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1. Introduction

Interest in functional dye systems continues at a pace as
a consequence of technological developments and more wide-
spread applications [1—3] particularly in the areas of sensors and
probes for a variety of organic and inorganic analytes [4] and dyes
for solar cell applications [5]. The (thio)xanthene unit [6] forms the
core of many functional dyes including rhodamines [7], rosamines
[8], thiofluoresceins [9] and fluorans [10].

Transition metal-catalysed arylation [11] and amination reac-
tions [12] have been widely employed in organic syntheses to
facilitate efficient transformations that would otherwise necessi-
tate many sequential steps. However, such transition metal-
catalysed techniques have only very recently been applied to the
preparation of functional dye systems such as rhodols and ros-
amines. In the former, a methoxymethyl (MOM) protected fluo-
rescein monotriflate was successfully aminated at the 3’-position
with a variety of amines under Pd(OAc),—BINAP catalysis (Scheme
1) [13] and in the latter an aryl moiety was introduced into the 9-
position of a xanthene unit through PdCly(PPhs);-mediated
coupling of a triarylboroxin to a 9-trifloxyxanthene (Scheme 2)
[14]. We now describe our preliminary results on the application of
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the Pd-catalysed amination reaction for the direct amination of
bromo-substituted fluorans and benzo[a]fluorans.

2. Experimental
2.1. Equipment

Unless otherwise stated, reagents were used as supplied. 2'-
Bromo-6'-di(n-butylamino)-3’-methylfluoran (Vermillion DCF)
was obtained from Sun Chemical (France) Ltd. NMR spectra were
recorded on a Bruker Avance 400 MHz instrument (‘H NMR
400 MHz, 13C NMR 100 MHz) for sample solutions in CDCl; with
tetramethylsilane as an internal reference unless indicated other-
wise. All compounds were homogeneous by TLC, Merck TLC
aluminium sheets either silica gel 60 Fys4 (cat. No 105554) or
neutral aluminium oxide 60 F»54 (cat. No 105550), using a range of
eluent systems of differing polarity. Flash column chromatography
was performed on chromatography silica gel (Fluorochem,
35—70 um particle size distribution). All percentage yields are
unoptimised. Reflectance spectra of the new thermochromic
compounds in methyl stearate containing bisphenol A [ratio of
fluoran:bisphenol A:methyl stearate = 5:1:15] as a thin film
sandwiched between two glass microscope slides were recorded
using a Datacolor Spectraflash 500 (Xe flash simulating natural
daylight, diffuse illumination, collected at 8° to normal), with
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Scheme 1. Pd-Catalysed amination of a protected fluorescein.

specular excluded, UV 100%, small aperture setting, four flashes and
a single measurement. FTIR spectra were recorded using a Perkin
Elmer Spectrum One spectrophotometer equipped with a diamond
probe ATR attachment (neat sample). Mass spectra were recorded
at the National EPSRC Mass Spectrometry Service Centre, Swansea.

2.2. Synthesis of 9'-diethylamino-3'-bromobenzo[a]fluoran 2

2'-[4-(Diethylamino)-2-hydroxybenzoyl]benzoic acid 1 (5 g;
16 mmol) and 6-bromo-2-naphthol (3.57 g; 16 mmol) were heated at
120—125°Cin sulphuric acid (85%, 25 g) for 4 h. The reaction mixture
was poured into ice water (75 mL) and a green/purple solid was
precipitated by adding NaOH (2 M, aq, ~15 mL). The precipitate was
collected by vacuum filtration and washed with water (3 x 50 mL).
The precipitate was suspended in a mixture of water (25 mL), sodium
hydroxide (1.25 g; 52 mmol) and toluene (75 mL) and heated under
reflux for 0.5 h. The toluene layer was separated, washed with
sodium hydroxide solution (3.5%, aq, 2 x 25 mL) and water
(2 x 25 mL), and reduced in volume to ~25 mL. The precipitate
formed on cooling was collected by vacuum filtration and washed
with a small amount of cold toluene (10 mL) to afford the product as
pale pink microcrystals in 27% yield, m.p. 227—230 °C, vmax (cm™1)
1754.7,1351.7,1198.2, 665.3, 6y 1.05 (6H, t, ] = 7.2, (CH3CH)2N), 3.33
(4H,q,J=7.2,(CH3CH,);N), 6.36 (1H, dd, ] = 8.8 and 2.4,10’-H), 6.43
(1H,d,J = 2.7, 8'-H), 6.50 (1H, d, ] = 8.8,11’-H), 6.92 (1H, dd, ] = 8.8
and2.4,6’-H),7.09(1H,d,J=7.2,7-H),7.21 (1H,dd,J=8.8and 2.4, 2'-
H), 745 (1H, d,] = 8.8,1’-H), 7.58 (2H, m, 5-H and 6-H), 7.79 (1H, d,
J =88, 5-H),7.92 (1H, d, ] = 2.4, 4-H), 812 (1H, d, ] = 7.2, 4-H), ¢
12.50, 44.46, 84.22, 96.90, 105.86, 109.00, 109.05, 117.95, 119.64,
123.50, 125.25, 125.46, 136.90, 128.21, 129.45, 130.13, 130.31, 131.03,
131.48, 132.47, 135.27, 149.11, 150.65, 151.35, 155.27, 170.01, found
[M + H]" = 500.0850 C2gH22BrNO;3 requires [M + H]" = 500.0856.

