
at SciVerse ScienceDirect

Dyes and Pigments 95 (2012) 408e420
Contents lists available
Dyes and Pigments

journal homepage: www.elsevier .com/locate/dyepig
The synthesis and properties of vinyl substituted naphthopyrans and their
styrene copolymers

Catherine J. Blackwell, Christopher D. Gabbutt, James T. Guthrie, B. Mark Heron*

School of Chemistry, The University of Leeds, Leeds LS2 9JT, UK
a r t i c l e i n f o

Article history:
Received 14 May 2012
Received in revised form
15 May 2012
Accepted 16 May 2012
Available online 25 May 2012

Keywords:
Photochromism
Synthesis
Naphthopyran
Photochromic polymer films
Suzuki coupling
Vinyl boronic anhydride pyridine complex
* Corresponding author. Tel.: þ44 (0) 1482 667422
E-mail address: b_mark_heron@hotmail.co.uk (B.M

0143-7208/$ e see front matter � 2012 Elsevier Ltd.
doi:10.1016/j.dyepig.2012.05.017
a b s t r a c t

A comprehensive series of mono-, di- and tri-bromo-3H-naphtho[2,1-b]pyrans was synthesised by the
traditional union of a 2-naphthol with an alkynol. The bromine atom(s) in these naphthopyrans was
readily replaced by a vinyl group using a Suzuki coupling reaction with vinyl boronic anhydride pyridine
complex. The efficiency of the Suzuki vinylation reaction decreases with the increasing number of
bromine atoms to be substituted. The vinylnaphthopyrans served as styrene analogues and readily
underwent a thermally initiated free radical addition co-polymerisation with styrene to efficiently afford
low molecular weight poly(styrene-co-naphthopyrans).

The photochromic response of the bromonaphthopyrans and vinylnaphthopyrans followed the
established colour-structure relationships for photochromic naphthopyrans. The photochromic response
of toluene solutions of the poly(styrene-co-naphthopyrans) was characterised by a hypsochromic shift of
the lmax relative to that recorded for the vinylnaphthopyran monomers. Increased half-lives were noted
for the copolymers derived from the bis- and tris-vinylnaphthopyrans where some degree of crosslinking
was expected. A further hypsochromic shift in lmax resulted for the thin films of the poly(styrene-co-
naphthopyrans). Of particular note was the behaviour of the 3-(2-vinylphenyl)-3-phenylnaphthopyran
which gave the typical yellow colour of the photomerocyanine coupled with the predictable large
half-life. However, all photochromism of this naphthopyran was lost upon polymerisation suggesting
that an alternative pathway supervenes in the expected polymerisation sequence.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

The commercial success of photochromic naphthopyrans,
predominantly due to their incorporation in a variety of polymeric
host materials for ophthalmic lens applications [1], has ensured
a healthy interest in the design and synthesis of many new variants
[2]. Naphthopyran structureephotochromic activity relationships,
established by examining the photochromic response of
structurally diverse compounds, are well documented for the
angular naphthopyran isomers 1 and 2 (Scheme 1) [3].

Macromolecular chromophores have attracted steady interest
over the last two decades and advances in this area have been
reviewed [4]. Recently, this interest has extended to encompass
polymeric and oligomeric photochromic naphthopyrans. The use of
atom transfer radical polymerisation (ATRP) systems (CuBr/bipyr-
idine), to introduce polyester chains of varying length and
complexity onto photochromic macroinitiators 3 and 4 [5], 5 [6]
.
. Heron).
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and 6 [7] (Scheme 2), has enabled the efficient tuning of the half-
life of the photomerocyanine; a key parameter of photochromic
systems for ophthalmic applications.

Whilst reversible addition fragmentation chain transfer poly-
merisation (RAFT) has been employed with the sulphur containing
RAFT agent, 2-(2-cyanopropyl)dithiobenzoate, to access various
acrylateenaphthopyran copolymer systems, derived from acrylates
of the type 7 and 8. In these the photochromic switching speed was
dependent upon the polymeric architecture (Scheme 3) [8]. In an
elaboration of the foregoing studies, photochromic acrylate
monomers of the type 9 have been copolymerised using the ATRP
technique, with a-bromoisobutyryl esters that were derived from
the esterification of hydroxyl-terminated poly(butadiene diol) with
a-bromoisobutryl bromide. The resulting copolymers have elastic
properties that may offer new applications for photochromic
materials [9]. Durable photochromic organopolysiloxane coatings
have been obtained through the platinum-catalysed hydro-
silylation of the terminal vinylalkylnaphthopyran ethers 10
(Scheme 3) [10].

Following scrutiny of the literature that is associated with such
photochromic naphthopyran polymers we were surprised to note
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Scheme 1. Photoinduced ring-opening of the isomeric angular naphthopyrans 1 and 2.

Scheme 3. Acrylate and vinyl substituted naphthopyran monomers.
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that vinyl substituted naphthopyrans and their copolymerisation
with styrene has not been investigated, in spite of the broad
applications of poly(styrene) based systems. We now report our
preliminary studies concerning the synthesis and simple free
radical addition copolymerisation studies of a series on mono-, bis-
and tris-vinyl substituted naphthopyrans.

2. Experimental

2.1. Equipment

Unless otherwise stated, reagents were used as supplied by the
major chemical catalogue companies. The di-t-butylcatechol
inhibitor was removed from styrene (Aldrich) by elution of the neat
styrene through a short (40 mm depth, 40 mm diameter) basic
alumina column; the resulting inhibitor-free styrene was stored in
a refrigerator (þ4 �C) and used within 1 h. NMR spectra were
recorded using either a Bruker Avance 400MHz spectrophotometer
(1H NMR 400MHz, 13C NMR 100MHz) or a Bruker Avance 500MHz
spectrophotometer (1H NMR 500 MHz, 13C NMR 125 MHz) for
sample solutions in CDCl3, with tetramethylsilane as an internal
reference. Melting points and glass transition temperatures (Tg)
Scheme 2. Photochromic macroinitiators for ATRP.
were determined using a TA Instrument DSC 2010, run at 10 �C/min
under N2 (200 mL/min). The sample history was erased by a pre-
heating (to 150 �C) and cooling cycle prior to the Tg data acquisition
run. The number average molar mass (Mn), weight average molar
mass (Mw) and polydispersity index (PDI) were determined using
a size exclusion chromatography (SEC) system that was equipped
with a LC1120 HPLC pump (Polymer Laboratories, UK), a differential
refractive index (DRI) detector (Shodex, RI-101), a 5.0 mm bead-
sized guard column (50 � 7.5 mm), and two PLgel 5.0 mm MIXED-
C columns (300 � 7.5 mm) in series (Polymer Laboratories, UK).
Tetrahydrofuranwas used as the eluent at a flow rate of 1 mLmin�1

at ambient temperature. Toluene was used as a flow marker. The
SEC system was calibrated with poly(styrene) standards (Polymer
Laboratories UK), the average molar mass of the standards ranging
from 162 to 6,035,000 g mol�1. FT-IR spectra were recorded on
a Perkin Elmer Spectrum One spectrophotometer system that was
equipped with a golden gate ATR attachment (neat sample).
UVevisible spectra were recorded for either spectroscopic grade
PhMe solutions of the samples (10 mm pathlength quartz cuvette,
PTFE capped, concentration in the range 1 �10�4e10�6 mol dm�3)
or in a thin film deposited on a microscope slide from a CH2Cl2
solution. A Cary 50 Probe spectrophotometer was used that was
equipped with a single cell Peltier temperature controlled (20 �C)
stirred cell attachment with activating irradiation provided by an
Oriel 150 Watt xenon arc lamp source (Newport 66906), xenon
ozone free arc lamp (Newport 6255), distilled water liquid filter
(Newport 6177), multiple filter holder (Newport 62020), UG11 filter
(Newport FSO-UG11), fibre optic coupler (Newport 77799) and
liquid light guide (Newport 77557). Spectra (350e750 nm) were
recorded prior to (ground state) and immediately after cessation of
activating irradiation to a steady state (3 min irradiation), at given
time intervals, over a period that was sufficient for decay of the
photoinduced colour to revert to its initial coloration. All of the
compounds were homogeneous as determined by TLC (Merck TLC
aluminium sheets, silica gel 60 F254), using a range of eluent
systems of differing polarity. Flash column chromatography was
performed on chromatography grade silica gel (Fluorochem,
40e63 m particle size distribution). All the compound yields are
unoptimised. High resolution mass spectra were recorded at the
National EPSRC Mass Spectrometry Service Centre, Swansea using
a Thermo Scientific LTQ Orbitrap XL Fourier transform mass
spectrometer. 2-Bromobenzophenone (98% yield, mp 40e42 �C,
lit. mp 42 �C [11]) and 3-bromobenzophenone (76% yield, mp
71e72 �C, lit. mp 78 �C [12]) were prepared by anhydrous
aluminium chloride-mediated FriedeleCrafts acylation of benzene,
according to literature protocols and had physical and spectro-
scopic properties comparable to those reported.
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2.2. Preparation of 1,1-diarylprop-2-yn-1-ols

n-Butyllithium (2.5 M in hexanes) (1.1 mol equiv) was added
over 5 min with a syringe to a cold (þ10 �C), stirred solution of
trimethylsilylacetylene (1.1 mol equiv) in anhydrous tetrahy-
drofuran (200 mL) under nitrogen. On completion of the addition
(ca. 5 min), the cold solution was stirred for 30 min. The
benzophenone (1 mol equiv) was then added in a single portion.
The cooling bath was removed and the mixture stirred until no
benzophenone remained, as ascertained by TLC (typically ca.
3 h). The reaction mixture was then cooled to 0 �C and a solution
of methanolic potassium hydroxide was added [from potassium
hydroxide (2 mol equiv) in methanol (40 mL) in a single portion].
The cooling bath was then removed and the mixture warmed to
room temperature. After ca. 15 min TLC indicated that the acet-
ylene deprotection was complete. The mixture was poured into
water (400 mL). The organic layer was separated and the
aqueous layer extracted with ethyl acetate (3 � 50 mL). The
combined organic phases were washed with water (2 � 100 mL)
and dried (anhyd. Na2SO4). Removal of the solvent gave the 1,1-
diaryl-prop-2-yn-1-ol, which, after routine 1H NMR examination,
was used directly for the preparation of the requisite
bromonaphthopyran.

