituted tails with slight discrepancy in tHecé&on
withdrawing/donating capabilities would not sigo#ntly impact ther=conjugated
system of the whole dye molecule. The UV-Vis s@eotrazo dyed1-13 are very
similar and only dyell is selected as a representative to plot with el for
clarity (Fig. 1). Instead, dyes?-13 have been moved to the Supporting Information
as Fig. SI37. All our mono and double FGT produtytss5-13 and6a—10a[25] can
be divided into two categories depending on thenphsubstitutents. Namely dyes
5-7, 9, 11-13 6a 7a and 9a bearing the electron-withdrawing
4-methoxy-2-nitroaniline, 4-nitroaniline, 2-nitraine and 4-bromoaniline moieties
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and dyes8, 10, 8a and 10a having the electron-donating 2,3-dimethylanilined a
aniline moieties. By comparing the mono and doWBl products, it is found that
different bathochromic shifts (14 nm froti-13 to 5, 15 nm from6a to 6, 15 nm
from 7ato 7 and 4 nm fron®ato 9) and hypsochromic shifts (11 nm fr@ato 8 and
6 nm from10ato 10) can be observed for the afore-mentioned two etas$ dyes, as
can be seen in Table 1.

On the other hand, further inspections of dygx values for double FGT products
reveal that the position ofi,.x is strongly relied on the nature of the electron
push-pull abilities of phenyl substituents. In cangon with theld.x peakof dye 10
centered at 412 nm, introduction of two additioglactron-donating methyl groups in
8 leads to a slight hypsochromic shift of 2 nm, vear implanting of the
electron-withdrawing groups produce strong bathactic shifts of 23~66 nm for
5-7 and9 (Table 1). In addition, the same electron push-{emidency is observed for
all the mono FGT productsll and 6a-10a With regard to four
4-methoxy-2-nitroaniline based dyes §nd11-13), the UV-Vis spectra imply that
contribution of the electron-withdrawing nitro gpouoverwhelms that of the
electron-donating methoxyl group in the phenyl ring

It should be pointed out that the variations of W&-spectra for all the mono and
double FGT products can be elucidated by the faomadf different D-=—A and
A-7—D system depending on the introduced phenyl suiestis with distinguishable
electron-donating and electron-withdrawing captbsgi In general, as for
non-functionized aryl pyridone dyes with typical BB-A system, the introduction of
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an electron-sufficient group at the phenyl ring Woinduce a bathochromic shift,
while the implanting of an electron-deficient oneul cause a hypsochromic shift
[35-36]. The same phenomenon has been observée icases 08, 8a, 10 and10a
with the electron-donating 2,3-dimethylaniline arahiline diazo components.
However, it is not the case for all the other az@sdwith electron-withdrawing
substituents. This aberrant behavior is suggesiwedbé¢ explicated by the
transformation from Dr—A to A-z—D system for our multi-substituted
phenyl-azo-pyridine skeleton. On the one handpdhicing the electron-withdrawing
substituents at the phenyl ring weakens the eleafiensity of donor. On the other
hand, implanting the electron-donating secondarynanmto the pyridine unit via
FGT strategy strengthens the electron density oém@tor. It is therefore reasonably
understood that the balance of close electron pufitrcapabilities for both donor and
acceptor in our compounds is responsible for theoommon transformation from
D-7n—A to A—7—D system. Actually, we have tried to check theréture on this kind
of transformation but we are not successful yet.tiek the main reason may be the
difficulties in finding a suitable example wherenslar electron push-pull capabilities
for both donor and acceptor are present and diffesubstituent effects are
investigated simultaneously.