2.3. Synthesis of 2'-bromo-6'-diethylaminofluoran 4

4-Bromoanisole (2.99 g; 16 mmol) was added to a solution of 2’-
[4-(diethylamino)-2-hydroxybenzoyl|benzoic acid 1 (5 g; 16 mmol)
in sulphuric acid (98%, 40 g) and the mixture was stirred at
10—20 °C for 5 h. The reaction mixture was then poured into ice
water (150 mL) and a purple solid was precipitated by adding NaOH
(10%, aq, 20 mL). The precipitate was collected by vacuum filtration
and washed with water (3 x 25 mL). The solid was suspended in
sodium hydroxide (10%, aq, 30 mL) and toluene (60 mL), and heated
under reflux for 2 h, and then allowed to cool. The toluene layer was
then separated, washed with sodium hydroxide (3.5%, aq,
2 x 25 mL) and water (2 x 25 mL), and evaporated to ~25 mL. The
precipitate formed on cooling was then collected by vacuum
filtration and washed with a small amount of cold toluene (10 mL)
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Scheme 2. Pd-Catalysed arylation of 9-trifloxyxanthenes.

to afford the title compound as pale pink crystals in 70% yield, m.p.
173—175 °C, vmax (cm~1) 1749.4, 1348.9, 1194.5, 664.8, 6y 117 (6H, t,
J=172,(CH3CH,)2N), 3.36 (4H, q,] = 7.2, (CH3CH;)2N), 6.36 (1H, dd,
J=8.8and25,7-H), 644 (1H,d,J = 2.5,5-H), 6.55 (1H, d, ] = 8.8,
8'-H),6.86 (1H, d,] = 2.4,1’-H), 7.27 (2H, m, 4-H and 7-H), 7.45 (1H,
dd, J = 8.8 and 2.4, 3’-H), 7.66 (2H, m, 5-H and 6-H), 8.04 (1H, d,
J =72, 4-H), found [M + H]" = 450.0701 Co4H50BrNO3 requires
[M + H]" = 450.0705.

2.4. 9'-Diethylaminobenzo[a]fluoran 3

2’-[(4-Diethylamino)-2-hydroxybenzoyl|benzoic acid 1 (1 g;
3.2 mmol) and 2-naphthol (0.42 g; 2.9 mmol) were added por-
tionwise to methanesulfonic acid (98%, 6 mL), ensuring the
temperature did not exceed 25 °C. The reaction mixture was then
stirred at 20—25 °C for 24 h, with monitoring by TLC (silica/70%
ethyl acetate in hexane). The reaction mixture was poured into ice
water (20 mL) and neutralised. The precipitate was collected by
vacuum filtration and washed with water (3 x 25 mL). The solid
intermediate was then added to sodium hydroxide (1%, aq, 5 mL)
and heated to 75—80 °C for 4 h. Vacuum filtration of the solution
afforded pink crystals, which were washed with hexane containing
a little diethyl ether to afford the title compound as off-white
microcrystals in 67% yield, m.p. 218—220 °C (Lit. m.p. 215—217 °C
[15]), vmax (cm™1) 1754.3, 1352.8, 1197.1, 6y 1.16 (6H, t, ] = 7.2,
(CH3CH3)2N), 3.34 (4H, q, ] = 7.2, (CH3CH2);N), 6.49 (1H, dd, ] = 8.8
and 2.4, 10’-H), 6.59 (2H, m, 8’-H and 11’-H), 7.00 (1H, d, ] = 8.8, 1’-
H), 7.21 (2H, dd, ] = 8.8 and 2.4, 2’-H and 3’-H), 743 (1H, d, ] = 7.6,
6’-H), 7.61 (2H, d, ] = 7.6, 5’-H and 7-H), 7.78 (2H, m, 5-H and 6-H),
8.04 (1H, dd, J = 8.8 and 2.4, 4-H), 8.22 (1H, d, ] = 7.6, 4-H).

2.5. 3'-Diethylaminofluoran 5

2'-[4-(Diethylamino)-2-hydroxybenzoyl|benzoic acid 1 (5 g;
16 mmol) was added to sulphuric acid (98%, 40 g) at room
temperature and dissolved. Phenol (1.49 g; 16 mmol) was then
added to the foregoing cooled solution and the mixture was stirred
at 10—20 °C for 5 h. The reaction mixture was then poured into ice
water (150 mL) and a purple solid was precipitated by adding NaOH
(10%, aq). This was collected by vacuum filtration and washed with
water. The precipitate was then suspended in sodium hydroxide
(10%, aq, 30 mL) and toluene (60 mL), and was heated by reflux for
2 h. The cold toluene layer was then separated, washed with
sodium hydroxide (3.5%, aq, 2 x 15 mL) and water (2 x 15 mL), and
evaporated to ~25 mL. The precipitate formed on cooling was then
collected by vacuum filtration and washed with a small amount of
cold toluene (10 mL) to afford the title compound as pale pink
crystals in 62% yield, m.p. 128—130 °C, rmax (cm™!) 1748.0, 1351.2,
1196.5, oy 1.16 (6H, t, ] = 7.2, (CH3CHx);N), 3.38 (4H, q, ] = 7.2,
(CH3CH3)2N), 6.37 (1H, dd, ] = 9.0 and 2.8, 7/-H), 6.41 (1H, d, ] = 2.8,
5'-H), 6.75 (1H, d, ] = 8.8, 8’-H), 6.96 (1H, d, ] = 2.4, 1’-H), 7.20 (2H,
m, 4-H and 7-H), 7.51 (2H, dd, J = 9 and 2.4, 2’-H and 3'-H), 7.66
(2H, m, 5-H and 6-H), 8.04 (1H, d, J] = 72, 4-H), found
[M + H]" = 372.1590 C24H31NO3 requires [M + H]™ = 372.1594.

