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Abstract—Introduction of a substituent into a sterically demanding 2-position of a 3-(4-pyrrolidinophenyl) ring of a 3,3-diaryl-3H-
naphtho[2,1-b]pyran results in the generation of an additional short wavelength absorption band leading to organic photochromes that appear
as dull shades of orange and red.
q 2005 Elsevier Ltd. All rights reserved.
1. Introduction

The electrocyclic ring-opening–ring-closing sequence of
the isomeric diaryl substituted naphthopyrans 1 and 2
(Scheme 1) with the accompanying colour change has
rendered these compounds invaluable to the ophthalmic
photochromic sun and contact lens industries.1 Other
applications of photochromic naphthopyrans, for example,
in fuel2 and security markers,3 as UV light intensity
indicators4 and as hair dyes5 have been documented.

Optimising the photochromic response of these T-type6

naphthopyrans has attracted significant academic7 and
industrial attention.1 Perhaps the simplest and most
significant means to achieve control of the hue and
persistence of the ring-opened isomer of the naphthopyran
system is through the manipulation of substituents
located on the geminal diaryl unit.8 The intensification of
0040–4020/$ - see front matter q 2005 Elsevier Ltd. All rights reserved.
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the photo-generated colour of 2 has been accomplished
through the introduction of a group into at least one of the
ortho positions of one of the aryl groups attached to 3-C, for
example, 3.9 This phenomenon has been attributed to a
steric effect in which the ortho substituent hinders the
thermal ring closure of the photo-generated coloured
species to the colourless pyran form; a feature that has
recently been correlated to the size of the introduced group
in 4.10 The net result of this steric effect is a photostationary
state in which there is an appreciable concentration of the
ring-opened form, which is manifest in an intensification of
the developed colour. Further manipulation of the photo-
chromism of naphthopyrans has been accomplished through
steric interactions between a terminal pyrrolidine donor
function and neighbouring substituents, for example, 5. In
this instance, as the magnitude of these steric interactions
increase lmax is shifted hypsochromically until a maximum
interaction is observed with 5, XZBr.11
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We were interested in exploring novel naphthopyrans of
type 6 in which the influence of alternating the nature of X,
located in a sterically demanding position in the main
electron donating aryl moiety, upon the photochromic
response could be investigated.12
2. Results and discussion

In order to synthesise 6 we required access to a range of
2-substituted 4-pyrrolidinobenzophenones. Thus, the di-
halogenobenzoic acids 7a,b were accessed by diazonium
salt chemistry from 4-chloroanthranilic acid.13 Conversion
to the acid chlorides and a subsequent Friedel-Crafts reaction
with benzene afforded the benzophenones 8a,b (Scheme 2).
2-Chloro-4-fluorobenzophenone 8c was obtained in a similar
manner from 2-chloro-4-fluorobenzoic acid. Using this
Friedel-Crafts protocol with 4-chloro-2-methoxybenzoic
acid resulted in concomitant demethylation and benzoyla-
tion14 to give 4-chloro-2-hydroxybenzophenone 8e.
O-Methylation of 8e was only accomplished in low yield
using excess MeI and powdered KOH in DMSO to afford the
2-methoxybenzophenone 8f. 4-Chloro-2-methybenzophen-
one was accessed in 76% yield by the action of the Grignard
reagent derived from 2-bromo-5-chlorotoluene on the
Weinreb amide,11,15 N-methoxy-N-methylbenzamide.

We have previously employed the nucleophilic substitution
of an activated halogen atom from benzophenones to
afford aminosubstituted benzophenones.11,16 However, the
present benzophenones, 8a–d, contain two halogen atoms
that are activated towards nucleophilic displacement.
Heating 8d in an excess of pyrrolidine resulted in the
formation of 2,4-dipyrrolidinobenzophenone 9 (72%) and
Scheme 2.
4-fluoro-2-pyrrolidinobenzophenone 10a (17%) which
were separated by column chromatography. None of the
desired benzophenone 11d was isolated from the crude
product. It is likely that the initial reaction involves
preferential displacement of the 4-fluorine atom of 8d to
afford 2-fluoro-4-pyrrolidinobenzophenone 11d together
with a smaller amount of 10a as a consequence of the
simultaneous but less favoured displacement of the
2-fluorine atom. However, under prolonged heating,
the 2-fluorine atom of 11d, although electronically
deactivated towards displacement due to the 4-pyrrolidine
substituent diminishing the electron withdrawing influence
of the C]O group, is still sufficiently activated towards
displacement leading to 9. Displacement of the 4-fluorine
atom from 10a is less likely since the steric interaction
between the 2-pyrrolidine unit and the C]O group result
in rotation of the C]O unit out of conjugation with the
fluorophenyl ring, which renders the F atom inactive
towards displacement. A modified version of this protocol
was next investigated in which 1 equiv of pyrrolidine was
employed with added K2CO3 base (Method 1). Termina-
tion of the reaction after w1 h gave a product from which
10a (28%) and the desired 11d (37%) were isolated by
column chromatography. Repeating this protocol with
benzophenones 8a–c provided access to the desired
2-substituted 4-pyrrolidinobenzophenones though in each
case their formation was accompanied by varying amounts
of the 2-pyrrolidino substituted benzophenone 10a or 10b
and 9 (Scheme 3). The conversion of benzophenones 8f,g
to 11f,g, respectively, was particularly sluggish requiring
4 days heating in the presence of DMSO to effect even a
mediocre yield of the products (Method 2). Interestingly
the formation of 11f was accompanied by some of the
demethylated compound 11e (19%).
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The majority of the benzophenones 11 were efficiently
transformed into the prop-2-yn-1-ols 12a–d on reaction with
an excess of lithium trimethylsilylacetylide, which was
derived from n-butyllithium and trimethylsilylacetylene.
Removal of the TMS group from the initial adduct was
accomplished in the same flask by addition of methanolic
KOH (2 equiv). Yields for this conversion were typically
high (67–98%) (Scheme 4).10,11,17 Somewhat surprisingly
the reaction of both 11a and 11b failed to give any of the
propynols and instead multicomponent mixtures were
formed. Attempts to isolate the trimethylsilyl intermediates
were also unsuccessful.