2.2.1. 1-(4-Bromophenyl)-1-phenylprop-2-yn-1-ol 11
From 4-bromobenzophenone and isolated as off-white micro-

crystals (20.3 g, 92%) after recrystallisation from ethyl acetate and
hexane, mp 79.9e80.7 �C (lit. mp 81 �C [13]), nmax 3532, 3287, 1574,
1478 cm�1, dH 2.75 (1H, s, alkyne-H), 2.88 (1H, s, OH), 7.30 (3H, m,
AreH), 7.45 (4H, m, AreH), 7.57 (2H, m, AreH).

2.2.2. 1-(3-Bromophenyl)-1-phenylprop-2-yn-1-ol 12
From 3-bromobenzophenone and isolated as a viscous pale

brown oil which could not be induced to crystallise (10.8 g, 96%),
(lit. mp 41 �C [14]), nmax 3542, 3273, 1562, 1387, 1060 cm�1, dH 2.89
(1H, s, alkyne-H), 2.98 (1H, bs, OH), 7.16 (1H, m, AreH), 7.30 (3H, m,
AreH), 7.38 (1H, m, AreH), 7.49 (1H, m, AreH), 7.56 (2H, m, AreH),
7.79 (1H, s, AreH).

2.2.3. 1-(2-Bromophenyl)-1-phenylprop-2-yn-1-ol 13
From 2-bromobenzophenone and isolated as pale brown solid

(11.1 g, 99%), mp 52.8e53.2 �C (lit. mp 51 �C [14]), nmax 3537, 3283,
1565,1473, 811 cm�1, dH 2.85 (1H, s, alkyne-H), 3.28 (1H, s, OH), 7.20
(1H, m, AreH), 7.33 (3H, m, AreH), 7.39 (1H, m, AreH), 7.50 (2H, m,
AreH), 7.56 (1H, m, AreH), 8.01 (1H, dd, J ¼ 7.5, 2.0 Hz, AreH).

2.2.4. 1,1-Bis(4-bromophenyl)prop-2-yn-1ol 14
From 4,4-dibromobenzophenone and isolated as an off-white

powder (14.4 g, 89%) mp 98.4e98.6 �C (lit. mp 100e101 �C [15]),
nmax 3551, 3282, 1572, 1478, 1395, 1065, 814 cm�1, dH 2.75 (1H, s,
alkyne-H), 2.89 (1H, s, OH), 7.42 (8H, m, AreH).

2.2.5. 1,1-Diphenylprop-2-yn-1-ol 15
From benzophenone and isolated as a very pale yellow semi-

solid (21.7 g, 95%) that gradually solidified on standing to give
a pale yellow solid, mp 43.1e45.4 �C, (lit. mp 47 �C [15]), nmax 3426,
3283, 1597, 1489, 1448 cm�1, dH 2.72 (1H, s, alkyne-H), 2.83 (1H, s,
OH), 7.17 (6H, m, AreH), 7.47 (4H, m, AreH).

2.2.6. 1-(4-Biphenyl)-1-phenylprop-2-yn-1-ol 16
From 4-phenylbenzophenone and isolated as a pale brown solid

(5.4 g, 99%), mp 92.4e93.6 �C (lit. mp 95 �C [16]), nmax 3541, 3280,
3060, 2116, 1952, 1809, 1634, 1486, 1447, 1200, 1163, 1003, 750, 693,
522 cm�1, dH 2.82 (1H, s, alkyne-H), 2.88 (1H, s, OH), 7.35 (6H, m,
AreH), 7.55 (4H, m, AreH), 7.65 (4H, m, AreH).
2.3. Preparation of simple and bromo substituted naphthopyrans

A solution of the 2-naphthol (1 mol equiv) and propargyl
alcohol (1 mol equiv), in the presence of PPTS (5 mol %) and
trimethyl orthoformate (2 mol equiv) in 1,2-dichloroethane
(100 mL), was heated under reflux for up to 24 h (the reaction
time being determined by TLC examination of the reaction
mixture). The cooled solvent was removed under vacuum to
afford a brown gum that was purified by flash column chroma-
tography. The following compounds were obtained in this
manner:

2.3.1. 3-(4-Bromophenyl)-3-phenyl-3H-naphtho[2,1-b]pyran 17
From 2-naphthol and 1-(4-bromophenyl)-1-phenylprop-2-yn-

1-ol, as an off-white powder after elution from silica using 5%
dichloromethane in hexane, (11.1 g, 77%), mp 186.8e187.2 �C (lit.
mp 183e184 �C [17]), nmax 3058, 1484, 1003, 807 cm�1, dH 6.19 (1H,
d, J ¼ 9.9 Hz, 2-H), 7.16 (1H, dd, J ¼ 0.4, 8.9 Hz, 5-H), 7.25 (1H, m,
AreH), 7.33 (6H, m, AreH), 7.45 (5H, m, AreH), 7.65 (1H, d,
J ¼ 8.8 Hz, 6-H), 7.71 (1H, d, J ¼ 8.1 Hz, 7-H), 7.94 (1H, d, J ¼ 8.1 Hz,
10-H).

2.3.2. 3-(3-Bromophenyl)-3-phenyl-3H-naphtho[2,1-b]pyran 18
From 2-naphthol and 1-phenyl-1-(3-bromophenyl)prop-2-

yn-1-ol, as a viscous pale brown oil after elution from silica
with 2% ethyl acetate in toluene, (2.7 g, 27%), nmax 3058, 1895,
1630, 1566, 1461, 1218, 1084, 1009, 807, 737, 692 cm�1, dH 6.21
(1H, d, J ¼ 10 Hz, 2-H), 7.19 (2H, m, AreH, 5-H), 7.28 (1H, m,
AreH), 7.34 (3H, m, AreH), 7.39 (2H, m, AreH), 7.46 (2H, m,
AreH), 7.54 (1H, m, AreH), 7.70 (4H, m, AreH, 6-H), 7.95 (1H, d,
J ¼ 8.5 Hz, 10-H). Found [M þ H]þ 413.0538; C25H17BrO requires
[M þ H]þ 413.0536.

2.3.3. 3-(2-Bromophenyl)-3-phenyl-3H-naphtho[2,1-b]pyran 19
From 2-naphthol and 1-phenyl-1-(2-bromophenyl)prop-2-yn-

1-ol, as a viscous oil after elution from silicawith 2% ethyl acetate in
toluene, (0.5 g, 5%), nmax 3284, 3057, 3062, 1951, 1807, 1631, 1487,
1446, 1217, 1081, 1004, 807, 750, 726, 692 cm�1, dH 6.50 (1H, d,
J¼ 10.0 Hz, 2-H), 7.18 (3H, m, AreH), 7.30 (5H, m, AreH), 7.42 (1H, d,
J ¼ 10.0 Hz), 7.48 (2H, m, AreH), 7.55 (1H, d, J ¼ 8.5 Hz, AreH), 7.65
(1H, d, J ¼ 8.8 Hz, AreH), 7.72 (1H, d, J ¼ 8.1 Hz, 7-H), 7.80 (1H, d,
J ¼ 8.8 Hz, 6-H), 7.95 (1H, d, J ¼ 8.5 Hz, 10-H). Found [M þ H]þ

413.0538; C25H17BrO requires [M þ H]þ 413.0536.

2.3.4. 8-Bromo-3,3-diphenyl-3H-naphtho[2,1-b]pyran 20
From 6-bromo-2-naphthol and 1,1-diphenylprop-2-yn-1-ol as

pale brown microcrystals after elution from silica using 2% ethyl
acetate, 10% hexane and 88% toluene, (16.1 g, 81%), mp
149.6e150.4 �C, (lit. mp 148 �C [18]), nmax 3026, 1445, 1211, 1005,
697 cm�1, dH 6.28 (1H, d, J ¼ 10.0 Hz, 2-H), 7.20 (1H, d, J ¼ 8.9 Hz, 5-
H), 7.24 (4H, m, AreH), 7.32 (4H, m, AreH), 7.47 (4H, m, AreH), 7.51
(1H, dd, J¼ 2.1, 8.9 Hz, 9-H), 7.55 (1H, d, J¼ 8.8 Hz, 6-H), 7.80 (1H, d,
J ¼ 9.0 Hz, 10-H), 7.85 (1H, d, J ¼ 2.0 Hz, 7-H), dC 82.7, 114.14, 117.3,
119.1, 123.2, 127.0, 127.6, 128.1, 128.28, 128.33, 128.8, 129.8, 130.4,
130.5, 144.6, 150.8.

2.3.5. 3,3-Bis(4-bromophenyl)-3H-naphtho[2,1-b]pyran 21
From 2-naphthol and 1,1-bis(4-bromophenyl)prop-2-yn-1-ol, as

very pale brown microcrystals after elution from silica using 10%
dichloromethane in hexane, (6.3 g, 78%), mp 219e220 �C, nmax

3056, 1483, 1072, 1002, 952, 810 cm�1, dH 6.14 (1H, d, J ¼ 9.9 Hz, 2-
H), 7.15 (1H, d, J ¼ 8.8 Hz, 5-H), 7.34 (6H, m, AreH), 7.45 (5H, m,
AreH), 7.66 (1H, d, J¼ 8.9 Hz, 6-H), 7.72 (1H, d, J¼ 8.0 Hz, 7-H), 7.94
(1H, d, J ¼ 8.4 Hz, 10-H). Found [M þ H]þ 492.9623; C25H16Br2O
requires [M þ H]þ 492.9620.



