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We present the rapid fading of photochromic 3 H-naphtho[2,1-b]pyrans at ambient temperature by
protonation of N,N-disubstituted group. It is found that photochromic 3 H-naphtho[2,1-b]pyrans with
a N,N-disubstituted group are converted to protonated 3 H-naphtho[2,1-b]pyran by treatment with
acid, and the protonated 3 H-naphtho[2,1-b]pyrans show rapid fading in both solution and a rigid
polymer matrix at ambient temperature. It is also found that the protonated 3 H-naphtho[2,1-b]pyrans
exhibit similar absorption and fatigue resistance compared to their original compounds.

Introduction

Photochromic naphthopyrans with rapid fade at ambient
temperature are of great importance with regards to commercial
application used as ophthalmic lenses.'® Consequently, a variety
of strategies have been employed to achieve this purpose. There
are two strategies extensively explored for enhancement of fading
speed of naphthopyrans at ambient temperature, one is to
modify the intrinsic properties of molecules including electronic
nature of substituents and structure of naphthopyrans,®*! the
other is to change the local host environment and the media that
incorporate them.'>'s

One of the major interests in our group has focused on
developing new strategy for increasing fading speed of naph-
thopyrans at ambient temperature. In our previous studies,'®!”
we found that 3H-naphtho[2,1-b]pyrans containing N, N-disub-
stituted group in the para position of aryl ring at 3-position
showed faster fade than that of 3H-naphtho[2,1-b]pyrans
without N,N-disubstituted group at ambient temperature.
Herein we disclose the first example of increasing the fading
speed of 3H-naphtho[2,1-b]pyrans by protonation of N,N-
disubstituted group in the para position of aryl ring at 3-position
at ambient temperature. As illustrated in Scheme 1, 3 H-naphtho
[2,1-b]pyrans containing N,N-disubstituted group (la-3a) are
easily converted to protonated 3H-naphtho[2,1-b]pyrans (1aH—
3aH) by protonation of N,N-disubstituent group with acid. It is
found that the protonated 3H-naphtho[2,1-b]pyrans exhibit
photochromism in both solution and a rigid polymer matrix, and
the fading speed of steady-state is significantly increased at
ambient temperature in comparison to the original compounds.
Moreover, it is also found that the protonated naphthopyrans
show similar absorption properties and fatigue resistance to their
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original compounds in solution as well as in rigid polymer
matrix, which provides a new strategy for increasing the fading
speed of 3H-naphtho[2,1-b]pyrans at ambient temperature
without changing their absorption and fatigue resistance.

Experimental
General

'"H NMR spectra were recorded at 400 MHz with tetrame-
thylsilane (TMS) as an internal reference and CDCl; as solvent.
Mass spectra were recorded with a GC-TOF MS spectrometer.
UV absorption spectra were measured on an absorption spec-
trophotometer (Hitachi U-3010). Coloration was carried out
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Scheme 1 Protonated 3H-naphtho[2,1-b]pyrans laH-3aH resulted from
the protonation of 3H-naphtho[2,1-b]pyrans 1a-3a by treatment
with acid.
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with a UV light (A = 254 nm, intensity: 4.3 mW cm?). All
chemicals for synthesis were purchased from commercial
suppliers, and solvents were purified according to standard
procedures. Reactions were monitored by TLC silica gel plate
60F-254). Column chromatography was performed on silica gel
(Merck, 70-230 mesh). PMMA thin film was prepared as
following: naphthopyrans (1.0 mg) was dissolved in 2.0 ml
PMMA-cyclohexanone solution (10%, w/w). The film was
obtained by spin coating on quartz glass with a gradient of
700 rpm (10 s) followed 1200 rpm (30 s) (25 °C) and dried in air
and kept in the darkness at room temperature. The concentration
of thin film is about 1.2 x 10> mol/g.