2.6. General method for the Pd-catalysed amination of
bromofluorans

Sodium t-butoxide (6 mmol), the bromofluoran (2 mmol), the
appropriate amine (3 mmol), tri-(t-butyl)phosphonium tetra-
fluoroborate (4 mol%) and Pdy(dba); (5 mol%) were placed in
a 100 mL round bottomed flask under N,. Anhydrous toluene
(25 mL), previously bubbled N; for 15 min, was added via a transfer
needle and the mixture was heated to 70 °C until TLC examination
revealed that no further reaction had occurred. The reaction
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mixture was poured into cold, dilute HCI (0.01 M, aq, 200 mL) and
extracted with CH,Cl; (2 x 100 mL). The combined organic extracts
were washed with dilute NaOH (0.1 M, aq, 50 mL) and water
(2 x 50 mL), dried over sodium sulphate and evaporated to afford
the crude product which was purified by column chromatography
(30% ethyl acetate in toluene) and recrystallisation (ethyl acetate in
hexane). The following compounds were obtained by this protocol:

2.6.1. 3'-Anilino-9'-diethylaminobenzo[a]fluoran

7a from 2 and aniline after column chromatography and
recrystallisation as pink microcrystals in 19% yield, m.p.
200—204 °C [16], vmax (cm~1) 3378.4, 1740.3, 1236.1, 6y 1.15 (6H, t,
J =72, (CH3CH,);N), 3.33 (4H, q, ] = 7.2, (CH3CH2)2N), 5.90 (1H, s,
NH), 6.35 (1H, dd, J = 8.8 and 2.4, 10’-H), 6.43 (1H, d, ] = 2.8, 8'-H),
6.51 (1H, d, ] = 8.8, 11’-H), 6.85 (1H, dd, ] = 8.8 and 2.4, 2'-H), 6.92
(3H, m, Ar-H, 1’-H), 7.06 (4H, m, Ar-H, 7-H), 7.13 (1H, d, ] = 2.4, 4-H),
7.28 (1H, d, ] = 9.0, 6’-H), 7.55 (2H, m, 5-H and 6-H), 7.65 (1H, d,
J=9.0,5'-H), 8.11 (1H, m, 4-H), ic 12.52, 44.42, 84.82, 96.90, 106.05,
108.71, 108.75, 113.20, 118.11, 118.76, 120.34, 121.21, 123.56, 124.90,
125.13, 126.15, 126.95, 128.26, 129.29, 131.21, 132.51, 135.14, 138.11,
139.39, 142.58, 149.02, 149.60, 150.85, 155.65, 170.38, found
[M + H]* = 513.2169 C34HgN,03 requires [M + H|* = 513.2178.

2.6.2. 9'-Diethylamino-3'-(4-methoxyanilino)benzo[a]fluoran

7b from 2 and p-anisidine after column chromatography as pale
pink microcrystals in 58% yield, m.p. 150—154 °C, vmax (cm™1)
3374.7,1736.9,1237.0, 0y 1.15 (6H, t, ] = 7.2, (CH3CH»)2N), 3.33 (4H,
q,J=7.2,(CH3CH,)2N), 3.84 (3H, s, OCH3), 5.51 (1H, s, NH), 6.35 (1H,
dd, J = 8.8 and 2.4, 10’-H), 6.43 (1H, d, J = 2.8, 8'-H), 6.51 (1H, d,
J=8.8,11"-H),6.75 (1H, dd,] = 9.2 and 2.4, 2’-H), 6.85 (2H, m, Ar-H),
6.92 (1H, d,J = 9.2, 1"-H), 7.05 (2H, m, Ar-H), 7.13 (1H, m, 7-H), 7.16
(1H,d,J = 2.4,4'-H), 7.32 (1H, d,J = 9.2, 6’-H), 7.55 (2H, m, 5-H and
6-H), 7.65 (1H, d, ] = 9.2, 5'-H), 8.11 (1H, m, 4-H), éc 12.52, 21.07,
4442, 60.42, 84.82, 96.90, 106.06, 108.74, 113.22, 118.09, 118.72,
120.37,121.24,123.58,124.87,125.09, 126.18, 126.99, 128.23, 129.31,
131.19, 132.52, 135.16, 138.08, 139.41, 142.60, 148.99, 149.59, 150.90,
155.60, 170.35, found [M + H]" = 543.2274 C35H39N;04 requires
[M + HJ" = 543.2278.

2.6.3. 9'-Diethylamino-3'-(4-trifluoromethylanilino)benzo[a]
fluoran

7c¢ from 2 and 4-trifluoromethylaniline after column chroma-
tography as pale yellow microcrystals in 86% yield, m.p. 137—140 °C,
vmax (cm~1) 3368.2, 1740.0, 1235.3, 1096.8, 6y 1.16 (6H, t, | = 7.2,
(CH3CH)2N), 3.35 (4H, q,] = 7.2, (CH3CH);N), 5.95 (1H, 5, NH), 6.38
(1H,dd,J = 8.8 and 2.4,10'-H), 6.43 (1H, d, ] = 2.8, 8'-H), 6.51 (1H, d,
J=28.8,11"-H), 6.92 (1H, dd, ] = 8.8 and 2.4, 2’-H), 7.02 (3H, m, Ar-H,
1’-H), 7.13 (1H, m, 7-H), 7.41 (1H, d, J = 9.0, 6'-H), 7.47 (3H, m, Ar-H,
4'-H), 7.58 (2H, m, 5-H and 6-H), 7.75 (1H, d, ] = 9.0, 5’-H), 8.10 (1H,
d, ] =72, 4-H), éc 12.51, 78.12, 44.44, 84.78, 96.90, 105.93, 108.86,
114.22,115.55, 116.25, 119.00, 121.44, 121.80, 123.58, 124.99, 125.30,
125.92,126.56,126.93,127.23,128.23,129.04, 129.36, 131.38,132.25,
135.24, 13741, 146.33, 149.08, 150.83, 155.51, 170.33, found
[M + H]" = 581.2030 C35H,7N205F3 requires [M + H]t = 581.2047.