1 Bis-vinylation employed 2 equivalents of K2CO3 and O’Shea’s reagent and tris-
vinylation required 3 equivalents of K2CO3 and O’Shea’s reagent, respectively.
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2.3.6. 8-Bromo-3-(4-bromophenyl)-3-phenyl-3H-naphtho[2,1-b]
pyran 22

From 6-bromo-2-naphthol and 1-(4-bromophenyl)-1-
phenylprop-2-yn-1-ol, as off-white microcrystals after crystal-
lisation from ethyl acetate and hexane, (7.8 g, 76%), mp
176e176.5 �C, nmax 3056, 1909, 1753, 1628, 1580, 1483, 1210, 1069,
1002 cm�1, dH 6.21 (1H, d, J ¼ 9.9 Hz, 2-H), 7.18 (1H, d, J ¼ 8.9 Hz, 5-
H), 7.24 (1H, s, AreH), 7.77 (1H, m, AreH), 7.32 (3H, m, AreH), 7.35
(1H, m, AreH), 7.43 (4H, m, AreH), 7.52 (1H, dd, J ¼ 2.0, 9.0 Hz,
AreH), 7.55 (1H, d, J ¼ 8.8 Hz, AreH), 7.80 (1H, d, J ¼ 9.1 Hz, 10-H),
7.86 (1H, d, J ¼ 2.0 Hz, 7-H). Found [M þ H]þ 492.9622; C25H16Br2O
requires [M þ H]þ 492.9620.

2.3.7. 3,3-Bis(4-bromophenyl)-8-bromo-3H-naphtho[2,1-b]pyran
23

From 6-bromo-2-naphthol and 1,1-bis(4-bromophenyl)prop-2-
yn-1-ol, as beige microcrystals (7.2 g, 77%), mp 151.5e152 �C (lit.
mp 152e153.5 �C [17]), nmax ¼ 3054, 1910, 1749, 1629, 1579, 1482,
1180, 1069, 1003, 959, 816 cm�1, dH (d8-PhMe) 5.72 (1H, d,
J ¼ 9.9 Hz, 2-H), 6.82 (1H, d, J ¼ 9.7 Hz, 5-H), 6.93 (1H, d, J ¼ 8.9 Hz,
9-H), 7.09 (5H, m, AreH, 1-H), 7.20 (4H, m, AreH), 7.36 (2H, m, 6-H,
10-H), 7.57 (1H, d, J ¼ 1.8 Hz, 7-H).

2.3.8. 3-(4-Biphenyl)-1-phenyl-3H-naphtho[2,1-b]pyran 24
From 2-naphthol and 1-(1-biphenyl)-1-phenylprop-2-yn-1-ol,

as pale brown microcrystals after recrystallisation from ethyl
acetate and hexane, (6.4 g, 88%), mp 179.9e180.4 �C, nmax 3057,
1953, 1807, 1633, 1486, 1199, 1003, 807, 750, 725, 691, 483 cm�1, dH
6.30 (1H, d, J ¼ 10.0 Hz, 2-H), 7.22 (1H, d, J ¼ 8.8 Hz, 5-H), 7.31 (7H,
m, AreH, 1-H), 7.40 (2H, m, AreH), 7.54 (7H, m, AreH), 7.56 (1H, m,
AreH), 7.66 (1H, d, J¼ 8.8 Hz, 6-H), 7.71 (1H, d, J¼ 8.4 Hz, 7-H), 7.96
(1H, d, J ¼ 8.4, 10-H). Found [M þ H]þ 411.1745; C31H22O requires
[M þ H]þ 411.1743.

2.3.9. 3,3-Diphenyl-3H-naphtho[2,1-b]pyran 25
From 2-naphthol and 1,1-diphenylprop-2-yn-1-ol, as an off-

white solid after elution from silica using 10% ethyl acetate in
hexane, (3.1 g, 67%), mp 158.0e158.3 �C, (lit. mp 158e159 �C [17]),
nmax 3062, 1953, 1809, 1635, 1489, 1215, 1092, 1083, 1008, 804, 750,
726, 695 cm�1, dH 6.26 (1H, d J¼ 9.9 Hz, 2-H), 7.19 (1H, d, J¼ 8.8 Hz,
5-H), 7.25 (2H, m, Ar-H), 7.29 (6H, m, AreH), 7.48 (5H, m, AreH),
7.65 (1H, d, J ¼ 8.8 Hz, 6-H), 7.71 (1H, d, J ¼ 8.1 Hz, 7-H), 7.95
(1H, d, J ¼ 8.2 Hz, 10-H).

2.4. Preparation of monovinylnaphthopyrans by a Suzuki coupling
protocol

The aryl halide (1 mol equiv) was dissolved in degassed DME
(20 mL), treated with tetrakis (triphenylphosphine) palladium (0)
(10 mol%), and stirred at room temperature under N2 for 20 min.
Potassium carbonate (1 mol equiv), degassed water (6 mL) and
vinyl boronic anhydride pyridine complex (O’Shea’s reagent
[19,20]) (1 mol equiv) were added. The reaction was heated under
reflux under N2 for 20 h. The reaction mixture was cooled to
ambient temperature, filtered through a short path of silica with
ethyl acetate (50 mL) and then washed with water (100 mL). The
organic layer was dried (anhydrous Na2SO4) and the solvent
evaporated. The crude residue was purified by flash column
chromatography.

2.4.1. 3-Phenyl-3-(4-vinylphenyl)-3H-naphtho[2,1-b]pyran 26
From 3-(4-bromophenyl)-3-phenyl-3H-naphtho[2,1-b]pyran as

colourless microcrystals after elution from silica using 20% toluene
in hexane, (0.7 g, 76%), mp 97.6e101 �C, nmax 3063,1853, 1630, 1510,
1222, 1080, 1006, 924, 807, 693, 540 cm�1, dH 5.21 (1H, d,
J ¼ 10.9 Hz, vinyl-H), 5.70 (1H, d, J ¼ 17.6 Hz, vinyl-H), 6.25 (1H, d,
J¼ 9.96 Hz, 2-H), 6.66 (1H, dd, J¼ 17.6, 10.9 Hz, vinyl-H), 7.20 (1H, d,
J¼ 8.8 Hz, 5-H), 7.31 (7H, m, AreH), 7.43 (5H, m, AreH), 7.65 (1H, d,
J ¼ 8.8 Hz, 6-H), 7.70 (1H, d, J ¼ 8.1 Hz, 7-H), 7.95 (1H, d, J ¼ 8.5 Hz,
10-H). Found [M þ H]þ 361.1594; C27H20O requires [M þ H]þ

361.1587.

2.4.2. 3-Phenyl-3-(2-vinylphenyl)-3H-naphtho[2,1-b]pyran 28
From 3-(2-bromophenyl)-3-phenyl-3H-naphtho[2,1-b]pyran, as

a viscous yellow oil after elution from silica with 10% ethyl acetate
in hexane, (1.7 g, 50%), nmax 3059, 2924, 1632, 1447, 1244, 1083,
1005, 743, 699 cm�1, dH 5.27 (1H, dd, J ¼ 11.0, 1.5 Hz, vinyl-H), 5.62
(1H, dd, J ¼ 17.0, 1.5 Hz, vinyl-H), 6.15 (1H, d, J ¼ 10.0 Hz, 2-H), 6.97
(1H, dd, J ¼ 17.3, 11.0 Hz, vinyl-H), 7.21 (1H, d, J ¼ 9.0 Hz, 5-H), 7.35
(8H, m, AreH), 7.50 (4H, m, AreH), 7.58 (1H, d, J¼ 9.0 Hz, 6-H), 7.68
(1H, d, J ¼ 8.6 Hz, 7-H), 8.01 (1H, d, J ¼ 8.4 Hz, 10-H). Found:
[M þ H]þ 361.1584; C27H20O requires [M þ H]þ 361.1587.

2.4.3. 3,3-Diphenyl-8-vinyl-3H-naphtho[2,1-b]pyran 29
From 3,3-diphenyl-8-bromo-3H-naphtho[2,1-b]pyran, as col-

ourless microcrystals (0.8 g, 89%), after elution from silica using 20%
toluene in hexane, mp 124.0e126.1 �C, nmax 3058, 3026, 1631, 1447,
1243, 1217, 1093, 1006, 734, 693 cm�1, dH 5.27 (1H, d, J ¼ 10.9 Hz,
vinyl-H), 5.80 (1H, d, J¼ 17.6 Hz, vinyl-H), 6.27 (1H, d, J¼ 10.0 Hz, 2-
H), 6.81 (1H, dd, J ¼ 17.6, 10.9 Hz, vinyl-H), 7.17 (2H, m, AreH), 7.30
(6H, m, AreH), 7.48 (4H, m, AreH), 7.62 (3H, m, AreH), 7.90 (1H, d,
J ¼ 9.2 Hz, 10-H). Found [M þ H]þ 361.1595; C27H20O requires
[M þ H]þ 361.1587.

2.5. Preparation of bis- and tris-vinylnaphthopyrans by a Suzuki
coupling protocol

The aryl halide (1 mol equiv) was dissolved in degassed DME
(30 mL), treated with tetrakis (triphenylphosphine) palladium (0)
(12 mol%), and stirred at room temperature under N2 for 20 min.
Potassium carbonate (2 [or 3] mol equiv1), degassed water (8 mL)
and vinyl boronic anhydride pyridine complex (O’Shea’s reagent) (2
[or 3] mol equiv) were added. The reactionwas heated under reflux
under N2 for 20 h. The reaction mixture was cooled to ambient
temperature, filtered through a short path of silica with ethyl
acetate (50 mL) and thenwashed with water (100 mL). The organic
layer was dried (anhydrous Na2SO4) and the solvent evaporated.
The crude residue was purified by flash column chromatography.