The most versatile and efficient route to 3,3-diaryl-
3H-naphtho[2,1-b]pyrans relies upon the one pot,
Figure 1. 1H NMR spectrum (6–8 ppm) of Naphthopyran 13b.
acid-catalysed reaction of a 2-naphthol with a 1,1-di-
arylprop-2-yn-1-ol; a transformation that was developed
from an original naphthopyran synthesis reported by
Iwae and Ide in 1962.18 Heating the propynols 12
with 2-naphthol in toluene in the presence of acidic
alumina gave the naphthopyrans 13a–d in 45–68% yield
(Scheme 4).

The 1H NMR spectra of 13a,c,d displayed a doublet at wd
6.3 with a coupling constant of 10 Hz characteristic of 2-H
in 3H-naphtho[2,1-b]pyrans.11,17,19 The doublet for 1-H was
obscured by the aromatic protons, however, 2D 1H–1H
COSY experiments revealed that 3-H resonated at wd 7.3.
The fluorine substituted compound 13b, afforded a double
doublet at d 6.30 for 2-H with JZ10.0, 3.6 Hz (Fig. 1).



Table 1. Spectroscopic data for naphthopyrans 13

Entry X lmax (nm) t1⁄2
(s)

13a Cl 403 480 44
13b F 394 501 21
13c OMe 399 519 73
13d Me 410 507 104
13e H 538 5

C. D. Gabbutt et al. / Tetrahedron 62 (2006) 737–745740
This additional coupling is due to long range coupling of the
proximal fluorine atom to 2-H.10

The spectroscopic data (Table 1) and selected spectra
(Fig. 2) obtained for toluene solutions of the naphthopyrans
(13a–e) merit some comment. The most striking feature of
these spectra is the appearance of two absorption maxima of
approximately equal intensity (for 13a,d) in the visible
region; a short wavelength band at ca. 400 nm and the
expected longer wavelength band at ca. 500 nm. This
feature is most unusual and to our knowledge provides the
first example of an unsymmetrically substituted
3H-naphtho[2,1-b]pyran displaying such absorption
characteristics.20 Symmetrical 3,3-bis(4-dialkylamino-
phenyl)-3H-naphtho[2,1-b]pyrans, for example, 3,3-bis(4-
dimethylaminophenyl)-3H-naphtho[2,1-b]pyran (lmax 446
and 560 nm in PhMe solution), exhibit two absorption bands
in the visible region but typically, the short wavelength band
is present as a much less intense band or shoulder.21

Additionally, the overall lifetime of the photo-generated
species derived from these symmetrically substituted
compounds is very short with t1⁄2

typically less than 1 s,
Figure 2. UV–visible spectra for toluene solutions of Naphthopyrans 13 after UV
which renders these compounds ineffective as materials for
ophthalmic lens applications.

If we first consider the data for 13b XZF, and compare this
with the data for the parent compound 13e XZH, which
displays a single absorption band with lmax 538 nm (t1⁄2

Z
5 s) it can be seen that the incorporation of the ortho X
group has induced a hypsochromic shift in lmax of the long
wavelength band. This shift in lmax is due to the twisting of
the pyrrolidinophenyl unit out of plane with the remainder
of the conjugated system and hence reducing the donor
properties of this unit as a result of less efficient p overlap,
which leads to the observed hypsochromic shift. One further
consequence of the pyrrolidinophenyl unit twisting is that
the remaining phenyl ring may now adopt a more planar
arrangement thus increasing its donor potential, which we
believe results in a bathochromic shift and intensification of
a band from the UV region into the yellow end of the visible
spectrum at 394 nm. The larger chlorine atom in compound
13a results in the pyrrolidinophenyl unit twisting further out
of plane, which leads to a greater hypsochromic shift in the
long wavelength band of 21 nm compared to 13b, and a
irradiation.
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10 nm bathochromic shift in the shorter wavelength band to
403 nm relative to that of 13b.

It is immediately apparent that the spectroscopic data for the
methoxy 13c and methyl 13d substituted naphthopyrans are
at odds with the trend suggested for 13a and 13b. Available
data10,11,22 would suggest that a methyl group is similar in
its spatial requirements to a chlorine atom but has markedly
different electronic properties. It may be that for 13d the
effect of the reduced conjugation induced by twisting is
countered by the donor properties of the methyl group
leading to a bathochromic shift in lmax to 507 nm. However,
this inductive electron donation cannot easily be aligned
with the accompanying bathochromic shift in the short
wavelength band to 410 nm. The long wavelength band for
13c appears at 519 nm, which would support the influence
of the ortho donor group increasing conjugation, however,
the short wavelength band appears at 399 nm midway for
the series of 13. Clearly there is some subtle interplay
between the two aryl rings of the naphthopyrans 13c and
13d, which bear electron donating ortho substituents.