2.6.4. 9'-Diethylamino-3'-(4-ethoxycarbonylanilino)benzo[a]
fluoran

7d from 2 and ethyl 4-aminobenzoate after column chroma-
tography and recrystallisation as fawn microcrystals in 53% yield,
m.p. 99—102 °C, ymax (cm~1) 3349.7, 1737.6, 1686.0, 1595.2, 1280.3,
1172.8, oy 115 (6H, t, ] = 7.2, (CH3CHy)2N), 1.36 (3H, t, | = 7.2,
OCH,CH3), 3.34 (4H, q, ] = 7.2, (CH3CH)2N), 4.32 (2H, q, ] = 7.2,
OCH,CH3), 6.37 (1H, dd, J = 8.8 and 2.4, 10’-H), 6.41 (1H, d, ] = 2.4,
8'-H), 6.45 (1H, bs, NH), 6.52 (1H, d, ] = 8.8, 11’-H), 6.95 (4H, m, Ar-
H, 1-H, 2’-H), 710 (1H, m, 7-H), 7.36 (1H, d, ] = 8.9, 6'-H), 7.45 (1H,

d,J = 2.3, 4-H), 7.58 (2H, m, 5-H and 6-H), 7.69 (1H, d, ] — 8.9, 6/'-H),
7.85 (2H, m, Ar-H), 8.12 (1H, m, 4-H), oc 11.49, 13.40, 20.04, 27.93,
37.79, 43.28, 43.41, 59.24, 59.36, 83.27, 83.75, 95.88, 104.93, 107.88,
112.74, 113.74, 117.35, 117.86, 120.56, 122.76, 123.04, 123.80, 126.17,
127.21,128.33,130.46, 131.51, 134.22, 146.59, 148.02, 149.81, 154.51,
165.71, 169.29, 170.17, found [M + H]™ = 585.2384 C37H3,N»05
requires [M + H]" = 585.2389.

2.6.5. 9'-Diethylamino-3'-morpholinobenzo[a]fluoran

7e from 2 and morpholine after column chromatography as pale
beige microcrystals in 57% yield, m.p. 140—144 °C, vmax (cm™1)
1750.0, 1306.9, 1227.0, oy (DMSO-dg) 116 (6H, t, ] = 7.2,
(CH3CH3)2N), 3.14 (4H, m, —CH;NCH>—), 3.34 (4H, q, ] = 7.2,
(CH3CH,)2N), 3.83 (4H, m, —CH,0CH,—), 6.36 (1H, dd, J = 8.8 and
2.4,10'-H),6.44 (1H,d,J = 2.4,8'-H),6.54 (1H, d, ] = 8.8,11'-H), 6.90
(1H,dd,J = 8.8 and 2.4, 2’-H), 6.99 (1H, d, ] = 8.8, 1’-H), 7.06 (1H, d,
J=24,4'-H), 710 (1H, m, 7-H), 7.36 (1H, d, ] = 9.0, 6’-H), 7.57 (2H,
m, 5-H and 6-H), 7.78 (1H, d, J = 9.0, 5'-H), 8.12 (1H, m, 4-H), d¢
(DMSO-dg) 12.94, 21.88, 29.45, 44.85, 49.65, 67.23, 85.17, 94.13,
97.33, 106.49, 109.15, 112.04, 119.58, 124.01, 125.14, 125.70, 126.14,
127.47,128.66, 129.61, 131.85, 132.85, 135.51, 138.29, 147.72, 149.42,
150.05, 151.35, 156.05, 170.72, found [M + H]* = 507.2265
C33H30N04 requires [M + H]™ = 507.2278.

2.6.6. 6'-Di-n-butylamino-2'-(4-methoxyanilino)-3'-methylfluoran

7g from 6 and p-anisidine after column chromatography as very
pale red—purple microcrystals in 68% yield, m.p. 142—145 °C, vmax
(cm™ ') 3394.1, 1746.8, 1240.4, oy 0.95 (6H, t, | = 7.2, (CH3CH
CH,CH;,);N), 1.33 (4H, sextet, | = 7.2, (CH3CH,CH,>CH; )2N), 1.56 (4H,
quintet, | = 7.2, (CH3CH>CH>CH;)N), 2.40 (3H, s, CH3), 3.26 (4H, t,
J= 7.6, (CH3CH2CH2CE2)2N), 3.42 (1H, bs, NH), 3.74 (3H, S, OCH3),
6.32 (1H, dd, ] = 8.8 and 2.4, 7’-H), 6.38 (1H, d, ] = 2.4, 5'-H), 6.52
(1H,d,J = 8.8, 8’-H), 6.65 (2H, m, Ar-H), 6.74 (2H, m, Ar-H), 6.88 (1H,
s,1-H), 7.16 (1H, s, 4’-H), 718 (1H, dd, ] = 7.2 and 1.2, 7-H), 7.65 (2H,
m, 5-H and 6-H), 8.02 (1H, dd, J = 7.2 and 1.2, 4-H), ¢ 13.98, 20.28,
23.00, 29.26, 50.79, 55.72, 83.39, 97.51, 104.46, 108.57, 114.78,
116.42,118.09, 118.86, 118.90, 124.00, 125.04, 126.99, 128.74,129.72,
131.12, 134.98, 139.90, 140.47, 150.81, 152.57, 152.71, 152.78, 157.96,
169.44 found [M + HJ' = 563.2906 C3gH3gN,04 requires
[M + H]" = 563.2910.