2.5.1. 3,3-Bis(4-vinylphenyl)-3H-naphtho[2,1-b]pyran 30
From 3,3-bis(4-bromophenyl)-3H-naphtho[2,1-b]pyran, as col-

ourless microcrystals after elution from silica using 20% toluene in
hexane, (0.4 g, 50%), mp 114e114.5 �C, nmax 2981, 1918, 1813, 1629,
1224, 1084, 986, 903, 828 cm�1, dH 5.22 (2H, dd, J ¼ 0.8, 10.9 Hz,
vinyl-H), 5.70 (2H, dd, J ¼ 0.8, 17.6 Hz, vinyl-H), 6.23 (1H, d,
J¼ 9.9 Hz, vinyl-H), 6.68 (2H, dd, J¼ 17.6,10.9 Hz, vinyl-H), 7.19 (1H,
d, J ¼ 8.8 Hz), 7.32 (6H, m, AreH), 7.45 (4H, m, AreH), 7.65 (1H, d,
J ¼ 8.8 Hz), 7.70 (1H, d, J ¼ 8.1 Hz), 7.95 (1H, d, J ¼ 8.4 Hz, 10-H).
Found [M þ H]þ 387.1739; C29H22O requires [M þ H]þ 387.1743.

2.5.2. 3-Phenyl-8-vinyl-3-(4-vinylphenyl)-3H-naphtho[2,1-b]pyran
31

From 8-bromo-3-(4-bromophenyl)-3-phenyl-3H-naphtho[2,1-
b]pyran as off-white microcrystals after elution from silica using
20% toluene in hexane, (0.3 g, 34%), mp¼ 117.2e118.1 �C, nmax 3062,
1919, 1819, 1630, 1447, 1219, 1092, 1004, 985, 802, 731, 696 cm�1, dH



C.J. Blackwell et al. / Dyes and Pigments 95 (2012) 408e420412
5.21 (1H, d, J ¼ 10.9 Hz, vinyl-H), 5.27 (1H, d, J ¼ 10.9 Hz, vinyl-H0),
5.70 (1H, d, J ¼ 17.6 Hz, vinyl-H), 5.79 (1H, d, J ¼ 17.6 Hz, vinyl-H0),
6.23 (1H, d, J ¼ 9.9 Hz, 2-H), 6.66 (1H, dd, J ¼ 17.6, 10.9 Hz, vinyl-H),
6.80 (1H, dd, J ¼ 17.6, 10.9 Hz, vinyl-H0), 7.16 (1H, d, J ¼ 8.8 Hz), 7.27
(5H, m, AreH), 7.43 (4H, m, AreH), 7.58 (3H, m, AreH), 7.87 (1H, d,
J ¼ 9.1 Hz, 10-H). Found [M þ H]þ 387.1753; C29H22O requires
[M þ H]þ 387.1743.

2.5.3. 8-Vinyl-3,3-bis(4-vinylphenyl)-3H-naphtho[2,1-b]pyran 32
From 8-bromo-3,3-bis(4-bromophenyl)-3H-naphtho[2,1-b]

pyran, as an off-white amorphous powder after elution from silica
using 20% toluene in hexane, (0.1 g, 14%), mp 136.0e137.5 �C, nmax
2981, 1918, 1814, 1629, 1224, 1084, 986, 903, 828 cm�1, dH 5.21 (2H,
dd, J¼ 10.9, 0.8 Hz, vinyl-H), 5.26 (2H, dd, J¼ 10.9, 0.8 Hz, vinyl-H0),
5.70 (2H, dd, J ¼ 17.6, 0.8 Hz, vinyl-H0), 5.80 (1H, dd, J ¼ 17.6, 0.8 Hz,
vinyl-H), 6.23 (1H, d, J ¼ 9.9 Hz, 2-H), 6.67 (2H, dd, J ¼ 17.6, 10.9 Hz,
vinyl-H0), 6.82 (1H, dd, J ¼ 17.6, 10.9 Hz, vinyl-H), 7.16 (1H, d,
J ¼ 8.9 Hz), 7.29 (1H, d, J ¼ 9.9 Hz, 10-H). Found [M þ H]þ 413.1907;
C31H24O requires [M þ H]þ 413.1900.

2.6. Preparation of 3-phenyl-3-(40-vinylbiphenyl-4-yl)-3H-naphtho
[2,1-b]pyran 33 by a Suzuki coupling protocol

3-(4-Bromophenyl)-3-phenyl-3H-naphtho[2,1-b]pyran 17
(1 mol equiv) was dissolved in degassed DME (20 mL), treated with
tetrakis (triphenylphosphine) palladium (0) (10 mol%), and stirred
at room temperature under N2 for 20 min. Potassium carbonate
(1 mol equiv), degassed water (6 mL) and 4-vinylbenzeneboronic
acid (1 mol equiv) were added. The reaction was heated under
reflux under N2 for 20 h. The reaction mixture was cooled to
ambient temperature, filtered through a short path of silica with
ethyl acetate (50 mL) and then washed with water (100 mL). The
organic layer was dried (anhydrous Na2SO4) and the solvent
evaporated. Recrystallisation of the crude residue from ethyl
acetate and hexane gave the title compound 33 as pale yellow
microcrystals (1.97 g, 99%), mp ¼ 193.5e195.0 �C, nmax 3058, 1629,
1494, 1215, 1080, 1000, 807, 727, 693 cm�1, dH 5.25 (1H, d,
J ¼ 11.0 Hz, vinyl-H), 5.76 (1H, d, J ¼ 17.8 Hz, vinyl-H), 6.29 (1H, d,
J ¼ 10 Hz, 2-H), 6.72 (1H, dd, J ¼ 17.8, 11.0 Hz, vinyl-H), 7.20 (4H, m,
AreH), 7.34 (3H, m, AreH), 7.52 (10H, m, AreH), 7.66 (1H, d,
J ¼ 9.0 Hz, 6-H), 7.70 (1H, d, J ¼ 8.5 Hz, 7-H), 7.95 (1H, d, J ¼ 8.5 Hz,
10-H). Found: [M þ H]þ 437.1899; C33H24O requires [M þ H]þ

437.1900.

2.7. Preparation of vinylbenzophenones

The bromobenzophenone (1 mol equiv) was dissolved in
degassed DME (20 mL), treated with tetrakis (triphenylphosphine)
palladium (0) (10 mol%), and stirred at room temperature under N2
for 20 min. Potassium carbonate (1 mol equiv), degassed water
(6 mL) and vinyl boronic anhydride pyridine complex (O’Shea’s
reagent) (1 mol equiv) were added. The reaction was heated under
reflux under N2 for 20 h. The reaction mixture was cooled to
ambient temperature, filtered through a short path of silica with
ethyl acetate (50 mL) and then washed with water (100 mL). The
organic layer was dried (anhydrous Na2SO4) and the solvent
evaporated. The crude residue was eluted from silica using 10%
ethyl acetate in hexane, to afford the requisite vinylbenzophenone.

2.7.1. 4-Vinylbenzophenone 34a
From 4-bromobenzophenone as a pale yellow solid (1.5 g 93%)

mp softens ca. 53 �C, melt 61.0e62.8 �C, (lit. mp 51e52 �C [21]),
nmax ¼ 3058, 2917, 1651, 1598, 1314, 1275, 923, 696 cm�1, dH 5.38
(1H, d, J ¼ 10.9 Hz, vinyl-H), 5.88 (1H, d, J ¼ 17.6 Hz, vinyl-H), 6.77
(1H, dd, J ¼ 10.9, 17.6 Hz, vinyl-H), 7.47 (4H, m, AreH), 7.56 (1H, m,
AreH), 7.77 (4H, m, AreH). This material was used directly for the
preparation of the requisite alkynol.

2.7.2. 3-Vinylbenzophenone 34b
From 3-bromobenzophenone as a mobile yellow oil, (10.9 g,

99%), nmax¼ 3058,1967,1655,1595,1447,1275,1204, 910, 693 cm�1,
dH 5.31 (1H, d, J¼ 11.0 Hz, vinyl-H), 5.79 (1H, d, J¼ 17.5 Hz, vinyl-H),
6.74 (1H, dd, J¼ 11.0, 17.5 Hz, vinyl-H), 7.46 (3H, m, AreH), 7.61 (3H,
m, AreH), 7.82 (3H, m, AreH). This material was used directly for
the preparation of the requisite alkynol.

2.8. Preparation of 1-phenyl-1-(4-vinylphenyl)prop-2-yn-1-ol 35a

n-Butyllithium (2.5 M in hexanes) (1.1 mol equiv) was added
slowly with a syringe to a cold (þ10 �C), stirred solution of trime-
thylsilylacetylene (1.1 mol equiv), in anhydrous tetrahydrofuran
(75 mL), under nitrogen. On completion of the addition (ca. 5 min)
the cold solution was stirred for 30 min. 4-Vinylbenzophenone 34a
(1 mol equiv) was then added in a single portion, the cooling
bath was removed and the mixture stirred until no 4-
vinylbenzophenone remained as ascertained by TLC (typically ca.
3 h). The reaction mixture was then cooled to 0 �C and a solution of
methanolic potassium hydroxide was added [from potassium
hydroxide (2 mol equiv) in methanol (20 mL)] in a single portion.
The cooling bath was then removed and the mixture warmed to
room temperature, after ca. 15min. TLC indicated that the acetylene
deprotection was complete. The mixture was poured into water
(200 mL). The organic layer was separated and the aqueous layer
extracted with ethyl acetate (3 � 50 mL). The combined organic
phases were washed with water (2 � 500 mL) and dried (anhyd.
Na2SO4). Removal of the solvent gave the title compound 35a as
a pale brown oil (1.4 g, 99%), nmax 3401, 3285, 3061, 2115,1630,1600,
1489, 1448, 986, 838, 697 cm�1, dH 2.76 (1H, s, alkyne-H), 2.87 (1H,
s, OH), 5.24 (1H, d, J ¼ 10.9 Hz, vinyl-H), 5.73 (1H, d, J ¼ 17.6 Hz,
vinyl-H), 6.69 (1H, dd, J¼ 17.6,10.9 Hz, vinyl-H), 7.32 (5H, m, AreH),
7.59 (4H, m, AreH). This material was used directly for the prepa-
ration of 3-phenyl-8-vinyl-3-(4-vinylphenyl)-3H-naphtho[2,1-b]
pyran 31.