Material

Naphthopyrans 1a' and 2a'” were prepared previously in our
laboratory, and 3a was prepared according to the synthetic route
described in Scheme 2 and the detailed procedures were
according to the literature'® which summarized as follows: 1,2-
Diaryl-2-ol was synthesized by starting from 1-naphthoyl chlo-
ride, which reacted with N,N-diphenylaniline by Friedel-Crafts
reaction to afford 1,1-diarylketone, followed by treatment with
soldium acetylide in an ether solvent at ambient temperature.
The target compound 3a was obtained by the condensation of
1,2-diaryl-2-propyn-1-ol with 2-naphthol in the presence of
pyridinium para-toluenesulfonate (PPTS) as the catalyst. The
general procedure is as follows: treatment of 1,2-diaryl-2-pro-
pyn-1-ol (1.1 equiv) and 2-naphthol in 1,2-dichloroethane with 2
equivalent of (MeO);CH and 5 mol % PPTS (pyridinium para-
toluensulfonate) furnished the desired product.

1a: Total yield: 28%. '"H NMR (400 MHz, CDCls, 8): 8.31 (d, J
=8.6 Hz, 1H), 7.99 (d, J = 8.5 Hz, 1H), 7.82 (d, J = 8.0 Hz, 1H),
7.78 (d, J=8.1 Hz, 1H), 7.60 (d, J = 7.6 Hz, 2H), 7.59 (d, J = 8.9
Hz, 1H), 7.46-7.44 (t, J = 3.7, 3.8 Hz, 1H), 7.39-7.36 (m, 2H),
7.34-7.30 (m, 5H), 7.12 (d, J = 8.8 Hz, 1H), 6.66 (d, J = 8.9 Hz,
2H), 6.31 (d, /=9.9 Hz, 1H), 2.91 (s, 6H). HRMS: m/z (M* + 1):
428.2.

2a: Total yield: 38%. '"H NMR (400 MHz, CDCl;, 3): 8.32 (d,
J = 8.6 Hz, 1H), 8.23 (d, J = 8.4 Hz, 1H), 7.99 (d, J = 8.5 Hz,
1H), 7.69 (d, J = 8.1 Hz, 1H), 7.58 (d, J = 8.8 Hz, 1H), 7.54-7.27
(m, 11H), 7.10 (d, J = 8.8 Hz, 1H), 6.91 (d, J = 8.0 Hz, 1H), 6.22
(d, J=9.9 Hz, 1H), 2.85 (s, 6H). MS: m/z [M* + 1]: 428.4.

3a: Total yield: 30%. '"H NMR (400 MHz, CDCls, 3): 8.36 (d,
J=28.5Hz, 1H), 8.00 (d, J = 8.4 Hz, 1H), 7.84-7.69 (m, 4H), 7.60
(d, J=8.9 Hz, 1H), 7.50-7.30 (m, 8H), 7.22 (dd, J = 8.3, 7.5 Hz,
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Scheme 2 Synthesis of 3a.

4H), 7.09 (dd, J = 14.5, 8.2 Hz, SH), 6.99 (t, J = 7.9 Hz, 4H), 6.29
(d, J =9.9 Hz, |H). HRMS: m/z (M*): 551.22.

Protonated compounds 1aH-3aH were prepared as follows:
To solution of 1a-3a (10 mmol) in CH,Cl, (10 ml) was added
CF;COOH (1.2 mmol), the mixture solution was stirred at room
temperature for 10 min in the dark. The target compound 1aH-
3aH were obtained after evaporation of the solvent under
reduced pressure without further purification.

1aH: '"H NMR (400 MHz, CDCl;, 3): 8.21 (d, / = 8.6 Hz, 1H),
8.00 (d, J = 8.5 Hz, 1H), 7.82 (t, J = 8.9 Hz, 2H), 7.66 (ddd, J =
229, 14.8, 8.5 Hz, 5H), 7.54-7.31 (m, 8H), 7.09 (d, J = 8.8 Hz,
1H), 3.19 (s, 6H). HRMS: 427.955.

2aH: "H NMR (400 MHz, CDCl;, 3): 8.45 (d, /= 8.7 Hz, |H),
8.27(d, J=8.6 Hz, 1H), 7.99 (d, J = 8.5 Hz, 1H), 7.89 (d, /= 8.1
Hz, 1H), 7.72 (d, (d, /= 8.2 Hz, 1H), 7.60 (t, J = 8.9, 8.8 Hz, |H),
7.62 (d, J=8.9 Hz, 1H), 7.50-7.34 (m, 10H), 7.07 (d, J = 8.8 Hz,
1H), 6.17 (d, J = 3.7 Hz, 1H), 3.40 (s, 6H).