3. Discussion

In order to assess the versatility of the palladium-catalysed
coupling reaction three bromo-substituted fluorans were examined
as substrates, 3’-bromo-9’-diethylaminobenzo[a]fluoran 2, 2’-
bromo-6'-diethylaminofluoran 4 and a commercial sample of 2’-
bromo-6'-di(n-butylamino)-3’-methylfluoran 6 [17]. Fluorans 2
and 4 were derived from the common ketoacid 1 which was
readily available from the Friedel—Crafts reaction between 3-
diethylaminophenol and phthalic anhydride in toluene [18]. Heat-
ing 1 with either 6-bromo-2-naphthol or 4-bromoanisole in 85%
sulphuric acid gave, after basification and purification, the requisite
bromofluorans 2 and 4 in moderate yield (Scheme 3). As a conse-
quence of reported instances where debromination had occurred
during the attempted preparation of bromofluorans via this general
method [19] careful structural characterisation of 2 and 4 was
undertaken.

The key 'H NMR signals employed for the characterisation of 2
were the ortho-coupled doublet at ¢ 7.45 (J = 9.2 Hz, 1’-H), a double
doublet at 6 7.21 (J = 9.2 and 2.4 Hz, 2’-H) and the meta-coupled
doublet at § 7.92 (J = 2.4 Hz, 4'-H) which confirmed the position of
the bromine atom. A group of mutually coupled signals resonating
upfield of these signals assigned to the bromonaphthalene unit were
assigned to 11’-H (6 6.50, d, ] = 8.8 Hz), 10’-H (6 6.37, dd, ] = 8.8 and
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Scheme 3. Preparation of fluorans and bromofluorans.

2.6 Hz)and 8'-H (6 6.43,d,] = 2.6 Hz) which confirmed the location of
the diethylamino group on the xanthene core (Fig. 1). The presence
of the lactone carbonyl was confirmed by >C NMR spectroscopy
with a signal at 6 170.0 [20] and also by a C=0O stretch at 1754 cm ™! in
the infrared spectrum. Mass spectrometry gave the expected
molecular ions M + H = 500.2 and 502.2 in a ca. 1:1 ratio (Br’® and
Br®1) which confirmed the incorporation of the bromine atom.

The 'H NMR spectrum of 4 displayed a similar grouping of
signals at ca. 0 6.4 assigned to the Et;N substituted xanthene unit
and the protons of the furanone moiety were assigned to signals at
0 7.27 (multiplet including 4’-H), 6 7.66 (m) and ¢ 8.04 (d,] = 7.2 Hz)
for 7-H, 5-H and 6-H, and 4-H respectively. The incorporation of the
bromine atom was confirmed by mass spectrometry with
M + H' =450.2 and 452.2 and the lactone carbonyl stretching band
appeared at 1749 cm™! in the infrared spectrum.

With the required bromofluorans to hand examination of their Pd-
catalysed amination reaction was next explored (Scheme 2). In 1994
Buchwald et al. and Hartwig et al. independently published work on
the coupling of aryl halides with amines using palladium catalysis in
the presence of a base [21]. Since then, palladium-catalysed

Pdy(dba)z (5 mol%),
t-BuzP.HBF4 (4 mol%),
NaOt-Bu, PhMe

I T e o L o I o o o o A AL o i e
8.0 75 7.0 6.5 6.0 55 5.0 4.5 4.0 35 3.0 25 2.0 1.5 1.0

Fig. 1. "H NMR spectrum of 9'-diethylamino-3’-bromobenzo[a]fluoran 2.

aminations have been widely investigated and have featured in
reviews which highlight the apparent ease with which this amination
occurs [12]. From the considerable body of work undertaken in this
areaitis apparent that an exceptionally wide range of aryl halides and
amines can be coupled together and that an extensive range of cata-
lysts, ligands and solvents have been employed.

The Pd source employed throughout this study was Pdy(dba)s
since this has been widely employed in Pd-catalysed aminations
[22]. The ligand employed was tris(t-butyl)phosphine, used as the
more convenient tris(t-butyl)phosphonium fluoroborate salt with
the free phosphine liberated in situ using an additional equivalent
of sodium tert-butoxide. Thus heating a solution of 2 in anhydrous
toluene (previously bubbled with nitrogen for 15 min) containing 1
eq. of the aniline, 2 eq. of t-BuONa, t-BuszP-HBF4 (4 mol%) and
Pdy(dba); (5 mol%) gave, after 24 h at 70 °C, a reaction mixture
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O
O
e e
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Q) *
l 0 l
Et,N o)

7a X =Ph(H)N
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O
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Scheme 4. Pd-catalysed amination reactions of bromofluorans.
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containing none of the original bromofluoran 2 and two new
components which, although poorly resolved on TLC, were sepa-
rated by column chromatography. The faster running red colouring
component was identified as the benzo[a]fluoran 3 (10%) by
comparison of physical and spectroscopic data with an indepen-
dently synthesised sample. The debromination of aromatic
bromides in Pd-catalysed reactions is a frequently encountered
problem [23].