2.9. Preparation of vinylnaphthopyrans from naphthols and vinyl
substituted prop-2-yn-1-ols

A solution of the 2-naphthol (1 mol equiv) and the vinyl
substituted prop-2-yn-1-ol (1 mol equiv) in the presence of PPTS
(5 mol%) and trimethyl orthoformate (2 mol equiv) in 1,2-
dichloroethane (50 mL) was heated under reflux for up to 24 h
(reaction time determined by TLC examination of the reaction
mixture). The cooled solvent was removed under vacuum to afford
a brown gum that was purified by flash column chromatography.
The following compounds were obtained in this manner:

2.9.1. 3-Phenyl-8-vinyl-3-(4-vinylphenyl)-3H-naphtho[2,1-b]pyran
31

From 6-vinyl-2-naphthol [22] and 1-phenyl-1-(4-vinylphenyl)
prop-2-yn-1-ol 35a as off-white microcrystals after elution from
silica using 20% toluene in hexane, (0.48 g, 28%). The compound
was identical in all aspects to that prepared previously by the
Suzuki coupling protocol (Section 2.5.2).

2.9.2. 3-Phenyl-3-(3-vinylphenyl)-3H-naphtho [2,1-b]pyran 27
From 2-naphthol and crude 1-phenyl-1-(3-vinylphenyl)prop-2-

yn-1-ol 35b, as a pale yellow solid after elution from silica using
50% toluene in hexane, (3.6 g, 39%), nmax 3057, 1810, 1631, 1460,
1235, 1082, 1007, 799, 729, 695, dH 5.20 (1H, dd, J ¼ 10.9, 0.6 Hz,
vinyl-H), 5.69 (1H, dd, J ¼ 17.8, 0.6 Hz, vinyl-H), 6.26 (1H, d,
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J¼ 10.0 Hz, 2-H), 6.67 (1H, dd, J¼ 17.8, 10.9 Hz, vinyl-H), 7.20 (1H, d,
J ¼ 9.0 Hz, 5-H), 7.30 (8H, m, AreH, 1-H), 7.43 (3H, m, AreH), 7.54
(1H, s, AreH), 7.65 (1H, d, J¼ 8.5 Hz, 6-H2), 7.70 (1H, d, J¼ 8.5 Hz, 7-
H2), 7.95 (1H, d, J ¼ 8.5 Hz, 10-H). Found [M þ H]þ 361.1586;
C27H20O requires [M þ H]þ 361.1587.
2.10. General method for the polymerisation of the
vinylnaphthopyrans

1,10-Azobis(cyclohexanecarbonitrile) (0.1 mol equiv.) was
added to a stirred solution of inhibitor free styrene (1.0 mol
equiv.) and the vinylnaphthopyran (0.1 mol equiv.) in degassed
(N2 for 20 min) toluene (50 mL) under N2 in a 100 mL three-neck
round-bottom flask. The reaction mixture was heated at
100e110 �C for 6 h then stirred and cooled overnight. The
reaction solution was added dropwise to cold methanol (250 mL,
w5 �C) over w10 min and the resulting pale yellow suspension
stirred for 2 h. The resulting pale yellow oligomer/polymer was
collected by vacuum filtration, washed with ice cold methanol
and air dried to a constant weight. The following compounds
were obtained in this manner:

2.10.1. Poly(styrene-co-3,3-diphenyl-8-vinyl-3H-naphtho[2,1-b]
pyran) 36 from 29

As a pale yellow solid (4.18 g, 78%), Tg ¼ 80 �C,
Mn ¼ 2500 g mol�1, Mw ¼ 3887 g mol�1, PDI ¼ 1.5548.

2.10.2. Poly(styrene-co-3-phenyl-3-(4-vinylphenyl)-3H-naphtho
[2,1-b]pyran) 37 from 26

As a pale yellow solid (5.34 g, 99%), Tg ¼ 74 �C,
Mn ¼ 2286 g mol�1, Mw ¼ 3769 g mol�1, PDI ¼ 1.6487.

2.10.3. Poly(styrene-co-3-phenyl-3-(3-vinylphenyl)-3H-naphtho
[2,1-b]pyran) 38 from 27

As a pale yellow solid (4.05 g, 75%), Tg ¼ 70 �C,
Mn ¼ 2122 g mol�1, Mw ¼ 3039 g mol�1, PDI ¼ 1.4321.

2.10.4. Poly(styrene-co-3-phenyl-3-(2-vinylphenyl)-3H-naphtho
[2,1-b]pyran) 39 from 28

As a yellow solid (3.92 g, 73%), Tg ¼ 87 �C, Mn ¼ 2187 g mol�1,
Mw ¼ 3192 g mol�1, PDI ¼ 1.4595.
2 Assignments may be reversed.
2.10.5. Poly(styrene-co-3,3-bis(4-vinylphenyl)-3H-naphtho[2,1-b]
pyran) 40 from 30

As a pale yellow solid (4.56 g, 84%), Tg ¼ 86 �C,
Mn ¼ 3153 g mol�1, Mw ¼ 5922 g mol�1, PDI ¼ 1.8782.

2.10.6. Poly(styrene-co-3-phenyl-8-vinyl-3-(4-vinylphenyl)-3H-
naphtho[2,1-b]pyran) 41 from 31

As a pale yellow solid (2.07 g, 92%), Tg ¼ 80 �C,
Mn ¼ 3026 g mol�1, Mw ¼ 5536 g mol�1, PDI ¼ 1.8295.

2.10.7. Poly(styrene-co-8-vinyl-3,3-bis(4-vinylphenyl)-3H-naphtho
[2,1-b]pyran) 42 from 32

As a pale yellow solid (4.59 g, 85%), Tg ¼ 87 �C,
Mn ¼ 2908 g mol�1, Mw ¼ 6583 g mol�1, PDI ¼ 2.2638.

2.10.8. Poly(styrene-co-3-phenyl-4-(40-vinylbiphenyl-4-yl)-3H-
naphtho[2,1-b]pyran) 43 from 33

As a pale yellow solid (4.95 g, 91%), Tg ¼ 78 �C,
Mn ¼ 2378 g mol�1, Mw ¼ 3645 g mol�1, PDI ¼ 1.5328.
3. Discussion

3.1. Preparation of bromo- and vinyl-substituted naphthopyrans

The main strategy employed to access the vinyl substituted
naphthopyrans thatwere required for the present study relied upon
preparation of a series of mono-, di- and tri-bromo substituted 3H-
naphtho[2,1-b]pyrans using the established reaction between a 1,1-
diarylprop-2-yn-1-ol and a 2-naphthol [3,23]. It was realised that
the vinyl group could then be introduced directly, under relatively
mild conditions, using a Suzuki coupling protocol [24] with vinyl
boronic anhydride pyridine complex (O’Shea’s reagent) [20].

Examination of the literature revealed that only three of the
required bromonaphthopyrans had been previously reported and
were generally accessed in good yield; 17 and 23 [17] and 20 [18].

Whilst 4-bromo- and 4,4-dibromo-benzophenones are
commercially available, the 2- [11] and 3-bromobenzophenones
[12] were readily synthesised by traditional FriedeleCrafts acyla-
tion of benzene, in 98% and 76% yield, respectively. Addition of the
bromobenzophenones to trimethylsilylacetylide, from n-butyl-
lithium and trimethylsilylacetylene, gave the required mono-
bromo- 11e13 and dibromo-propynols 14 in excellent yields. These
compounds were used directly in the preparation of the naph-
thopyrans 17e23 (Scheme 4), according to the method devised by
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Fig. 1. 1H NMR spectrum of divinylnapthopyran 31.
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Carreira et al., which employs pyridinium p-toluenesulfonate
(PPTS) and trimethyl orthoformate in 1,2-dichloroethane [25].
Propynols 15 and 16 were obtained in 95 and 99% yield from
benzophenone and 4-phenylbenzophenone, respectively. Reaction
of 15 and 16with 2-naphthol afforded the reference compounds 24
and 25, respectively. The formation of the naphthopyran unit was
confirmed by 1H NMR spectroscopy which gave the expected
doublet at d 6.1e6.3 in CDCl3 (ca. d 5.7 d8-PhMe) for 2-H with a ca.
10 Hz coupling constant; 1-H typically resonates at ca. d 7.3e7.5 and
is obscured by other aromatic signals [3,26].

With the series of bromonaphthopyrans obtained, their Suzuki
coupling reaction with vinyl boronic anhydride pyridine complex
(O’Shea’s reagent) was explored. Thus, heating a solution of 17with
O’Shea’s reagent in degassed aqueous 1,2-dimethoxyethane con-
taining Pd(PPh3)4 and K2CO3 gave, after work-up, the 3-(4-
vinylphenyl)naphthopyran 26 in 76% yield. 1H NMR spectroscopy
Scheme 5. Synthesis of vinyl s
provided evidence for the incorporation of the vinyl moiety with
the expected signals at d 5.21(d, J ¼ 10.9 Hz), d 5.70 (d, J ¼ 17.6 Hz)
and d 6.67 (dd, J ¼ 17.6, 10.9 Hz) and the presence of the pyran ring
was confirmed by the expected doublet at d (2-H, d, J ¼ 10.0 Hz).
This latter point is noteworthy in view of recent reports of the ring-
contraction of the pyran unit to a furan during palladium mediated
reactions [27].

Following the success of this simple coupling protocol, the
isomeric monovinyl substituted naphthopyrans 28 and 29 were
similarly obtained. The location of the vinyl group, i.e. either
attached to the naphthalene moiety at C-8 (viz. 29) or on one of the
C-3 aryl rings, could be established by 1H NMR spectroscopy with
the signals of the former resonating slightly downfield of those of
the latter. The Suzuki coupling protocol was extended, with
appropriate increases to the ratio of reactants, to the dibromo- 21
and 22 and tribromo-naphthopyrans 23, to afford the poly(vinyl-
substituted naphthopyrans) 30e32 in moderate yield. It should
be noted that the yield of the trivinyl compound 32was particularly
low (14%) as a consequence of poor conversion that resulted in
mixtures of mono-, di- and the target tri-vinyl compounds, which
were not readily resolved by column chromatography. Further-
more, the formation of some polymeric material, of unspecified
constitution, was noted from this reaction and presumably results
from the ample opportunities presented for polymerisation
of the three vinyl units. The 1H NMR spectrum of the bis-
vinylnaphthopyran 31 (Fig. 1) clearly shows the differentiation
between the naphthylvinyl groups and the phenylvinyl groups.