3aH: 'H NMR (400 MHz, CDCl;, 8): 8.37 (d, J = 8.4 Hz, 1H),
8.01 (d, J = 8.4 Hz, 1H), 7.83 (d, J = 8.6 Hz, 1H), 7.78 (d, J =
8.2 Hz, 1H), 7.71 (d, J = 7.6 Hz, 2H), 7.60 (d, J = 8.8 Hz, 1H),
7.48-7.31 (m, 8H), 7.22 (t, J = 8.3, 8.1 Hz, 4H), 7.08-7.06 (m,
5H), 6.99-6.97 (m, 4H), 6.30 (d, J = 9.9 Hz, 1H).

Results and discussion

Treatment of naphthopyrans 1a—3a with CF;COOH in CH,Cl,
yielded protonated naphthopyrans 1laH-3aH in quantitativity,
and their structures were characterized by "H NMR spectra. As it
is known,?**? the signals arising from the protons of N,N-
disubstituted groups shift downfield, and the signals arising from
the protons of benzene ring shift upfield when N, N-disubstituted
groups are protonated. As compared to la, the signals arising
from the protons of N,N-disubstituted groups of 1laH shifted
downfield from 2.91 ppm to 3.19 ppm, and the signals arising
from the protons of benzene ring of 1aH shifted upfield from 8.31
ppm to 8.21 ppm. Similar results were obtained with compounds
2aH and 3aH.

All protonated compounds 1aH-3aH showed photochromism
in both solution and PMMA thin film. The ring-opening and
ring-closing isomerization was illustrated in Scheme 3,>*** and
their absorption data were presented in Table 1. By comparison
with the absorption of naphthopyrans 1b-3b, it was found that
the absorption spectral of protonated naphthopyrans 1bH-3bH
showed similar profile to these of 1b-3b in both solution and in
PMMA thin film (Fig. 1), and no significant change was detected
except for optical density (O.D.). As presented in Table 1, it was
found that the optical density of 1bH (O.D. = 0.390) is
much smaller than that of 1b (O.D.* = 0.577) in the solution at
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Scheme 3 Photochromism of 1a-3a and 1aH-3aH in both solution and
in PMMA thin film.
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Table 1 Absorption data of 1b-3b and 1bH-3bH in both solution
(CH;CN, 2 x 10~ M) and in PMMA thin film (1.2 x 10~° mol g™")

Compound Media Amax (nmM) 0.D¢ 0.D/
1b Solution 542 0.577 0.640
Film 550 1.074 1.074
1bH Solution 542 0.390 0.553
Film 550 0.832 0.832
2b Solution 415 0.229 0.240
Film 420 0.569 0.569
2bH Solution 415 0.142 0.232
Film 420 0.427 0.427
3b Solution 518 0.525 0.531
Film 526 0.714 0.714
3bH Solution 518 0.375 0.526
Film 526 0.60 0.60

“ Optical density was measured by scanning the full absorption spectral
(200-700 nm) at ambient temperature (15 °C). b Optical density was
measured by detection of local maximum absorption (Ap.x) at ambient
temperature (15 °C).

0.8+

in solution

"300 400 500 600 700
wavelength (nm)

1.5

in PMMA film

300 400 500 600 700
wavelength (nm)

Fig. 1 Absorption of 1bH (white) and 1b (black) in solution (2 x 10~°
M, CH3CN) and in PMMA thin film (1.2 x 10> mol g~') at photo-steady
state.

photo-steady state, and similar results were obtained by
comparison of 2bH and 3bH with 2b and 3b. The large decrease
in optical density of 1bH is probably due to faster fade of 1bH
than that of 1b at ambient temperature, and time consumption of
scanning absorption spectrum results in the decrease of optical
density. The suggestion was confirmed by the control

experiments. As presented in Table 1, a little small decrease of
optical density of 1bH (O. D.® = 0.553) was obtained as
compared to 1b (O.D.” = 0.577) when optical density was
detected at local wavelength (Apax). Similarly, a small decrease in
optical density of 1bH-3bH was also obtained in PMMA thin
film as compared to their original compounds 1b-3b due to
slower fading speed in a rigid polymer matrix than in solution at
ambient temperature.