The more polar purple—black colouring compound was char-
acterised as the target 3’-anilinofluoran 7a albeit in a disappoint-
ingly low isolated yield of 19% (Scheme 4), in spite of the relatively
high conversion indicated by TLC analysis of the reaction mixture. It
is likely that the low isolated yield of pure 7a is in part attributed to
a combination of the poor resolution between the two products and
the chromatographic purification process which results in some
ring-opening of the fluorans on the chromatography silica. The 'H
NMR spectrum for 7a displayed a singlet for the NH group at 6 5.90
confirming the success of the coupling process. The naphthalene
ring protons in close proximity to the 3’-aniline group gave rise to
signals at 6 6.85 (dd, J = 8.8 and 2.4 Hz, 2’-H), 6 6.92 (m, 1’-H) and
6 713 (d, J] = 24 Hz, 4-H). The expected signals for the
diethylamino-substituted xanthene unit appeared at  6.43 (8'-H),
0 6.35(10’-H) and 6 6.51 (11’-H). The robustness of the lactone ring
towards the amination conditions was confirmed by the presence
of a low field multiplet at 6 8.11 assigned to 4-H, a low field signal at
0 1704 in the ¥C NMR spectrum for the C=0 group and
a stretching bond at 1740 cm™! (C=0) in the infrared spectrum.
Additional confirmation of the amination of 2 came from the
infrared stretching band for the NH group, which appeared in the
expected region at 3378 cm™ . There are only a very limited number
of examples of 3’-anilino substituted benzo[a]fluorans described in
the patent literature and these have been obtained by a more
traditional and lengthy strategy involving the preparation of 6-
anilino-2-methoxynaphthalene by an Ullmann reaction [24] and
its subsequent reaction with a ketoacid [16].

Repeating the amination of 2 with a series of electron rich and
electron deficient anilines gave the 3’-anilinobenzo[a]fluorans
7b—d in 53—86% yield and amination of 2 with morpholine gave
a respectable yield of 7e (57%). The structure of each of the new
amino substituted benzo[a]fluorans 7b—7e was confirmed by NMR
spectroscopy which indicated an upfield shift of the naphthalene
ring protons adjacent to the new amine function and the aniline NH
(7b—d) appeared as a slightly broadened signal between ¢ 5.5 and
6 6.5. In the 3C NMR spectrum the lactone C=0 group resonated at
ca. 6 170, typical for the fluoran unit [20].
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Fig. 3. Reflectance spectra of 7c in methyl stearate containing bisphenol A at rt (lower
line) and at ca. 50 °C (upper line).
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Fig. 2. Reflectance spectra of 7b in methyl stearate containing bisphenol A at rt (lower
line) and at ca. 50 °C (upper line).

Amination of bromofluoran 4 with morpholine resulted in
a complex reaction product from which unrecovered 4 (17%) and
debrominated fluoran 5 (35%) could be isolated but the known red-
developing (TLC) diaminofluoran 7f [25] remained impure.
However, treatment of 6 with p-anisidine proceeded smoothly
under identical conditions to afford 7g in 68% yield in spite of the
sterically important proximal methyl group. Attempts to accom-
plish a double amination with 1,4-diaminobenzene, thereby linking
two molecules of 2 together, to afford 7h gave a complex reaction
product by TLC which indicated a new purple—black colouring
species had formed but which could not be resolved by chroma-
tography. Further investigations of Pd-catalysed aminations with
other secondary amines and diamines are in hand.

The colour forming properties of the new fluorans in methyl
stearate containing bisphenol A as the acidic developer were next
examined. At room temperature each of the new aminofluoran
formulations appeared intensely coloured with 7b appearing
blue—black, 7c—e purple—black and 7g a green—black in agreement
with established colour—structure trends [19]. Upon warming to ca.
50 °C each of the foregoing formulations faded to near colourless
with 7b and 7c displaying very weak residual pale yellow and pale
pink shades, respectively. Selected reflectance spectra recorded at
room temperature (rt) and at ca. 50 °C are presented in Figs. 2—4
and illustrate the significant contrast between the ring-opened
coloured and ring-closed colourless forms and the broad absorp-
tion over the full range of the visible spectrum confirming the near

80.00 -
70.00 - I
60.00 -
50.00 -

40.00

Reflectance (%)

30.00 4

20.00 -

10.00 +

400 450 500 550 600 650

wavelength (nm)

Fig. 4. Reflectance spectra of 7e in methyl stearate containing bisphenol A at rt (lower
line) and at ca. 50 °C (upper line).
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Scheme 5. Reversible colour forming process of benzo[a]fluorans 7 in methyl stearate containing bisphenol A.

black shades (Scheme 5). The interactions leading to colour
development between colour forming fluorans and acidic devel-
opers such as bisphenol A are well established [26].

4. Conclusions

The amination of bromo-fluorans and benzo[a]fluorans was
accomplished employing Pdy(dba)s and tris(t-Bu)sP as the cata-
lyst—ligand combination. Electronically rich and electronically
deficient anilines coupled in moderate to good yield to 3’-bromo-9’-
diethylaminobenzo[a]fluoran to afford a series of 3’-anilino deriva-
tives which performed as efficient colour formers, developing near
black shades on formulation with bisphenol A in methyl stearate.
Using an identical method amination of 2’-bromo-6'-di(n-butyla-
mino)-3'-methylfluoran with p-anisidine proceeded efficiently in
spite of the proximal methyl substituent. Amination of 3’-bromo-9’-
diethylaminobenzo[a]fluoran and 2’-bromo-6'-diethylaminofluoran
with morpholine gave contrasting results with the former proceeding
efficiently and the latter suffering from extensive debromination of
the substrate.

This preliminary study has illustrated that a series of desirable
black colouring fluorans can be readily obtained by a simple ami-
nation protocol applied to common, readily available bromo-
substituted precursors thus obviating the need to access a wide
variety of diarylamine intermediates which require delicate
handling when preparing fluorans by the traditional acid-mediated
process. Catalyst optimisation studies to enhance conversion and
minimize complicating debromination reactions are ongoing.