The 3-phenyl-3-(3-vinylphenyl)naphthopyran 27 was not
readily obtained by the foregoing coupling protocol. Therefore, an
alternative strategy was adopted wherein O’Shea’s reagent was
coupled to 3-bromobenzophenone, using conditions that were
identical to those employed for the coupling to bromonaphthopyr-
ans, to afford 3-vinylbenzophenone 34b in 99% yield (Scheme 6).
Transformation of 34b into naphthopyran 27 was accomplished in
two steps in 39% yield without isolation of the intermediate vinyl-
propynol 35b. A contributing factor to the moderate yield for this
transformation is the formation of some intractable polymeric
ubstituted naphthopyrans.
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material in the pyran forming reaction, through the extended
heating of the vinylpropynol. As a direct comparison between the
Suzuki vinylation protocol of a bromonaphthopyran and the alter-
native reaction between a vinylpropynol and a vinylnaphthol, 6-
vinyl-2-naphthol and vinylpropynol 35a, derived from the direct
vinylation of 4-bromobenzophenone with O’Shea’s reagent,
according to our general procedure, with subsequent addition of
lithium trimethylsilylacetylide and desilylation (92% from 4-
bromobenzophenone), were heated together in 1,2-DCE contain-
ing PPTS and (MeO)3CH to afford the bis-vinylnaphthopyran 31 in
28%yield, some6% lower than thedirect vinylation route to31. These
two complementary routes have comparable efficiencies (w27%)
and indicate the problems that increasing the number of vinyl
groups has on the efficiency of vinylnaphthopyran formation.

The 3-(vinylbiphenyl)naphthopyran 33 was obtained in 99%
yield through the related Suzuki coupling reaction of commercial
4-vinylphenylboronic acid with the bromobenzopyran 17
(Scheme 5).

3.2. Free radical addition polymerisation of vinylnaphthopyrans

The polymerisation of the vinyl-substituted naphthopyrans was
next explored. A “simple” free radical addition copolymerisation of
the respective vinyl-substituted naphthopyrans with styrene was
investigated in order to obtain preliminary data concerning the
polymerisation of this series of novel vinylnaphthopyrans. A ratio of
1 mol equivalent of styrene, containing 0.1 mol equivalent of the
vinylnaphthopyran, in degassed toluene employing 0.1 mol
equivalent of 1,10-azobis(cyclohexanecarbonitrile) (ACCN) as the
thermal initiator was employed [28]. The reaction mixture was
heated at ca. 110 �C for 6 h with stirring and then cooled overnight
before precipitation of the product from coldmethanol (w5 �C) and
subsequent washing with cold methanol. TLC examination of the
dried polymers in a variety of solvents indicated that no vinyl-
naphthopyran monomer remained. The polymers (Schemes 7
and 8) were obtained in high yield >73% as pale yellow solids
with glass transition temperatures (Tg) in the range 70e87 �C. For
the polymers 36e39 and 43, derived from the monovinyl
substituted naphthopyrans 26e29 and 33, the number average
molar masses (Mn) were in the range 2122e2500 g mol�1 and the
weight average molar masses (Mw) were 3039e3887 g mol�1 with
polydispersity indices (PDI) grouped between 1.65 and 1.43, indi-
cating that some ordering took place in the polymerisation reaction
pathway, giving such reasonably narrow molar mass distributions.
The polymerisation of the bis-vinylnaphthopyrans 30 and
31 resulted in polymers 40 and 41 with greater Mn

(3026e3153 gmol�1) andMw (5536e5922 gmol�1) values coupled
Scheme 6. Alternative method for the p
with deterioration in the PDI to ca. 1.85. The polymerisation of the
tris-vinylnaphthopyran 32 resulted in 42 with the highest PDI of
2.26, with a Mn of 2908 g mol�1 and a Mw of 6583 g mol�1. These
data indicate that given a relatively high initiator concentration,
low molecular weight styrene e vinylnaphthopyran polymers
(oligomers) can be successfully prepared by a “simple” polymeri-
sation protocol in which residual monomer is not a feature.
Examination of the influence of decreasing the initiator concen-
tration on the polymerisation processes is ongoing.

3.3. Photochromic properties of bromo- and vinyl-naphthopyrans

Toluene solutions of the bromo- and vinyl-naphthopyrans were
irradiated to a steady state with an ultraviolet source (Section 2.1)
in order to examine their photochromic properties. The photo-
chromic response of the parent 3,3-diphenyl-3H-naphtho[2,1-b]
pyran 25 and the phenyl analogue 24were recorded for comparison
purposes. The wavelength of maximum absorption (lmax) and the
half-life (t½) of the photomerocyanines are presented (Table 1). All
of the bromonaphthopyrans that were synthesised developed
a yelloweorange shade upon activation with UV irradiation, which
generally faded quickly to the original state upon cessation of
irradiation.

Introduction of bromine at the p-position of one of the C-3
phenyl rings (17) induces a marginal hypsochromic shift of lmax
with a negligible influence on t½ relative to 25. The incorporation of
a second bromine atom in the p-position of the remaining phenyl
ring, to afford 21, results in maxima at 426 nm coupled with
a marginally shorter half-life relative to the half-life of 25 and 17.
This is a feature that is in accord with established colourestructure
relationships for photochromic naphthopyrans [3]. The placement
of a bromine atom in the m-position of one of the C-3 phenyl rings
(18) results in a hypsochromic shift in lmax relative to 25. The
greatest hypsochromic shift in lmax was noted for the o-bromo
substituted analogue 19. This shift of 12 nm cf. 25 was also
accompanied by the largest t½ of 417 s (Fig. 2). For 19, the steric
demand of the bulky bromine atom results in exceptionally poor
orbital overlap of the bromophenyl ring, which may be considered
to be approaching a near orthogonal arrangement with the
remainder of the chromophore of the photomerocyanine. This
arrangement effectively insulates the chromophore from the bro-
mophenyl unit, resulting in the observed hypsochromic shift. The
increase in t½ is a consequence of the twisted bromophenyl unit,
hindering the usually rapid thermal cyclisation to the colourless
naphthopyran. The influence of the size of the o-substituent in a C-
3 aryl group upon the photochromism of 3,3-diaryl-3H-naphtho
[2,1-b]pyrans has been previously noted [3,29].
reparation of vinylnaphthopyrans.



Scheme 7. Preparation of Poly(styrene-co-3H-naphtho[2,1-b]pyrans) 36, 37, 38 and 43.
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The 8-bromonaphthopyran 20 gave the longest wavelength
absorbing photomerocyanine, with a maximum absorption at
448 nm. This maximumwas shifted successively hypsochromically
upon incorporation of further bromine atoms at the p-position of
each of the C-3 phenyl rings, to afford 22 (446 nm) and 23 (440 nm),
respectively (Fig. 3).

The vinyl substituted naphthopyrans gave bathochromically
shifted absorption maxima relative to their bromine substituted
precursors. The vinyl function serves as an electron releasing group
and also as a means to extend conjugation. A C-3 p-vinyl
substituted phenyl unit (26) shifts lmax bathochromically by 10 nm
relative to 25, an effect which is somewhat additive since the
incorporation of a second p-vinylphenyl unit to afford 30 results in
a shift of lmax to 458 nm. A similar trend in wavelength shifts to
those noted, upon introduction of a m- and o-bromine atom was
apparent for the introduction of a m- (27) and o-vinyl unit (28)
(Fig. 4). In accord with the vinyl group behaving as an
electron donating group, the tris-vinylnaphthopyran 32 affords
the compound with the longest wavelength absorbing
photomerocyanine (476 nm). The photomerocyanine resulting
from the bis-vinyl compound 31 absorbs midway between 32
and 30. This feature, when taken together with the data for
the photochromic response of the bromonaphthopyrans,
suggests that C-8 of the naphthalene unit is more sensitive to
substituent variation than are the o-, m- and p-positions of a C-3
aryl unit [3].

The photomerocyanine that was derived from the irradiation of
the biphenyl substituted naphthopyran 24 exhibits an absorption
band at 446 nm as a consequence of the extended conjugation of
the biphenyl unit. The introduction of a terminal vinyl group into
24, to afford 33, resulted in only a minor bathochromic shift in lmax

to 448 nm, with no discernible change in the persistence of the
photomerocyanine.

3.4. Photochromic properties naphthopyranestyrene copolymers

The photochromic response of the naphthopyranestyrene
copolymers 36e43 were examined in toluene solution and also as



Scheme 8. Representative structures of the polymers 40e42.
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a film that was deposited from dichloromethane on a microscope
slide; lmax and t½ data are collated in Table 2.

Examination of the photochromic response of the polymers in
toluene (Table 2) reveals that lmax is shifted hypsochromically with
respect to the vinyl monomers for the majority of the examples
(Fig. 5) with the exception of the biphenyl system 43 and the o-
vinylphenyl analogue 39. The hypsochromic shift has been ascribed
to the change in the nature of the vinyl group to an alkyl group
upon addition polymerisation, with the resulting alkyl group
(polymer backbone) behaving as a weak donor group by s-conju-
gation, whereas the vinyl functionmay operate byp-orbital overlap
extending overall conjugation. The variation in the persistence of
the photogenerated colour, reported as t½, is more noticeable for
those examples in which an 8-vinyl unit has been involved namely
Table 1
Photochromic response of bromo- and vinyl-naphthopyrans.

lmax nm t½ s

17 430 10
18 422 12
19 420 417
20 448 5
21 426 8
22 446 6
23 440 4
24 446 11
25 432 11
26 442 7
27 426 10
28 424 1162
29 454 10
30 458 8
31 468 11
32 476 9
33 448 11
36, 41 and 42, and for which t½ has increased. For 41 and 42, it may
be the case that polymerisation has occurred at each of the vinyl
functions, leading to a degree of crosslinking that restricts the
usually facile ring-closure to the colourless pyran during which the
long axis of the molecule must undergo a significant reorganisation
to permit the ring-closure. The fact that there is a less significant
increase in the persistence of the colour for the photomerocyanine
from 40, derived from the 3,3-bis(4-vinylphenyl)naphthopyran 30,
where crosslinking may also be present, may be rationalised by the
fact that the change in geometry upon ring-closure to the colour-
less pyran is far less significant.