The half-life data presented in Table 1 of the coloured ring-
opened forms relates to the time taken for the intensity of the
long wavelength absorption band under steady state
conditions to fade to half its original value upon cessation
of irradiation. The half-life of 13b is 21 s, which is in accord
with our earlier results since fluorine is the smallest group
and thus induces less steric hindrance during the ring-
closing process.10 As expected the chloro compound 13a
has a longer half-life of 44 s, due to the increased steric
effects associated with its larger size. The methyl compound
13d has an unusually long half-life, 104 s, compared to that
of the chloro compound, even though it is of a similar size.22

The methoxy compound 13c with a half-life of 73 s, falls
between that determined for 13d and 13b and is in
agreement with data for previous comparisons between
the o-tolyl and o-methoxyphenyl C-3 substituted
naphthopyrans.10

In summary, the introduction of a group into one of the C-3
aryl groups ortho to the point of attachment of the group to
the pyran ring and meta to a strong electron donor group
induces a dramatic change in the appearance of the visible
spectrum of the photo-generated dye from a single
absorption band to two bands of approximately equal
intensity when the ortho group is spatially demanding
(13, XZCl, Me). The appearance of the spectrum has been
rationalised by considering steric interactions between the
two aryl rings and the remainder of the chromophore. The
ability to manipulate the appearance of the visible spectrum
may be of value in the design of new neutral shades of
naphthopyrans, which presently rely upon either amino
substituted 2H-naphtho[1,2-b]pyrans23 or heterocyclic
fused benzo- and naphtho- pyrans.24
3. Experimental

3.1. General

Melting points were determined in capillary tubes and
are uncorrected. Visible spectra were recorded for ca.
3!10K5 mol dmK3 solutions in spectroscopic grade toluene
in 10 mm quartz cells at 21 8C using an Analytik Jena
Specord S100 diode array spectrophotometer. Samples were
irradiated to a steady state of absorbance using a Spectroline
8 W lamp (365 nm). Infrared spectra were recorded on a
Perkin-Elmer 882 spectrophotometer in KBr discs unless
otherwise specified. NMR spectra were recorded on a Bruker
Avance 400 MHz instrument for solutions in CDCl3; J values
are given in Hz. Flash chromatography separations were
performed on chromatography silica (40–60 mm particle size
distribution) as supplied by Fluorochem Ltd.

3.2. Preparation of 2-substituted-4-chlorobenzoic acids

A solution sodium nitrite (7.05 g, 102 mmol) in water
(15 mL) was added slowly to a cold (0 8C) stirred solution of
2-amino-4-chlorobenzoic acid (17.16 g, 100 mmol) in water
(250 mL) and concd HCl (75 mL). On completion of the
addition the solution was stirred for 5 min and then a
solution of the appropriate halide (102 mmol) in water
(25 mL) was added. The cooling bath was removed and the
mixture stirred for a further 5 min before carefully heating
the suspension to 90 8C for 10 min. The mixture was cooled
to room temperature and the precipitated solid collected and
washed with water (3!50 mL). The crude product was
recrystallised from ethanol and water. The following acids
were prepared in this way:

3.2.1. 4-Chloro-2-iodobenzoic acid 7a. From potassium
iodide as a light brown powder (16.9 g, 60%), mp
160–163 8C (lit. mp 165–166 8C25), dH 3.49 (1H, br s,
OH), 7.63 (1H, dd, JZ8.4, 2.1 Hz, 5-H), 7.80 (1H, d,
JZ8.3 Hz, 6-H), 8.14 (1H, d, JZ2.1 Hz, 3-H).

3.2.2. 2-Bromo-4-chlorobenzoic acid 7b. From copper(I)
bromide as a light brown powder (14.4 g, 61%), mp
154–156 8C (lit. mp 155 8C26), dH 3.84 (1H, br s, OH),
7.46 (1H, dd, JZ8.3, 2.1 Hz, 5-H), 7.65 (1H, d, JZ2.0 Hz,
3-H), 7.76 (1H, d, JZ8.4 Hz, 6-H).

3.3. Preparation of 2-substituted-4-halogeno-
benzophenones

The 2-substituted-4-halogenobenzoic acid 7 (26 mmol),
thionyl chloride (4.40 mL, 60 mmol) and one drop of
N,N-dimethylformamide were heated under reflux for 2 h.
The excess thionyl chloride was removed from the cooled
reaction mixture and the remaining acid chloride was
dissolved in benzene (116 mL, 1.3 mol). Aluminium
chloride (3.87 g, 29 mmol) was added portion-wise over
ca. 10 min to this solution and the resulting suspension was
refluxed for ca. 1 h. The reaction mixture was poured onto
ice (300 g) and concd HCl (50 mL). The organic layer was
separated and the aqueous layer extracted with ethyl acetate
(3!100 mL). The combined organic phases were washed
with 5% aqueous NaOH solution (50 mL), water
(3!50 mL) and dried (anhyd Na2SO4). Removal of the
solvent gave the crude benzophenones that were recrys-
tallised from hexane and ethyl acetate. The following
benzophenones were obtained by this protocol:

3.3.1. 4-Chloro-2-iodobenzophenone 8a. From 4-chloro-
2-iodobenzoic acid as pale brown microcrystals (5.9 g,
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66%), mp 60–62 8C, nmax 1676, 1594, 1572 cmK1, dH 7.23
(1H, d, JZ8.3 Hz, 6-H), 7.42 (1H, dd, JZ8.2, 2.0 Hz, 5-H),
7.48 (2H, m, 3 0,5 0-H), 7.62 (1H, m, 4 0-H), 7.78 (2H, m,
2 0,6 0-H), 7.94 (1H, d, JZ1.9 Hz, 3-H). (Found: C, 45.6; H,
2.2; C13H8ClIO requires C, 45.6; H, 2.4%).

3.3.2. 2-Bromo-4-chlorobenzophenone 8b. From
2-bromo-4-chlorobenzoic acid as a colourless viscous oil
(5.4 g, 70%), bp 155 8C at 0.4 mmHg (lit. bp 220 8C at
14 mmHg26), dH 7.33 (1H, m, Ar-H), 7.46 (4H, m, Ar-H),
7.59 (1H, m, Ar-H), 7.78 (2H, m, Ar-H).