Acknowledgement

The authors are indebted to Sun Chemical Ltd., St Mary Cray for
astudentship (AJF). The Worshipful Company of Clothworkers’ of the
City of London are thanked for a millennium grant for the purchase of
a Bruker Avance NMR instrument and the EPSRC are thanked for
access to the National Mass Spectrometry Service (Swansea).

References

[1] Bamfield P. Chromic phenomena technological applications of colour chem-
istry. Cambridge: Royal Society of Chemistry; 2001.

[2] Kim S-H, editor. Functional dyes. Amsterdam: Elsevier; 2006.

[3] Strekowski L, editor. Heterocyclic polymethine dyes. Berlin: Springer-Verlag;
2008.

[4] Beija M, Afonso CAM, Martinho JMG. Synthesis and applications of rhodamine
derivatives as fluorescent probes. Chem Soc Rev 2009;38:2410—33.

[5] (a) Mishra A, Fischer MKR, Biuerle P. Metal-free organic dyes for dye sensi-

tized solar cells from structure property relationships to design rules. Angew

Chem Int Ed 2009;48:2474—99;

(b) Hagfeldt A, Boschloo G, Sun L, Kloo L, Pettersson H. Dye-sensitized solar

cells. Chem Rev 2010;110:6595—663.

Wight P. In: Kirk RE, Othmer DF, editors. Xanthene dyes in ‘Kirk-Othmer

encyclopaedia of chemical technology,’. New York: Wiley; 2000.

(a) Kolmakov K, Belov VN, Bierwagen ], Ringemann C, Miiller V, Eggeling C,

et al. Red-emitting rhodamine dyes for fluorescence microscopy and nano-

scopy. Chem Eur ] 2010;16:158—66;

(b) Mitronova GY, Belov VN, Bossi ML, Wurm CA, Meyer L, Medda R, et al. New

fluorinated rhodamines for optical microscopy and nanoscopy. Chem Eur

] 2010;16:4477—-88.

(6

[7

[8] Wu L, Burgess K. Synthesis and spectroscopic properties of rosamines with

cyclic amine substituents. ] Org Chem 2008;73:8711—8.

Dahms K, Batsanov AS, Bryce MR. An unusual synthesis of a spirothioxanthene

derivative. Tetrahedron Lett 2010;51:6605—7.

[10] (a) Inouye M, Tsuchiya K, Kitao T. New thermo-response dyes: coloration by
the Claisen rearrangement and intramolecular acid-base reaction. Angew
Chem Int Ed Engl 1992;31:204—5;

(b) Muthyala R, editor. Chemistry and applications of leuco dyes. New York:
Plenum Press; 1997;

(c) Burkinshaw SM, Griffiths J, Towns AD. Reversibly thermochromic systems
based on pH-sensitive spirolactone-derived functional dyes. ] Mater Chem
1998;8:2677—-83;

(d) Weng W, Higuchi T, Suzuki M, Fukuoka T, Shimomura T, Ono M, et al.
A high-speed passive-matrix electrochromic display using a mesoporous TiO;
electrode with vertical porosity. Angew Chem Int Ed 2010;49:3956—9.

[11] (a) Kotha S, Lahiri K, Kashinath D. Recent applications of the Suzuki-Miyaura
cross-coupling reaction in organic synthesis. Tetrahedron 2002;58:9633—95;
(b) Stanforth SP. Catalytic cross-coupling reactions in biaryl synthesis. Tetra-
hedron 1998;54:263—303;

(c) Suzuki A. Recent advances in the cross-coupling reactions of organoboron
derivatives with organic electrophiles, 1995—1998. ] Organomet Chem 1999;
576:147—68;

(d) Miyaura N, Suzuki A. Palladium-catalyzed cross-coupling reactions of
organoboron compounds. Chem Rev 1995;95:2457—83.

[12] (a) Hartwig JF. Transition metal-catalyzed synthesis of arylamines and aryl
ethers from aryl halides and triflates: scope and mechanism. Angew Chem Int
Ed 1998;37:2046—67;

(b) Yang BH, Buchwald SL. Palladium-catalyzed amination of aryl halides and
sulfonates. ] Organomet Chem 1999;576:125—46;

(c) Bedford RB, Cazin CS], Holder D. The development of palladium catalysts
for C-C and C-heteroatom bond forming reactions of aryl chloride substrates.
Coord Chem Rev 2004;248:2283—-321.

[13] PengT, Yang D. Construction of a library of rhodol fluorophores for developing
new fluorescent probes. Org Lett 2010;12:496—9.

[14] Calitree BD, Detty MR. Novel rhodamine dyes via Suzuki coupling of xanthone
triflates with arylboroxins. Synlett; 2010:89—92.

[15] Meiqin S, Yun S, Qiyu T. Synthesis of fluoran dyes with improved properties.
Dyes Pigm 1995;29:45—55.

[16] Fluoran colour formers for heat sensitive recording materials, Japanese patent
No. JP57053561A, 1982. Chem Abstr 1982;97:40319.

[17] Yamaguchi M, Kikkawa K, Gonda M, Fluoran compound and record material using
the same, EU patent No. EP0356199A2, 1990. Chem Abstr 1990;113:193452.

[18] (a) Liu Q-H, Liu ], Guo J-C, Yan X-L, Wang D-H, Chen L, et al. Preparation of
polystyrene fluorescent microspheres based on some fluorescent lables.
] Mater Chem 2009;19:2018—25;

(b) Kondo M, Tanaka M, Sakamoto N, Ooyoshi H, Method of producing keto
acids, European patent No. EP0511019A2, 1992. Chem Abstr 1992;118:
101655.