In the biphenylvinyl-derived polymer 43 the change from vinyl
to alkyl group has a negligible influence on the photochromic
response as a consequence of the phenyl spacer.

The most significant influence of the polymerisation on the
photochromic response was noted for the polymer 39 that was
Fig. 2. Photochromic response of bromonaphthopyrans 17e19 and naphthopyran 25.



Fig. 3. Photochromic response of bromonaphthopyrans 21e23 and naphthopyran 25.

Fig. 4. Photochromic response of naphthopyran 25 and vinylnaphthopyrans 26e28, 30
and 32.

Table 2
Photochromic response of Poly(styrene-co-3H-naphtho[2,1-b]pyrans).

lmax nm (PhMe) t½ s (PhMe) lmax nm (film)

36 434 17 408
37 434 10 416
38 436 11 426
39 e e e

40 452 13 426
41 440 26 403
42 446 34 e

43 448 10 414

Fig. 5. Photochromic response of Poly(styrene-co-3H-naphtho[2,1-b]pyrans) 36e39
and 43.

Fig. 6. Photochromic response of toluene solutions of Poly(styrene-co-3H-naphtho
[2,1-b]pyrans) 39 (left), 38 (middle) and 37 (right) before (above) and after (below)
irradiation.
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derived from the 3-(2-vinylphenyl) substituted monomer 28
(Fig. 6). A yellow polymer resulted which displayed no photo-
chromism. The reason for the absence of photochromism is not
proven but we have speculated that, because of the close proximity
of the vinyl group to the pyran ring double bond, a favourable 5-
exo-trig cyclisation [30] is feasible, which may result in the
destruction of the pyran ring double bond viz. 44 which cannot
exhibit photochromism (Scheme 9). Alternatively, the cyclisation
process may result in the pentacycle 45 though feasibly this could
exhibit photochromism; a related photochromic compound 46 has
been described by Irie though obtained by a different reaction
process [31]. Further work is required to explore the postulated
behaviour of 28 towards copolymerisation with styrene and to
establish the true structure of the polymer 39.

Table 2 also contains information concerning the lmax of the
polymers as thin films. The absence of toluene results in a further
hypsochromic shift in lmax for the majority of the samples the
exception being polymer 42. For polymer 42 photochromism was
inhibited presumably by the extensive crosslinking that would
Scheme 9. Mechanistic rationale for the absence of photochromism of polymer 39.



Fig. 7. Photochromic response of deposited films of Poly(styrene-co-3H-naphtho[2,1-
b]pyrans) 39 (left), 38 (middle) and 37 (right) before (above) and after (below)
irradiation.
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severely restrict molecular motions. Toluene, which may serve
either as a lubricant to facilitate ring-opening and ring-closing or to
swell the crosslinked polymer, so as to enable the required
molecular motions, is thus essential for photochromism to be
observed. Fig. 7 displays images of the deposited films both before
and after irradiation.

4. Conclusion

A comprehensive series of mono-, di- and tri-bromo-3H-naph-
tho[2,1-b]pyrans has been synthesised by the traditional union of
a 2-naphthol with an alkynol. These bromonaphthopyrans are
readily transformed, by a Suzuki coupling reaction with vinyl
boronic anhydride pyridine complex, into their novel vinyl deriv-
atives in generally good yield though the efficiency of the vinylation
decreases with the increasing number of bromine atoms to be
substituted. The vinylnaphthopyrans serve as complex analogues of
styrene and readily undergo a thermally initiated free radical
addition co-polymerisation with styrene to efficiently afford low
molecular weight copolymers.

The photochromic response of the bromonaphthopyrans
follows the established colourestructure relationships for photo-
chromic naphthopyrans. The lmax of the bromonaphthopyrans is
shifted bathochromically upon replacement of the bromine atom
with the vinyl group due to a combination of merocyanine chro-
mophore extension and introduction of a better electron donor
group. The photochromic response of toluene solutions of the co-
polymers was characterised by a hypsochromic shift of the lmax
that was induced by the change in hybridisation state of the C-
atoms (sp2 / sp3) of the vinyl function upon polymerisation.
Increased half-lives were noted for the copolymers derived from
the bis- and tris-vinylnaphthopyrans where some degree of
crosslinking was expected and which hinders the ring-closing,
colour fading reaction. A further hypsochromic shift in lmax resul-
ted for the thin films of the poly(styrene-co-naphthopyrans). Of
particular note was the behaviour of the 3-(2-vinylphenyl)-3-
phenylnaphthopyran which gave the typical yellow colour of the
photomerocyanine coupled with the predictable large half-life.
However, all photochromism of this naphthopyran was lost upon
polymerisation suggesting that an alternative pathway supervenes
in the expected polymerisation sequence.

Acknowledgement

The authors thank the Rothschild Community Scheme for
Excellence (University of Leeds) for a studentship (CJB) and Viv-
imed Laboratories (Europe) for additional financial support. The
Worshipful Company of Clothworkers’ of the City of London are
thanked for a millennium grant for the purchase of a Bruker Avance
400MHz NMR instrument and for an annual grant for the purchase
of a Cary 50 Probe spectrophotometer and associated irradiation
sources. The EPSRC are thanked for access to the National Mass
Spectrometry Service (Swansea).

References

[1] Van Gemert B, Chopra A, Kumar A. Polymerizable polyalkoxylated naph-
thopyrans, US Patent US 6113814 A; 2000. (a) Melzig M, Weigand U, Rohlfing
Y. Photochromic h-annellated benzo[f]chromenes for plastic materials
particularly for ophthalmic purposes to improve yellow coloring. PCT Int Appl,
WO 2008077634 A1; 2008. (b) Aiken S, Gabbutt CD, Heron BM, Kershaw CS,
Smith NJ, Cano J-P. Photochromic dichroic naphthopyrans and optical articles
containing them. PCT Int Appl, WO 2009109546 A1; 2009. (c) Takahashi T,
Takenaka J, Momoda J, Teranishi K. Photochromic chromene compound
suitable for use in plastic photochromic eyeglass lenses to achieve high color
density, high discoloration rate and good durability. PCT Int Appl, WO
2011016582 A1; 2011.

[2] Gabbutt CD, Heron BM, Kolla SB, Kilner C, Coles SJ, Horton PN, et al. Ring
contraction during the 6p-electrocyclisation of naphthopyran valence tauto-
mers. Org Biomol Chem 2008;6:3096e104;
(a) Sallenave X, Vermeersch G, Sevez G, Pozzo J-L, Delbaere S. Photogeneration
of an ADADA H-bonding cleft based on a naphthopyran-decorated triazine.
J Photochem Photobiol. A Chem 2008;200:68e73;
(b) Sousa CM, Coelho PJ, Carvalho LM, Vermeersch G, Berthet J, Delbaere S.
Unexpected formation of new photochromic compounds derived from 3,3-
diphenyl-3H-naphtho[2,1-b]pyran-1-one. Tetrahedron 2010;66:8317e24;
(c) Gabbutt CD, Heron BM, Kilner C, Kolla SB. The influence of a 1,1-diarylvinyl
moiety on the photochromism of naphthopyrans. Org Biomol Chem 2010;8:
4874e83;
(d) Tulyakova EV, Fedorova OA, Micheau J-C, Paramonov SV, Lokshin V,
Vermeersch G, et al. Photochromism and metal complexation of a macrocyclic
styryl naphthopyran. Chem Phys Chem 2011;12:1294e301.

[3] Hepworth JD, Heron BM. In: Kim S-H, editor. Functional dyes. Amsterdam:
Elsevier; 2006. p. 85e135;
(a) Van Gemert B. In: Crano JC, Guglielmetti RJ, editors. Organic photochromic
and thermochromic compounds. Main photochromic families, vol. 1. New
York: Plenum; 1999. p. 111e40.

[4] Guthrie JT, Magami SM, Puthiyottil R. Encyclopaedia of polymer science and
technology. New York: Wiley; 2011. doi:10.1002/0471440264.pst533.

[5] Malic N, Campbell JA, Evans RA. Superior photochromic performance of
naphthopyrans in a rigid host matrix using polymer conjugation: fast, dark
and tuneable. Macromolecules 2008;41:1206e14.

[6] Ercole F, Davis TP, Evans RA. Comprehensive modulation of naphthopyran
photochromism in a rigid host matrix by applying polymer conjugation.
Macromolecules 2009;42:1500e11.

[7] Ercole F, Malic N, Harrisson S, Davis TP, Evans RA. Photochromic polymer
conjugates: the importance of macromolecular architecture in controlling
switching speed within a polymer matrix. Macromolecules 2010;43:249e61.

[8] Sriprom W, Néel M, Gabbutt CD, Heron BM, Perrier S. Tuning the color
switching of naphthopyrans via the control of polymeric architectures. J Mater
Chem 2007;17:1885e93.

[9] Wang G, Zhao X, Yang J. Method for the synthesis of polybutadiene-containing
photochromic elastomer, Chinese patent CN 2010-10290640; 2010.

[10] Yokoyama Y, Saito M. Photochromic organopolysiloxane compositions with
good durability, Japanese patent JP 2010235934 A; 2010.

[11] Korolev DN, Bumagin NA. Palladium-catalyzed reactions of arylboron
compounds with carboxylic acid chlorides. Russ Chem Bull 2004;53:364e9.



C.J. Blackwell et al. / Dyes and Pigments 95 (2012) 408e420420
[12] Wilkinson MC. ‘Greener’ FriedeleCrafts acylations: a metal- and halogen-free
methodology, 2011;13:2232e35.