3.3.3. 2-Chloro-4-fluorobenzophenone 8c. From 2-chloro-
4-fluorobenzoic acid as colourless microcrystals (6.0 g,
99%), mp 40–42 8C (lit. mp 45–47 8C27), dH 7.09 (1H, m,
5-H), 7.21 (1H, dd, JZ8.5, 2.4 Hz, 3-H), 7.40 (1H, dd,
JZ8.5, 5.9 Hz, 6-H), 7.47 (2H, m, 3 0,5 0-H), 7.60 (1H, m,
4 0-H), 7.79 (2H, m, 2 0,6 0-H).

3.3.4. 4-Chloro-2-hydroxybenzophenone 8e. From
4-chloro-2-methoxybenzoic acid as cream microcrystals
(4.9 g, 81%), mp 70–71 8C (lit. mp 74.5 8C28), dH 6.86 (1H,
dd, JZ8.6, 2.0 Hz, 5-H), 7.10 (1H, d, JZ2.0 Hz, 3-H), 7.53
(3H, m, 6-H, 3 0,5 0-H), 7.61 (1H, m, 4 0-H), 7.66 (2H, m,
2 0,6 0-H), 12.20 (1H, s, OH).

3.4. Preparation of 4-chloro-2-methoxybenzophenone

Methyl iodide (4.66 mL, 74.8 mmol) was added to a stirred
solution of 4-chloro-2-hydroxybenzophenone 8e (8.70 g,
37.4 mmol) and finely ground potassium hydroxide (2.30 g,
41.1 mmol) in anhyd dimethylsulfoxide (40 mL). The
mixture was maintained at 40 8C and after 4 h further
methyl iodine (4.66 mL, 74.8 mmol) was added to the
mixture. After heating for 14 h at 40 8C a further quantity of
methyl iodide (4.66 mL, 74.8 mmol) was added and the
mixture stirred at 40 8C for a further 3 h. The solution was
poured into water (300 mL), the organic layer was separated
and the aqueous layer extracted with ethyl acetate (3!
100 mL). The organic phases were combined, washed with
brine (5!50 mL), water (100 mL), dried (anhyd Na2SO4)
and evaporated. The title compound 8f was obtained after
column chromatography using 10% ethyl acetate in hexane
as colourless microcrystals (2.3 g, 25%), mp 91–93 8C, nmax

1651, 1588, 1567 cmK1, dH 3.72 (3H, s, OCH3), 6.98 (1H, d,
JZ1.7 Hz, 3-H), 7.04 (1H, dd, JZ8.1, 1.8 Hz, 5-H), 7.31
(1H, d, JZ8.1 Hz, 6-H), 7.43 (2H, m, 3 0,5 0-H), 7.56 (1H, m,
4 0-H), 7.78 (2H, m, 2 0,6 0-H), dC 56.3, 112.6, 121.1, 127.6,
128.7, 130.2, 131.1, 133.6, 137.9, 138.0, 158.5, 195.7.
(Found: C, 67.9; H, 4.5; C14H11ClO2 requires C, 68.2; H,
4.5%).

3.5. Preparation of 4-chloro-2-methylbenzophenone

A solution of 2-bromo-5-chlorotoluene (13.3 mL,
100 mmol) in anhyd diethyl ether (40 mL) was added drop
wise to magnesium turnings (2.55 g, 105 mmol) in anhyd
diethyl ether (40 mL). After ca. 1⁄3 of the solution of
4-bromo-2-chloroanisole had been added one crystal of
iodine was added and the mixture stirred. Upon initiation
of the reaction mixture the remaining solution of 2-bromo-
5-chlorotoluene was added at such a rate so as to maintain a
steady reflux. On completion of the addition the suspension
was refluxed for a further 1 h and then cooled to room
temperature. A solution of N-methoxy-N-methylbenzamide
(10.2 mL, 67 mmol) in anhyd diethyl ether (20 mL) was
added drop wise via syringe to this solution of the Grignard
reagent so as to maintain a constant reflux. On completion of
the addition the mixture was refluxed for a further 2 h and
then left to stand overnight at room temperature. The
mixture was poured onto ice (w200 g) and aqueous HCl
(100 mL, 2 M) and the organic layers separated. The
aqueous layer was extracted with ethyl acetate (3!
100 mL) and the combined organic phases were washed
with water (3!50 mL), dried (anhyd Na2SO4) and
evaporated to afford the crude product. Elution from silica
using 40% ethyl acetate in hexane as the eluent gave
4-chloro-2-methylbenzophenone 8g as a yellow oil (11.7 g,
76%) bp 135 8C at 0.4 mmHg (lit. bp 150–155 8C at
0.5 mmHg29), dH 2.32 (3H, s, CH3), 7.25 (3H, m, Ar-H),
7.46 (2H, m, 3 0, 5 0-H), 7.59 (1H, m, 4 0-H), 7.77 (2H, m, 2 0,
6 0-H).

3.6. Attempted preparation of 2-fluoro-4-pyrrolidino-
benzophenone

2,4-Difluorobenzophenone 8d (5.02 g, 23 mmol) was
dissolved in pyrrolidine (11.7 mL, 140 mmol) and stirred
at room temperature for 10 min and then heated under reflux
until TLC examination of the reaction mixture indicated that
no further changes were apparent (w5 h). The cooled
mixture was poured into water (300 mL) and the organic
layer was separated. The aqueous layer was extracted with
ethyl acetate (3!100 mL) and the combined organic phases
were washed with water (6!50 mL), dried (anhyd Na2SO4)
and evaporated to afford the crude product. Purification was
effected by elution from silica with 30% EtOAc in hexane to
afford two fractions

Fraction 1. 4-Fluoro-2-pyrrolidinobenzophenone 10a as
yellow microcrystals (1.05 g, 17%), mp 74–75 8C, nmax

1646, 1614, 1577 cmK1, dH 1.91 (4H, m, (CH2)2), 3.12 (4H,
m, N(CH2)2), 6.37 (1H, m, 5-H), 6.50 (1H, dd, JZ12.8,
2.4 Hz, 3-H), 7.24 (1H, m, 6-H), 7.47 (2H, m, 5 0,3 0-H), 7.57
(1H, m, 4 0-H), 7.91 (2H, m, 2 0,6 0-H). (Found: C, 76.0; H,
6.1; N, 5.2; C17H16NOF requires C, 75.8; H, 6.0; N, 5.2%).