It is known?® that the colored forms of naphthopyrans fade
back to colorless forms via two steps: transoid-cis to colorless
form (k;) and transoid-trans to colorless form (k,). Convenient
measures of fade speed are the T, and T34 values,?® which are
the time it takes from the optical density to reduce by 1/2 and 3/4
of the initial optical density of the colored form, and the smaller
T\» and T3y, the faster the fade. Table 2 represents the fading
kinetics of 1bH-3bH in both solution and PMMA thin film at
ambient temperature. As compared to naphthopyrans 1b-3b, the
fading speed of protonated naphthopyrans 1bH-3bH was much
faster than that of 1b—-3b in both solution and in PMMA thin
film. It was found that the fading time of 1bH (7', = 8 s, T34 =
16 s) is much shorter than that of 1b (7, = 62 s, T34 = 220 s),
and only about 1/8 original fading time was obtained. Similar
results were observed when the media was changed from solution
to a rigid polymer. The fading time of 1bH (7', =24 s, T34 = 43
s) was also much shorter than that of 1b (7, = 70 s and T34 =
195 s) in PMMA thin film. The data presented in Table 2 indi-
cated that the protonated naphthopyrans show much faster fade
than their original naphthopyrans in both solution and in a rigid
polymer matrix.

The fading speed of protonated naphthopyrans 1bH-3bH
being much faster than that of naphthopyrans 1b-3b was also
confirmed by the fading rate constant. Comparing the kinetics of
fading speed found that the fading rate constants of 1bH (in
solution: k; = 6.0 x 1072 s7!, in film: k; = 2.3 x 1072 s7") are
larger than these of 1b (in solution: k; = 0.92 x 1072 s7, in film:
ki = 0.8 x 1072 s7") in both solution and in PMMA thin film
(Fig. 2), which resulted in the fading speed of 1bH being much
faster than that of 1b. Similar results were obtained with other
protonated naphthopyrans 2bH and 3bH, as compared to
naphthopyrans 2b and 3b, the fading rate constants of 2bH and
3bH are much larger than these of 2b and 3b, respectively, in both
solution and a rigid polymer matrix (Table 2).

Further investigation of protonated naphthopyrans 1bH-3bH
being faster fade than that of 1b—3b at ambient temperature was
explored. Control experiments found that 1bH-3bH showed
more thermal instablity than that of 1b-3b at ambient tempera-
ture. As presented in Fig. 3, it took about 20 min for 1bH to
completely bleach to colorless in PMMA thin film at 20 °C, but it
took 80 min for 1b to bleach to colorless under the same
conditions. The time for completed bleach of both is shortened
with raising the temperature, and it was found that the bleach
time is almost the same (less than 1 min) when the temperature is
over 70 °C. It was noted that different results were obtained when
both the protonated compounds 1bH-3bH and their original
compounds 1b-3b were bleached with visible light irradiation, as
presented in Fig. 4, the fading rate constant of 1bH (k; = 5.1 x
1072 s7") is smaller than that of 1b (k; = 7.6 x 1072 s7") in the
same conditions with visible light irradiation, which is contrary
to that with thermal bleach. In addition, control experiments also
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Table 2 Kinetics data of 1b-3b and 1bH-3bH in both solution (CH3CN, 2 x 10> M) and in PMMA thin film (1.2 x 10> mol g~')

Compound Media Amax/NM 0.D° “Tip (s) Ty (s) bR (x 1072 bR, (x 107%)
1b Solution 542 0.640 62 220 0.9 1.8
Film 550 1.074 70 195 0.8 2.0
1bH Solution 542 0.553 8 16 6.0 7.2
Film 550 0.832 24 43 23 2.9
2b Solution 415 0.240 58 135 1.0 45
Film 420 0.569 64 162 0.9 4.6
2bH Solution 415 0.232 7 15 6.4 4.1
Film 420 0.427 14 32 4.0 2.8
3b Solution 518 0.531 110 238 0.6 1.1
Film 526 0.714 420 1230 0.2 0.7
3bH Solution 518 0.526 31 61 2.2 1.9
Film 526 0.60 115 350 0.5 32