What impact on the pH stability can be brought for
N? N°-bis(3-methoxypropyl)pyridine-2,6-diamine backboafter double FGT? To
gain a better insight on the effects of pH stapil&cid-base titration has been done
for  N?N®-bis(3-methoxypropyl)pyridine-2,6-diamine based slyeand our
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experimental results demonstrate that double F@dumts have extremely high pH
stability in comparison with 6-(3-methoxypropylam)pyridin-2-one based azo dyes.
For example, a comparative plot for a pair of deudshd mono FGT products with
the same 4-methoxy-2-nitroaniline diazo componénar{d 11) indicates that they
both have high pH stability and the former reactesxtremely high value of 13
(Fig. 2). Similarly, compared with our previous paeed
6-(3-methoxypropylamino)pyridin-2-one dy&a and 9a [25], their counterpart8
and9 can keep stable in a wider pH range of 0.44~18r@90.45~13.23 (Fig. 3). It
is no doubt that the replacement of the second oocgib group in
6-hydroxy-4-methyl-2-oxo-1,2-dihydropyridine-3-carbtrile by  the  basic
secondary amine unit can further enhance the pbilisgafor resultant double FGT

dyes.

3.2. Structural descriptions of compountisll and13
As we have mentioned above, the solubility of oomgound is closely related to
its crystallinity. In this paper, only two singleystal structures of mono FGT dyes
11 and13 have been finally obtained on account of theirseosolubility but better
crystallinity, together with one double 3-methoxypan-l-amine substituted
intermediate 1. X-ray single-crystal diffraction analyses revetdat all the
non-hydrogen atoms in compourdd except the 3-methoxypropylamino tail are
ideally coplanar with the ZERO dihedral angle betwéhe phenyl (A) and pyridine
(B) rings, as can be seen in Fig. 4. In contrést,dihedral angles between rings A
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and B vary from 1.4(2) to 12.6(2)for four crystallographically independent
molecules in the asymmetric unit of compout®] which could be ascribed to the
steric hindrance between two adjacent long alkyirth (-NHCHCH,CH,OCH;
and —-(CH)3OCH(CH),) bonded to the pyridine ring. Strong intramolecula
N-H---N hydrogen bonds can be observetiliand13 forming six-membered rings
(Fig. 4 and Table 3), in which the H---A distanaesin a range of 1.79(2)~1.93(3)
A.

Moreover, offset dimerie—r stacking interactions are found in the crystakpag
of 11and13. As shown in Fig. 5, neighboring two moleculegwery dimeric unit in
compoundl1l adopt the head-to-tail packing fashion with thate®d-to-centroid
separations of 3.603(2) A between the pyridine @mehyl rings, but ne— stacking
interactions can be found between the dimeric umtgompoundL3, effectiver—r
stacking interactions can only be observed amoregsmt of molecules forming a
different head-to-head dimeric packing mode (Fi@. Bhe centroid-to-centroid
distance between adjacent phenyl rings in everyedanunit is calculated to be
3.617(3) A, and all the four long alkyl chains beling to each molecule point

outside the dimeric plane to minimize the spatiaivding effects.

4. Conclusion
To extend the synthetic strategy of FGT, we havelssized a library of double
and mono 3-methoxypropan-1-amine substituted azcaes dyrom classical

pyridine-2,6-dione hydrazone dyes with differentrigjme N-H and N-R tails.
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Moreover, different aniline with distinguishable eefron-donating and
electron-withdrawing substituents in the diazo comgnts are introduced into double
and mono FGT products, respectively, in order tdtebeunderstand their
structure-performance relationship. Interestinghe uncommon transformation for
roles of donor and acceptor (B-A and A-r—D) can be achieved for our
functionalized azo dyes because of the fine tumihglectron push-pull abilities for
both phenyl and pyridine rings by adopting différesubstituents. Comparative
studies on the UV-Vis spectra of all azo dyes tyeaupport the formation of
different D-=—A and A-=—D system according to their respecti¥g.x values. As
expected, double basic secondary amine substijayedine-2,6-diamine azo dyes
display extremely high pH stability up to 13 ownitagthe replacement of the second
carbonyl group. From the current study, one cantlsaeboth the FGT strategy and
structure-performance relationship can throw sagte bn the rational design of new
dyes and effective improvements of as-synthesizgds dwith better dyeing

performance.