[13] Rauss-Godineau J, Chodkiewicz W, Cadiot P. Tetraarylcumulenes. Bull Soc
Chim Fr; 1966:2885e92.

[14] Godineau J, Cadiot P, Willemart A. Tetraarylbutatrienes. Compt Rend 1958;
246:2499e502.

[15] Cadiot P, Willemart A. New synthesis of cumulenes from diary-
lethynylcarbinols. Bull Soc Chim Fr; 1951:100e4.

[16] Moustrou C, Rebière N, Samat A, Guglielmetti R, Yassar AE, Dubest R, et al.
Synthesis of thiophene-substituted 3H-naphtho[2,1-b]pyrans, precursors of
photomodulated materials. Helv Chim Acta 1998;81:1293e302.

[17] Alberti A, Terral Y, Roubaud G, Faure R, Campredon M. On the photochromic
activity of some diphenyl-3H-naphtho[2,1-b]pyran derivatives: synthesis,
NMR characterization and spectrokinetic studies. Dyes Pigm 2009;81:85e90.

[18] Chamontin K, Lokshin V, Rossollin V, Samat A, Guglielmetti R. Synthesis and
reactivity of formyl-substituted photochromic 3,3-diphenyl-3H-naphtho[2,1-
b]pyrans. Tetrahedron 1999;55:5821e30.

[19] Matteson D. The preparation of di-tert-butyl ethyleneboronate via the ethyl-
eneboronic anhydride-pyridine complex. J Org Chem 1962;27:3712.

[20] Kerins F, O’Shea DF. Generation of substituted styrenes via Suzuki cross-
coupling of aryl halides with 2,4,6-trivinylcyclotriboroxane. J Org Chem
2002;67:4968e71.

[21] Molander GA, Brown AR. Suzuki-Miyaura cross-coupling reactions of potas-
sium vinyltrifluoroborate with aryl and heteroaryl electrophiles. J Org Chem
2006;71:9681e6.

[22] Kato O, Nakamura M. Preparation of hydroxyvinylnaphthalenes, Japanese
patent JP 2008143791 A; 2008.

[23] Gabbutt CD, Heron BM, Instone AC, Thomas DA, Partington SM,
Hursthouse MB, et al. Observations on the synthesis of photochromic naph-
thopyrans. Eur J Org Chem; 2003:1220e30.
[24] Suzuki A. Recent advances in the cross-coupling reactions of organoboron
derivatives with organic electrophiles, 1995e1998. J Organomet Chem 1999;
576:147e68;
(a) Yin L, Liebscher J. Carbonecarbon coupling reactions catalyzed by
heterogeneous palladium catalysts. Chem Rev 2007;107:133e73;
(b) Suzuki A. Cross-coupling reactions of organoboranes: an easy way to
construct CeC bonds. Angew Chem Int Ed 2011;50:6722e37.

[25] Zhao W, Carreira EM. Facile one-pot synthesis of photochromic naphthopyr-
ans. Org Lett 2003;5:4153e4.

[26] Delbaere S, Vermeersch G. NMR spectroscopy applied to photochromism
investigations. J Photochem Photobiol C Photochem Rev 2008;9:61e80.

[27] Gabbutt CD, Kilner C, Kolla SB. The synthesis and photochromism of a 2,2-
diaryl-6-styryl-2H-[1]benzopyran: unexpected palladium-mediated ring-
contraction of a 6-bromo-2,2-diaryl-2H-[1]benzopyran. Dyes Pigm 2012;92:
825e30;
(a) Böttcher C, Zeyat G, Ahmed SA, Irran E, Cordes T, Elsner C, et al. Synthesis
of novel photochromic pyrans via palladium-mediated reactions. Beilstein J
Org Chem 2009;5(25). doi:10.3762/bjoc.5.25.

[28] Barton AF, Bevington JC, Wahid A. A tracer study of 1-azocyclohexanecarbonitrile
as an initiator of radical polymerizations. Makromolekulare Chem 1963;67:
195e202.

[29] Gabbutt CD, Heron BM, Instone AC. Control of the fading properties of 3,3-
diaryl-3H-naphtho[2,1-b]pyrans. Heterocycles 2003;60:843e55.

[30] Motherwell WB, Crich D, editors. Free radical chain reaction sin organic
synthesis. London: Academic Press; 1985. p. 213;
(a) Curran DP, Chen MH. Radical-initiated polyolefinic cyclizations in
condensed cyclopentanoid synthesis. Total synthesis of (�)-D9(12)-capnel-
lene. Tetrahedron Lett 1985;26:4991e4.

[31] Uchida M, Irie M. Photochromic chromene derivatives with a thiophene
moiety. Chem Lett; 1992:2257e60.


	The synthesis and properties of vinyl substituted naphthopyrans and their styrene copolymers
	1. Introduction
	2. Experimental
	2.1. Equipment
	2.2. Preparation of 1,1-diarylprop-2-yn-1-ols
	2.2.1. 1-(4-Bromophenyl)-1-phenylprop-2-yn-1-ol 11
	2.2.2. 1-(3-Bromophenyl)-1-phenylprop-2-yn-1-ol 12
	2.2.3. 1-(2-Bromophenyl)-1-phenylprop-2-yn-1-ol 13
	2.2.4. 1,1-Bis(4-bromophenyl)prop-2-yn-1ol 14
	2.2.5. 1,1-Diphenylprop-2-yn-1-ol 15
	2.2.6. 1-(4-Biphenyl)-1-phenylprop-2-yn-1-ol 16

	2.3. Preparation of simple and bromo substituted naphthopyrans
	2.3.1. 3-(4-Bromophenyl)-3-phenyl-3H-naphtho[2,1-b]pyran 17
	2.3.2. 3-(3-Bromophenyl)-3-phenyl-3H-naphtho[2,1-b]pyran 18
	2.3.3. 3-(2-Bromophenyl)-3-phenyl-3H-naphtho[2,1-b]pyran 19
	2.3.4. 8-Bromo-3,3-diphenyl-3H-naphtho[2,1-b]pyran 20
	2.3.5. 3,3-Bis(4-bromophenyl)-3H-naphtho[2,1-b]pyran 21
	2.3.6. 8-Bromo-3-(4-bromophenyl)-3-phenyl-3H-naphtho[2,1-b]pyran 22
	2.3.7. 3,3-Bis(4-bromophenyl)-8-bromo-3H-naphtho[2,1-b]pyran 23
	2.3.8. 3-(4-Biphenyl)-1-phenyl-3H-naphtho[2,1-b]pyran 24
	2.3.9. 3,3-Diphenyl-3H-naphtho[2,1-b]pyran 25

	2.4. Preparation of monovinylnaphthopyrans by a Suzuki coupling protocol
	2.4.1. 3-Phenyl-3-(4-vinylphenyl)-3H-naphtho[2,1-b]pyran 26
	2.4.2. 3-Phenyl-3-(2-vinylphenyl)-3H-naphtho[2,1-b]pyran 28
	2.4.3. 3,3-Diphenyl-8-vinyl-3H-naphtho[2,1-b]pyran 29

	2.5. Preparation of bis- and tris-vinylnaphthopyrans by a Suzuki coupling protocol
	2.5.1. 3,3-Bis(4-vinylphenyl)-3H-naphtho[2,1-b]pyran 30
	2.5.2. 3-Phenyl-8-vinyl-3-(4-vinylphenyl)-3H-naphtho[2,1-b]pyran 31
	2.5.3. 8-Vinyl-3,3-bis(4-vinylphenyl)-3H-naphtho[2,1-b]pyran 32

	2.6. Preparation of 3-phenyl-3-(4′-vinylbiphenyl-4-yl)-3H-naphtho[2,1-b]pyran 33 by a Suzuki coupling protocol
	2.7. Preparation of vinylbenzophenones
	2.7.1. 4-Vinylbenzophenone 34a
	2.7.2. 3-Vinylbenzophenone 34b

	2.8. Preparation of 1-phenyl-1-(4-vinylphenyl)prop-2-yn-1-ol 35a
	2.9. Preparation of vinylnaphthopyrans from naphthols and vinyl substituted prop-2-yn-1-ols
	2.9.1. 3-Phenyl-8-vinyl-3-(4-vinylphenyl)-3H-naphtho[2,1-b]pyran 31
	2.9.2. 3-Phenyl-3-(3-vinylphenyl)-3H-naphtho [2,1-b]pyran 27

	2.10. General method for the polymerisation of the vinylnaphthopyrans
	2.10.1. Poly(styrene-co-3,3-diphenyl-8-vinyl-3H-naphtho[2,1-b]pyran) 36 from 29
	2.10.2. Poly(styrene-co-3-phenyl-3-(4-vinylphenyl)-3H-naphtho[2,1-b]pyran) 37 from 26
	2.10.3. Poly(styrene-co-3-phenyl-3-(3-vinylphenyl)-3H-naphtho[2,1-b]pyran) 38 from 27
	2.10.4. Poly(styrene-co-3-phenyl-3-(2-vinylphenyl)-3H-naphtho[2,1-b]pyran) 39 from 28
	2.10.5. Poly(styrene-co-3,3-bis(4-vinylphenyl)-3H-naphtho[2,1-b]pyran) 40 from 30
	2.10.6. Poly(styrene-co-3-phenyl-8-vinyl-3-(4-vinylphenyl)-3H-naphtho[2,1-b]pyran) 41 from 31
	2.10.7. Poly(styrene-co-8-vinyl-3,3-bis(4-vinylphenyl)-3H-naphtho[2,1-b]pyran) 42 from 32
	2.10.8. Poly(styrene-co-3-phenyl-4-(4′-vinylbiphenyl-4-yl)-3H-naphtho[2,1-b]pyran) 43 from 33


	3. Discussion
	3.1. Preparation of bromo- and vinyl-substituted naphthopyrans
	3.2. Free radical addition polymerisation of vinylnaphthopyrans
	3.3. Photochromic properties of bromo- and vinyl-naphthopyrans
	3.4. Photochromic properties naphthopyran–styrene copolymers

	4. Conclusion
	Acknowledgement
	References