Fraction 2. 2,4-Dipyrrolidinobenzophenone 9 as yellow
microcrystals (5.3 g, 72%), mp 142–145 8C, nmax 1624,
1602, 1575 cmK1, dH 1.89 (4H, m, (CH2)2), 2.01 (4H, m,
(CH2)2), 3.21 (4H, m, N(CH2)2), 3.35 (4H, m, N(CH2)2),
5.85 (1H, d, JZ2.0 Hz, 3-H), 5.93 (1H, dd, JZ8.7, 2.1 Hz,
5-H), 7.24 (1H, d, JZ8.6 Hz, 6-H), 7.42 (2H, m, 5 0,3 0-H),
7.49 (1H, m, 4 0-H), 7.87 (1H, m, 2 0,6 0-H). (Found: C, 78.9;
H, 7.7; N, 8.7; C21H24N2O requires C, 78.7; H, 7.6; N,
8.7%).

3.7. Preparation of 2-substituted 4-pyrrolidinobenzo-
phenones (Method 1)

The halogenobenzophenone 8 (23 mmol) was dissolved in
pyrrolidine (1.92 mL, 23 mmol) containing potassium
carbonate (0.32 g, 23 mmol) and stirred at room tempera-
ture for 10 min and then heated under reflux until TLC
examination of the reaction mixture indicated that formation
of 2,4-dipyrrolidinobenzophenone commenced (w1 h).
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The cooled mixture was poured into water (100 mL) and the
organic layer was separated. The aqueous layer was
extracted with ethyl acetate (3!100 mL) and the combined
organic phases were washed with water (6!50 mL), dried
(anhyd Na2SO4) and evaporated to afford the crude product.
Purification was effected by elution from silica with 30%
EtOAc in hexane. The following benzophenones were
prepared in this manner:

3.7.1. 2-Iodo-4-pyrrolidinobenzophenone 11a. From
4-chloro-2-iodobenzophenone 8a, elution from silica
gave three fractions. Fraction 1. 2-Iodo-4-pyrrolidino-
benzophenone 11a as yellow microcrystals (2.60 g, 30%),
mp 117–120 8C, nmax 1642, 1593 cmK1, dH 1.90 (4H, m,
(CH2)2), 3.12 (4H, m, N(CH2)2), 6.64 (1H, dd, JZ8.3,
1.9 Hz, 5-H), 6.81 (1H, d, JZ1.9 Hz, 3-H), 7.17 (1H, d,
JZ8.3 Hz, 6-H), 7.47 (2H, m, 3 0,5 0-H), 7.56 (1H, m, 4 0-H),
7.91 (2H, m, 2 0,6 0-H), dC 26.3, 51.7, 114.1, 115.1, 122.8,
128.8, 130.8, 133.0, 133.2, 137.9, 138.5, 149.1, 196.2.
(Found: C, 54.0; H, 4.3; N, 3.8; C17H16NOI requires C, 54.1;
H, 4.2; N, 3.7%).

Fraction 2. 4-Chloro-2-pyrrolidinobenzophenone 10b
(0.26 g, 4%), dH 2.05 (4H, m, (CH2)2), 3.36 (4H, m,
N(CH2)2), 6.42 (1H, dd, JZ8.7 Hz, 2.3, 5-H), 6.57 (1H, d,
JZ2.4 Hz, 3-H), 7.36 (1H, d, JZ8.6 Hz, 6-H), 7.43 (2H, m,
3 0,5 0-H), 7.54 (1H, m, 4 0-H), 7.78 (2H, m, 2 0,6 0-H).

Fraction 3. 2,4-Dipyrrolidinobenzophenone 9 (0.29 g, 4%).

3.7.2. 2-Bromo-4-pyrrolidinobenzophenone 11b. From
2-bromo-4-chlorobenzophenone 8b, elution from silica
gave two fractions. Fraction 1. 2-Bromo-4-pyrrolidino-
benzophenone 11b as yellow microcrystals (2.95 g, 39%),
mp 117–120 8C, nmax 1642, 1593 cmK1, dH 1.90 (4H, m,
(CH2)2), 3.12 (4H, m, N(CH2)2), 6.64 (1H, dd, JZ8.3,
1.9 Hz, 5-H), 6.81 (1H, d, JZ1.9 Hz, 3-H), 7.17 (1H, d, JZ
8.3 Hz, 6-H), 7.46 (2H, m, 5 0,3 0-H), 7.56 (1H, m, 4 0-H), 7.91
(2H, m, 2 0,6 0-H), dC 25.8, 51.3, 113.6, 114.7, 122.3, 127.3,
128.3, 130.4, 132.6, 132.8, 137.5, 138.1, 148.7, 195.8.
(Found: C, 61.7; H, 5.3; N, 4.6; C17H16NOBr requires C,
61.8; H, 4.9; N, 4.2%).

Fraction 2. 4-Chloro-2-pyrrolidinobenzophenone 10b
(0.33 g, 5%).

3.7.3. 2-Chloro-4-pyrrolidinobenzophenone 11c. From
2-chloro-4-fluorobenzophenone 8c, elution from silica
gave three fractions. Fraction 1. 2-Chloro-4-pyrrolidino-
benzophenone 11c as yellow microcrystals (3.35 g, 51%),
mp 95–98 8C, nmax 1650, 1591 cmK1, dH 2.04 (4H, m,
(CH2)2), 3.33 (4H, m, N(CH2)2), 6.41 (1H, dd, JZ8.6,
2.4 Hz, 5-H), 6.56 (1H, d, JZ2.4 Hz, 3-H), 7.35 (1H, d, JZ
8.6 Hz, 6-H), 7.43 (2H, m, 5 0,3 0-H), 7.52 (1H, m, 4 0-H), 7.77
(2H, m, 2 0,6 0-H), dC 25.8, 48.0, 109.4, 113.2, 124.2, 128.6,
130.4, 132.7, 133.5, 135.0, 139.2, 150.4, 195.2. (Found: C,
71.3; H, 5.7; N, 4.9; C17H16NOCl requires C, 71.5; H, 5.6;
N, 4.9%).