Supplementary material

Tables of selected bond distances (A) and an8leBT-IR, ESI-MS'H NMR and
UV-Vis spectra as well as synthetic route for edlatompounds are attached to this
paper. CCDC reference numbers 1547049-1547051 dorpoundsl, 11 and 13
contain the supplementary crystallographic datatifitcs paper. These data can be
obtained free of charge at www.ccdc.cam.ac.uk/daaitgeving.html [or from the
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Cambridge Crystallographic Data Centre, 12, Unioad® Cambridge CB2 1EZ, UK;

Fax: (internat.) +44-1223/336-033; E-mail: depositdc.cam.ac.uk].
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Table 1.

UV-Vis spectroscopic data of maximum absorption el@ngths Amax, nmM) and

molar extinction coefficients:( L mol™ cm™) as well as solubility§ mg/g) for dyes

5-13 in their methanol solutions, together with thodepoeviously reported five

6-(3-methoxypropylamino)pyridin-2-one modified adges with the same phenyl

substituents labeled &s—10a[25] for comparisons.

Compound 1/2 5/11 6/6a 7/7a 8/8a 9/9a 10/ 10a 12 13
e (x10% 1.99/1.00 281 2.68 2.72 2.43 3.39 155 | 1.66
Amax 467 /453 | 4781462 461/46p  414/425 435/43412/418| 453| 454
S(mg/g) 91/71 22107 0.9/0.7 15/11 1.5/0)9 108 20/1.8 11 1.8
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Table 2.Crystal data and structural refinements for conmgsd, 11 and13.

Compound 1 11 13

Empirical formula G:H24N4O, CigH2NgOs CosH3NgOg
Formula weight 292.38 414.42 500.55
Temperature / K 291(2) 291(2) 291(2)
Wavelength / A 0.71073 0.71073 0.71073
Crystal Size (mm) 0.12x0.10x0.10 0.12x0.10x0.10 12%0.12x0.12
Crystal system monoclinic monoclinic triclinic
Space group Cc P2./c P1

alA 15.692(3) 13.599(2) 17.137(1)

b/ A 6.970(1) 7.768(2) 17.454(1)
c/A 17.153(3) 19.177(3) 18.443(1)
al® 90 90 72.476(2)

Bl° 115.571(3) 101.476(3) 85.091(2)
yl° 90 90 71.489(2)
VA3 1692.3(6) 1407.3(2) 4988.1(5)

Z ! Deare (g / cnf) 4/1.148 4/1.387 8/1.333

F (000) 632 872 2128

wl mmt 0.078 0.103 0.098

Prmin / Nmas -18/17 -171/17 -20/22

Kmin / Kmas -81/8 -10/9 -17122

Imin / I mas -20/20 —24 117 —24 124

Data / parameters 2545/ 191 4536 / 298 2311172 132
FinalRindices R; = 0.0953 R, = 0.0524 R, =0.0663

[1 > 26(1)] wR, = 0.2354 wWR, = 0.1421 WR, = 0.1610
Rindices R; = 0.1066 R, =0.0752 R; =0.1059

(all data) wR, = 0.2433 wR, = 0.1588 wR, = 0.1831

S 1.034 1.053 1.058

Max. / min. > dle- A3 0.393/-0.256 0.442 /1 -0.398 1.036 /-0.561
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Table 3.Hydrogen bonding parameters (A, °)dompoundd, 11 and13.

D-H---A

1
N4-H4B---N3
11
N2-H3---O3
N2—-H3---N5
13
N2—-H2---N5
N8-H8-- 010
N8-H8-- N11
N14-H14-- O16
N14-H14-- N17
N20-H20A-- N23

d (D-H)

0.89

0.90(2)
0.90(2)

0.86
0.86
0.86
0.86
0.86
0.86

d(H---A) d(D---A)

2.29

2.35(2)

1.79(2)

1.93
2.50
1.93
2.59
1.82
1.87

3.042(1)

3.083(3)
2.566(3)

2.616(3)
3.149(3)
2.584(3)
3.294(3)
2.574(3)
2.594(3)

UODHA

142

139(2)
143(2)

136
133
132
140
146
140

Symmetry code

-M23/2y, -1/2+4z
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Figures and Scheme with captions

Fig. 1.