[19] (a)Hatano Y. In: Muthyala R, editor. Chemistry and applications of leuco dyes.
New York: Plenum Press; 1997. p. 159—205 [chapter 6];

(b) Yanagita M, Kanda S, Ito K, Shibuya R, Tokita S. The relationship between
hindrance and absorption spectrum of fluoran dyes part 1. Mol Cryst Liq Cryst
1999;327:49-52.

[20] Hojo M, Ueda T, Yamasaki M, Inoue A, Tokita S, Yanagita M. 'H and '3C NMR
detection of the carbocations or zwitterions from rhodamine B base, a fluo-
ran-based black colour former, trityl benzoate and methoxy-substituted tri-
tyl chlorides in the presence of alkali metal or alkaline earth metal
perchlorates in acetonitrile solution. Bull Chem Soc Jpn 2002;75:1569—76.

[21] (a) Paul F, Patt ], Hartwig JF. Palladium-catalyzed formation of carbon-
nitrogen bonds. Reaction intermediates and catalyst improvements in the
hetero cross-coupling of aryl halides and tin amides. ] Am Chem Soc 1994;
116:5969—70;

(b) Guram AS, Buchwald SL. Palladium-catalyzed aromatic aminations with in
situ generated aminostannanes. ] Am Chem Soc 1994;116:7901—2.

[22] (a) Wolfe JP, Buchwald SL. Improved functional group compatibility in the
palladium-catalyzed amination of aryl bromides. Tetrahedron Lett 1997;38:
6359—62;

(b) Frost CG, Mendonga P. Iterative amination strategy in the synthesis of
peptidomimetics. Chem Lett; 1997:1159—60;

(c) Hartwig JF. Approaches to catalyst discovery. New carbon-heteroatom and
carbon-carbon bond formation. Pure Appl Chem 1999;71:1417-23;

[9



530

[23]

[24]

[25]

E. Azizian et al. / Dyes and Pigments 92 (2011) 524—530

(d) Charles MD, Schultz P, Buchwald SL. Efficient Pd-catalyzed amination of
heteroaryl halides. Org Lett 2005;7:3965—8.

(a) Hayashi T, Konishi M, Kobori Y, Kumada M, Higuchi T, Hirotsu K. Dichloro
[1,1’-dis(diphenylphosphino)ferrocene]palladium(Il): an effective catalyst for
cross-coupling of secondary and primary alkyl Grignard and alkylzinc
reagents with organic halides. ] Am Chem Soc 1984;106:158—63;

(b) Hartwig JF. Palladium-catalyzed amination of aryl halides: mechanism and
rational catalyst design. Synlett; 1997:329—40;

(c) Satyanarayana G, Maier ME. Formation of spirocyclic compounds from
Heck cyclizations invoking cyclic enamides. ] Org Chem 2008;73:5410—5.
(a) Ley SV, Thomas AW. Modern synthetic methods for copper-mediated C(aryl)-
0, C(aryl)-N and C(aryl)-S bond formation. Angew Chem Int Ed 2003;42:5400—49;
(b) Beletskya IP, Cheprakov AV. Copper in cross-coupling reactions. The post-
Ullmann chemistry. Coord Chem Rev 2004;248:2337—64.

Kondo M, Miyake T, Iwasaki H, Pressure sensitive copying paper, Japanese
patent No. JP50014572, 1975. Chem Abstr 1975;84:172166.

[26] (a) Takahashi Y, Shirai A, Segawa T, Takahashi T, Sakakibara K. Why does

a colour-developing phenomenon occur on thermal paper comprising of
a fluoran dye and a colour developer molecule? Bull Chem Soc Jpn 2002;75:
2225-31;

(b) Sekiguchi Y, Takayama S, Gotanda T, Sano K. Importance of solvent polarity
in the equilibrium reaction of leuco dye and developer. Chem Lett 2006;35:
458-9;

(c) Sekiguchi Y, Takayama S, Gotanda T, Sano K. Molecular structures of the
colouring species of a leuco dye with phenolic colour developers. Chem Lett
2007;36:1010—1;

(d) Maclaren DC, White MA. Dye-developer interactions in the crystal violet
lactone-lauryl gallate binary system: implications for thermochromism.
J Mater Chem 2003;13:1695—700;

(e) Maclaren DC, White MA. Competition between dye-developer and
solvent-developer interactions in a reversible thermochromic system. ] Mater
Chem 2003;13:1701—4.



	 Palladium-catalysed amination of bromofluorans and an investigation of their thermochromic behaviour
	1 Introduction
	2 Experimental
	2.1 Equipment
	2.2 Synthesis of 9′-diethylamino-3′-bromobenzo[a]fluoran 2
	2.3 Synthesis of 2′-bromo-6′-diethylaminofluoran 4
	2.4 9′-Diethylaminobenzo[a]fluoran 3
	2.5 3′-Diethylaminofluoran 5
	2.6 General method for the Pd-catalysed amination of bromofluorans
	2.6.1 3′-Anilino-9′-diethylaminobenzo[a]fluoran
	2.6.2 9′-Diethylamino-3′-(4-methoxyanilino)benzo[a]fluoran
	2.6.3 9′-Diethylamino-3′-(4-trifluoromethylanilino)benzo[a]fluoran
	2.6.4 9′-Diethylamino-3′-(4-ethoxycarbonylanilino)benzo[a]fluoran
	2.6.5 9′-Diethylamino-3′-morpholinobenzo[a]fluoran
	2.6.6 6′-Di-n-butylamino-2′-(4-methoxyanilino)-3′-methylfluoran


	3 Discussion
	4 Conclusions
	 Acknowledgement
	 References