Fraction 2. 4-Fluoro-2-pyrrolidinobenzophenone 10a
(60 mg, 1%).

Fraction 3. 2,4-Dipyrrolidinobenzophenone 9 (0.37 g, 5%).
3.7.4. 2-Fluoro-4-pyrrolidinobenzophenone 11d. From
2,4-difluorobenzophenone 8d, elution from silica gave
two fractions. Fraction 1. 2-Fluoro-4-pyrrolidinobenzo-
phenone 11d as yellow microcrystals (2.3 g, 37%), mp
86–90 8C, nmax 1645, 1609, 1579 cmK1, dH 2.06 (4H, m,
(CH2)2), 3.36 (4H, m, N(CH2)2), 6.18 (1H, dd, JZ14.0,
2.3 Hz, 3-H), 6.35 (1H, dd, JZ8.8, 2.3 Hz, 5-H), 7.44 (2H,
m, 5 0,3 0-H), 7.53 (1H, m, 4 0-H), 7.58 (1H, d, JZ8.6 Hz,
6-H), 7.60 (2H, m, 2 0,6 0-H), dC 25.4, 47.7, 97.9 (d,
JZ26.9 Hz), 107.3 (d, JZ1.3 Hz), 113.2 (d, JZ12.5 Hz),
128.0, 129.2 (d, JZ1.6 Hz), 131.8, 133.5 (d, JZ4.5 Hz),
139.9, 152.1 (d, JZ12.3 Hz), 161.9, 164.4, 192.7. (Found:
C, 75.3; H, 6.2; N, 5.4; C17H16NOF requires C, 75.8; H, 6.0;
N, 5.2%).

Fraction 2. 4-Fluoro-2-pyrrolidinobenzophenone 10a as
yellow microcrystals (1.7 g, 28%).

3.8. Preparation of 2-substituted 4-pyrrolidinobenzo-
phenones (Method 2)

The halogenobenzophenone 8 (23 mmol) was dissolved in a
mixture of pyrrolidine (5.85 mL, 70 mmol) and anhyd
DMSO (30 mL) and stirred at room temperature for 10 min
and then heated under reflux until TLC examination of the
reaction mixture indicated that no further changes were
apparent (w4 days). The cooled mixture was poured into
water (300 mL) and the organic layer was separated. The
aqueous layer was extracted with ethyl acetate (3!100 mL)
and the combined organic phases were washed with water
(6!50 mL), dried (anhyd Na2SO4) and evaporated to afford
the crude product. Purification was effected by elution from
silica with 30% EtOAc in hexane. The following
benzophenones were prepared in this manner:

3.8.1. 2-Methoxy-4-pyrrolidinobenzophenone 11f. From
4-chloro-2-methoxybenzophenone 8f, elution from silica
gave two fractions. Fraction 1. 2-Methoxy-4-pyrrolidino-
benzophenone 11f as yellow microcrystals (1.16 g, 18%),
mp 83–85 8C, nmax 1630, 1592 cmK1, dH 2.02 (4H, m,
(CH2)2), 3.35 (4H, m, N(CH2)2), 3.69 (3H, s, OCH3), 6.01
(1H, d, JZ2.0 Hz, 3-H), 6.14 (1H, dd, JZ8.6, 2.1 Hz, 5-H),
7.39 (2H, m, 6-H, Ar-H), 7.46 (2H, m, Ar-H), 7.70 (2H, m,
2 0,6 0-H), dC 25.9, 48.1, 55.7, 94.7, 104.0, 115.9, 128.1,
129.8, 131.6, 134.4, 141.0, 152.2, 161.3, 195.5. (Found: C,
76.7; H, 6.9; N, 4.9; C18H19NO2 requires C, 76.8; H, 6.8; N,
5.0%).

Fraction 2. 2-Hydroxy-4-pyrrolidinobenzophenone 11e as
green microcrystals (1.17 g, 19%), mp 55–58 8C, nmax 3435,
1628, 1549, 1522 cmK1, dH 2.02 (4H, m, (CH2)2), 3.38 (4H,
m, N(CH2)2), 6.05 (2H, m, 3,5-H), 7.38 (1H, d, JZ8.6 Hz,
6-H), 7.48 (3H, m, Ar-H), 7.61 (2H, m, 2 0,6 0-H), 13.04 (1H,
s, OH), dC 25.3, 47.6, 97.8, 104.3, 109.2, 128.1, 128.7,
130.7, 135.4, 139.0, 153.4, 166.0, 198.1. (Found: C, 76.0; H,
6.1; N, 4.9; C17H17NO2 requires C, 76.4; H, 6.4; N, 5.2%).