Fig. 2.

Fig. 3.

Fig. 4.

Fig. 5.

Normalized UV-Vis absorption spectra for
N2 N°-bis(3-methoxypropyl)pyridine-2,6-diamine based enetyclic azo
dyes 5-10 in MeOH at room temperature, together with a
6-(3-methoxypropylamino)pyridin-2-one modified di/efor comparison.
Comparisons of pH stability for a pair of dye&) and11 (b) in their MeOH
solutions (6.8 x 1_(5) mol/L) at room temperature.

Extremely high pH stability for a pair of
N? N°-bis(3-methoxypropyl)pyridine-2,6-diamine based sigga) and9 (b)

-5
in their MeOH solutions (6.8 x 10mol/L) at room temperature.

ORTEP drawings of three compounds with the atomrering scheme.
Displacement ellipsoids are drawn at the 30% priibateevel and the H
atoms are shown as small spheres of arbitrary .rddie dotted lines
represent intramoecular hydrogen bonds.

Perspective view of the-r stacking interactions in compourddsand13.

Schemel. Synthetic route of heterocyclic azo dyed 3.

34



1.0

»n —5
ﬁo.a —6
o] —_—7
Qo.6 —38
= —9
(4]

§0.4 —10
S —
Z

O
[\

300 400 500 600 700 800
Wavelength / nm

Fig. 1.

35



Absorbance

o
)

o
S

pH
—0.90
—4.62
—5.T71
—6.32
—8.32
(Original)
—9.84
—10.57
—11.49
—12.55
—13.10

300

400 500 600
Wavelength / nm

a

700

800

Fig. 2.

36

pH
—0.97
—3.17
—5.72
—T7.24
(Original)
—9.15
—10.04
—11.02
—11.77
—12.56
—13.02

300

400 500 600
Wavelength / nm

b

700

800



0.6 -
8.48 pH pH
_ —0.44 1.0 —0.45
0.5 —272 —1.53
—4.37 © —3.05
@ 8-
004 —6.25 Qf — 564
] — 7142 © —6.90
8031 —8.48 .go.e i —8.41
“o’o ) (Original) @04 (Original)
00.24 —10.27 g 4 —29.29
< —11.12 —11.17
0.1 —12.10 0.2+ ——12.56
—13.09 ——13.23
0.0 0.0 - T T T T T
300 400 500 600 700 800 300 400 500 600 700
Wavelength / nm Wavelength / nm
a b
Fig. 3.

37

800



ACCEPTED MANUSCRIPT
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ACCEPTED MANUSCRIPT
11 W
[ 3603)A a‘ P s »—wno%:,;é:mf
Py ﬁ*—w‘“—w 3.6173) A
c‘"‘----ta /"4.800(2)}&'," pi! )‘%«H b a: /"t,/‘
‘.':'3.603(2)}& Wﬂsm

Fig. 5.
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a) NaNO, / HCI ‘x
N \ / N\/\/O

s
\O/\/\N |N N/\/\O/ O\/\/NH
R R H H 5: R,= NO, R3=H, Ry= OCH,
1 6:R2=R3=H,R4=N02
] 7:R2=N02,R3=R4=H
(R: Q NH; 8:R,=R;=CHs R, = H

9:R2=R3=H,R4=Br
10:R2=R3=R4=H
NO,

a) NaNO, / HC| OGN CN

b) / N\ —
Iy S

SO~ N

& ~N ®

Y

—0
2: R1a=CH3 11: R1a=CH3
3: R1b = CH2CH3 12: R1b = CH2CH3
4: R1C = (CH2)3OCH(CH3)2 13: R1C = (CH2)3OCH(CH3)2
Schemel.
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Highlights

> Double FGT is used to modify hydroxyl groups of a N—H tailed pyridone precursor.
> Six new N? N°-bis(3-methoxypropyl)pyridine-2,6-diamine azo dyes are synthesized.
> Uncommon transformation for roles of donor and acceptor is achieved.

> All the pyridine-2,6-diamine azo dyes exhibit extremely high pH stability.