“ Samples initially irradiated at 254 nm till photo-steady state (40 s), then thermal decoloration monitored at Ap.x of the colored form at room
temperature in the dark. ® The fading rate constant was obtained using the biexponetial decoloration model according to the standard biexponential
equation.?®?” “ The optical density was obtained by measuring the local maximum wavelength at ambient temperature (15 °C).
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1.0
0.8 K1=0.92x10%s
o

< 06

<
0.4-
0.2 Ki=6.0X107s
00 T T T T T T T

0 10 20 30 40 50 60
Time (s)
107 in PMMA film
0.8
j=]

< 0561

< K1=08x10%s
0.4
0.2 K1=23x10%s
0.0 . . . . .

0 50 100 150 200 250
Time (s)

Fig.2 The fading kinetics of 1bH (black) and 1b (white) in both solution
(CH;CN) and PMMA thin film at ambient temperature (15 °C).

confirmed that the protonation of naphthopyran with amino
group also produced the protonated compound 4aH (Scheme 4),
whose fading speed was also increased significantly in both
solution (4a: k; = 1.3 x 1072s7!, 4aH: k; = 2.1 x 1072 s7") and
PMMA thin film (4a: k; = 1.2 x 1072 s7', 4aH: ky = 1.8 x 1072
s~1), but no significant change of fading speed was detected when
naphthopyrans without amino substituent group such as 5a and
6a (Scheme 4) were treated with acid.

The preliminary investigation showed that the protonated
naphthopyrans 1bH-3bH exhibited similar fatigue resistance to

80
60+
£
E
5 40
£
=
20+
O T T T Al T M T Al T Al T Al ?ﬁ
20 30 40 50 60 70 80

Temperature ('C)

Fig. 3 The completed bleach of 1bH (black) and 1b (white) in PMMA
thin film at different temperature.

K1=76%x10%s

. 0.6
0 -2
. K1=51Xx10"7s
O 044
0.2+
0,0 T T T T T T
0 10 20 30 40 50

Time (s)

Fig. 4 The fading kinetics of 1bH (black) and 1b (white) in PMMA thin
film with visible light irradiation (A = 400 nm).

1b-3b in both solution and a rigid polymer matrix. No significant
degradation was detected after 5 cycles of coloration/decolor-
ation when 1laH was irradiated up to photosteady state (1bH)
with UV light, and the colored 1bH was completely bleached
back (kept in the dark) to colorless (1aH) at ambient temperature

This journal is © The Royal Society of Chemistry 2011
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Scheme 4 Chemical structures of naphthopyrans 4a, 4aH, 5a and 6a.
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Fig. 5 The fatigue resistance of 1bH in CH;CN (white) and in PMMA
thin film (black) (detecting optical denisty at Ayax = 542 nm in solution,
and Apax = 550 nm in PMMA thin film).

(Fig. 5). Similar results were obtained with other protonated
naphthopyrans 2aH and 3aH. In addition, control experiments
demonstrated that counter anion CF;COO™ had no effect on the
fading speed of naphthopyrans, and no significant change in
fading speed of 1bH was detected when CF;COONa was added
to the solution of 1a. Furthermore, 1aH-3aH could be obtained
by treatment of 1a-3a with other strong acids (acetic acid, 4-
chlorobenzoic acid, 4-nitrobenzoic acid), and the protonated
1bH-3bH also showed rapid fading speed at ambient tempera-
ture in both solution and a rigid polymer matrix.

Conclusion

A new strategy for increasing the fading speed of photochromic
3H-naphtho [2,1-b]pyrans with N,N-disubstituted groups has
been developed. It has demonstrated that 3H-naphtho [2,1-b]
pyrans with N,N-disubstituted groups can be converted to
protonated naphthopyrans whose fading speed is increased
significantly in both solution and in a rigid polymer matrix at
ambient temperature. The protonated naphthopyrans shows
similar absorption and fatigue resistance to their corresponding
naphthopyrans, which provides a simple and efficient method for

enhancing the fading speed of naphthopyrans without changing
the color and fatigue resistance.
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