3.8.2. 2-Methyl-4-pyrrolidinobenzophenone 11g. From
4-chloro-2-methylbenzophenone 8g. As yellow micro-
crystals (2.5 g, 41%), mp 65–67 8C, nmax 1631, 1608,
1577 cmK1, dH 2.02 (4H, m, (CH2)2), 2.53 (3H, s, CH3),
3.35 (4H, m, N(CH2)2), 6.31 (1H, dd, JZ8.6, 2.3 Hz, 5-H),
6.42 (1H, d, JZ2.2 Hz, 3-H), 7.33 (1H, d, JZ8.6 Hz, 6-H),
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7.42 (2H, m, 5 0,3 0-H), 7.49 (1H, m, 4 0-H), 7.71 (2H, m,
2 0,6 0-H), dC 22.4, 25.9, 47.9, 107.8, 114.6, 124.7, 128.4,
130.2, 131.5, 131.8, 134.8, 140.9, 142.5, 150.1, 197.5.
(Found: C, 81.4; H, 7.3; N, 5.2; C18H19NO requires C, 81.5;
H, 7.2; N, 5.3%).
3.9. Preparation of prop-2-yn-1-ols

n-Butyllithium (1.6 M in hexanes) (9.4 mL, 15 mmol) was
added slowly via syringe to a cold (K10 8C), stirred solution
of trimethylsilylacetylene (2.12 mL, 15 mmol) in anhyd
tetrahydrofuran (60 mL) under nitrogen atmosphere. On
completion of the addition (ca. 5 min) the cold solution was
allowed to stir for 1 h. The pyrrolidinobenzophenone 11
(12 mmol) was added in a single portion and the mixture
stirred until TLC examination of the reaction mixture
indicated that none of the benzophenone remained (ca. 3 h).
The reaction mixture was re-cooled to 0 8C and a solution of
methanolic potassium hydroxide from potassium hydroxide
(1.74 g, 31 mmol) in methanol (20 mL) was added in a
single portion. The cooling bath was then removed and the
mixture warmed to room temperature, after ca. 15 min TLC
examination indicated that deprotection was complete. The
mixture was acidified to pH w7 using glacial acetic acid
and then poured into water (500 mL). The organic layer was
separated and the aqueous layer extracted with ethyl acetate
(3!100 mL). The organic phases were combined, washed
with water (3!50 mL) and dried (anhyd Na2SO4). Removal
of the solvent gave the prop-2-yn-1-ol, which was
recrystallised from hexane and ethyl acetate. The following
alkynols were obtained in this way:
3.9.1. 1-(2-Chloro-4-pyrrolidinophenyl)-1-phenylprop-
2-yn-1-ol 12a. From 2-chloro-4-pyrrolidinobenzophenone
11c as a brown powder (3.2 g, 86%), mp 70–73 8C, nmax

3285, 1607 cmK1, dH 1.84 (4H, m, (CH2)2), 2.72 (1H, s,
alkynic-H), 3.11 (4H, m, N(CH2)2), 3.42 (1H, br s, OH),
6.30 (1H, dd, JZ8.8, 2.5 Hz, 5-H), 6.38 (1H, d, JZ2.5 Hz,
3-H), 7.17 (3H, m, Ar-H), 7.40 (2H, m, 2 0,6 0-H), 7.54 (1H, d,
JZ8.7 Hz, 6-H). (Found: C, 73.0; H, 5.7; N, 4.5;
C19H18NOCl requires C, 73.2; H, 5.8; N, 4.5%).
3.9.2. 1-(2-Fluoro-4-pyrrolidinophenyl)-1-phenylprop-
2-yn-1-ol 12b. From 2-fluoro-4-pyrrolidinobenzophenone
11d as a pale brown powder (2.4 g, 67%), mp 76–80 8C,
nmax 3278, 1624 cmK1, dH 1.99 (4H, m, (CH2)2), 2.84 (1H,
s, alkynic-H), 2.90 (1H, br s, OH), 3.24 (4H, m, N(CH2)2),
6.19 (1H, dd, JZ14.7, 2.4 Hz, 3-H), 6.27 (1H, dd, JZ8.7,
2.4 Hz, 5-H), 7.31 (4H, m, Ar-H), 7.59 (2H, m, 2 0,6 0-H).
(Found: C, 76.9; H, 6.0; N, 4.7; C19H18NOF requires C,
77.2; H, 6.1; N, 4.7%).
3.9.3. 1-(2-Methoxy-4-pyrrolidinophenyl)-1-phenylprop-
2-yn-1-ol 12c. From 2-methoxy-4-pyrrolidinobenzo-
phenone 11f as a pale brown powder (3.6 g, 98%), mp
75–78 8C, nmax 3286, 1613 cmK1, dH 1.99 (4H, m, (CH2)2),
2.78 (1H, s, alkynic-H), 3.28 (4H, m, N(CH2)2), 3.76 (3H, s,
OCH3), 4.91 (1H, br s, OH), 6.08 (1H, m, 3,5-H), 7.09 (1H,
d, JZ8.4 Hz, 6-H), 7.29 (3H, m, Ar-H), 7.56 (2H, m, 2 0,6 0-
H). (Found: C, 78.2; H, 6.5; N, 4.3; C20H21NO2 requires C,
78.2; H, 6.9; N, 4.6%).
3.9.4. 1-(2-Methyl-4-pyrrolidinophenyl)-1-phenylprop-
2-yn-1-ol 12d. From 3-methyl-4-pyrrolidinobenzophenone
11g as a pale brown gum (3.3 g, 96%), nmax 3247,
1604 cmK1, dH 1.82 (4H, m, (CH2)2), 1.91 (3H, s, CH3),
2.64 (1H, br s, OH), 2.70 (1H, s, alkynic-H), 3.13 (4H, m,
N(CH2)2), 6.19 (1H, d, JZ2.4 Hz, 3-H), 6.27 (1H, dd, JZ
8.6, 2.4 Hz, 5-H), 7.13 (3H, m, Ar-H), 7.37 (2H, m, 2 0,6 0-H),
7.59 (1H, d, JZ8.6 Hz, 6-H). Satisfactory elemental
analysis could not be obtained for this compound.

3.10. Preparation of 3,3-diaryl-3H-naphtho[2,1-b]pyrans

A stirred solution of 2-naphthol (0.48 g, 3.3 mmol) and the
prop-2-yn-1-ol 12 (3.3 mmol) in toluene (40 mL) was
warmed to 50 8C. Acidic alumina (2.5 g) was added and
the mixture was refluxed until TLC examination indicated
that none of the prop-2-yn-1-ol remained (ca. 1.5 h). The
mixture was cooled to w50 8C, filtered and the alumina was
washed with hot toluene (2!20 mL). Removal of the
toluene from the combined washings and filtrate gave a gum
that was eluted from silica (40% ethyl acetate in hexane) to
afford the naphthopyran. The following naphthopyrans were
obtained using this protocol:

3.10.1. 3-(2-Chloro-4-pyrrolidinophenyl)-3-phenyl-3H-
naphtho[2,1-b]pyran 13a. From 1-(2-chloro-4-pyrroli-
dinophenyl)-1-phenylprop-2-yn-1-ol as pale pink micro-
crystals (0.79 g, 55%), mp 170–173 8C, nmax 1607 cmK1, dH

1.91 (4H, m, (CH2)2), 3.17 (4H, m, N(CH2)2), 6.31 (1H, dd,
JZ8.8, 2.6 Hz, Ar-H), 6.37 (1H, d, JZ10.0 Hz, 2-H), 6.51
(1H, d, JZ2.5 Hz, Ar-H), 7.19 (1H, d, JZ8.8 Hz, 5-H), 7.27
(5H, m, Ar-H, 1-H), 7.44 (3H, m, Ar-H), 7.51 (1H, d, JZ
8.8 Hz, Ar-H), 7.62 (1H, d, JZ8.8 Hz, 6-H), 7.68 (1H, d,
JZ8.4 Hz, 7-H), 7.94 (1H, d, JZ8.5 Hz, 10-H). (Found:
[MCH]C437.1536; C, 79.1; H, 5.6; N, 3.2; C29H24NOCl
requires [MCH]C437.1540; C, 79.5; H, 5.5; N, 3.2%).

3.10.2. 3-(2-Fluoro-4-pyrrolidinophenyl)-3-phenyl-3H-
naphtho[2,1-b]pyran 13b. From 1-(2-fluoro-4-pyrrolidino-
phenyl)-1-phenylprop-2-yn-1-ol as light brown micro-
crystals (0.92 g, 66%), mp 179–182 8C, nmax 1624 cmK1,
dH 1.96 (4H, m, (CH2)2), 3.21 (4H, m, N(CH2)2), 6.21 (2H,
dd, JZ25.1, 2.4 Hz, Ar-H and m, Ar-H), 6.30 (1H, dd, JZ
10.0, 3.6 Hz, 2-H), 7.19 (1H, d, JZ8.8 Hz, 5-H), 7.26 (2H,
m, Ar-H), 7.32 (3H, m, Ar-H, 1-H), 7.39 (1H, m, Ar-H),
7.44 (1H, m, Ar-H), 7.50 (2H, m, Ar-H), 7.64 (1H, d, JZ
8.8 Hz, 6-H), 7.71 (1H, d, JZ8.5 Hz, 7-H), 7.96 (1H, d, JZ
8.8 Hz, 10-H). (Found: [MCH]C422.1921; C, 82.5; H, 5.8;
N, 3.3; C29H24NOF requires [MCH]C422.1920; C, 82.6;
H, 5.7; N, 3.3%).

3.10.3. 3-(2-Methoxy-4-pyrrolidinophenyl)-3-phenyl-
3H-naphtho[2,1-b]pyran 13c. From 1-(2-methoxy-4-
pyrrolidinophenyl)-1-phenylprop-2-yn-1-ol as pale pink
microcrystals (0.97 g, 68%), mp 153–155 8C, nmax

1614 cmK1, dH 1.95 (4H, m, (CH2)2), 3.25 (4H, m,
N(CH2)2), 3.56 (3H, s, OCH3), 6.07 (1H, d, JZ2.1 Hz,
Ar-H), 6.11 (1H, dd, JZ8.5, 2.3 Hz, Ar-H), 6.45 (1H, d, JZ
10.2 Hz, 2-H), 7.21 (3H, m, Ar-H, 5-H), 7.25 (3H, m, Ar-H,
1-H), 7.42 (1H, m, Ar-H), 7.47 (3H, m, Ar-H), 7.61 (1H, d,
JZ8.8 Hz, 6-H), 7.68 (1H, d, JZ8.6 Hz, 7-H), 7.93 (1H, d,
JZ8.5 Hz, 10-H). (Found: [MCH]C434.2110; C, 82.9;
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H, 6.4; N, 3.1; C30H27NO2 requires [MCH]C434.2110; C,
83.1; H, 6.3; N, 3.2%).

3.10.4. 3-(2-Methyl-4-pyrrolidinophenyl)-3-phenyl-3H-
naphtho[2,1-b]pyran 13d. From 1-(2-methyl-4-pyrroli-
dinophenyl)-1-phenylprop-2-yn-1-ol as pale pink micro-
crystals (0.62 g, 45%), mp 170–172 8C, nmax 1608 cmK1, dH

1.92 (4H, m, (CH2)2), 2.23 (3H, s, CH3), 3.22 (4H, m,
N(CH2)2), 6.08 (1H, d, JZ9.9 Hz, 2-H), 6.25 (1H, dd, JZ
8.6, 2.6 Hz, Ar-H), 6.35 (1H, d, JZ2.4 Hz, Ar-H), 7.15 (1H,
d, JZ8.8 Hz, 5-H), 7.24 (2H, m, Ar-H), 7.30 (4H, m, Ar-H,
1-H), 7.46 (3H, m, Ar-H), 7.61 (1H, d, JZ8.8 Hz, 6-H),
7.68 (1H, d, JZ8.8 Hz, 7-H), 7.94 (1H, d, JZ8.4 Hz, 10-H).
(Found: [MCH]C418.2169; C, 86.1; H, 6.5; N, 3.3;
C30H27NO requires [MCH]C418.2165; C, 86.3; H, 6.5;
N, 3.4%).
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