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Two new anthraquinone photoreactions
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Abstract

Two new photochemical reactions of 1-allyloxy-9,10-anthraquinones have been discovered. Both reactions involve initial photoinduced
hydrogen abstraction and subsequent intramolecular electron transfers. The reactions were discovered as part of a project investigating
the utility of intramolecular abstraction/SET processes for the release of biologically active aldehydes. The expected photochemistry for
these compounds has been used to preparetrans-4-hydroxy-2-nonenal in 91% yield. However, under certain conditions, a number of
unexpected reaction pathways became important. The first reaction included a remarkable CC bond formation; mechanistic possibil-
ities are suggested. The second reaction involved a 6-endo cyclization of a photochemically generated phenolic radical on a tethered
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lkene, followed by an unprecedented electron transfer from a secondary carbon-centered radical to a semiquinone radical.
ng carbocation was then trapped by solvent. In one molecule, both reactions were observed, along with a third photoinduc
earrangment.
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. Introduction

Hydrogen abstraction and electron transfer processes are
ommon themes in organic photochemistry and are of gen-
ral interest to both physical organic and synthetic chemists

1]. These reaction pathways are useful both in synthe-
is and as mechanistic probes[2]. Often, transformations
hat can not occur in the ground state proceed efficiently
ia excited states. Quinones are efficient hydrogen atom
bstractors and electron acceptors[3]. In some cases, both
echanisms operate in sequence to provide interesting chem-

stry not otherwise accessible. This facet of quinone photo-
hemistry has been exploited in the synthesis of a variety
f angucyclinones[4] and in the photorelease of bioactive
ldehydes[5].

An example of a reaction in which both hydrogen abstrac-
ion and electron transfer play a key role is the intramolecu-
ar photodealkylation of 1-alkoxy-9,10-anthraquinones (e.g.
) that has been well documented by Blankespoor and co-

∗ Corresponding author. Tel.: +1 336 758 3708; fax: +1 336 758 4656.

workers (Scheme 1) [6–9]. Irradiation of 1 leads initially
to intramolecular hydrogen abstraction to produce2. This
is followed by a fast electron transfer that gives zw
rion 3. The zwitterion can be trapped by a nucleoph
usually solvent, to produce acetal4, which is relatively
stable to hydrolysis[6]. However, upon oxidation of hy
droquinone4 to anthraquinone,5, hydrolysis occurs rea
ily [6]. The result is a 1-hydroxyanthraquinone,6, and an
aldehyde,7.

In addition to mechanistic and kinetic studies,
chemistry has been used as an efficient means of prep
aldehydes in both solution and solid-phase[8,9]. Our
interest in this chemistry arises from a desire to photore
bioactive aldehydes[10,11]. Many bioactive aldehydes a
�,�-unsaturated aldehydes; photorelease of such alde
from 1-allyloxy-9,10-anthraquinones had not been desc
until an earlier communication from our laboratory[5].
Prior to embarking on a full study of these compounds
examined the photochemistry of8 under both aerobic an
anaerobic conditions. Along with the expected oxida
dealkylation, we discovered two new photoreactions.
details of this chemistry are reported below.
E-mail address: jonespb@wfu.edu (P.B. Jones).
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Scheme 1. Mechanism of photodealkylation of 1-alkoxy-9,10-anthraquinones.

2. Experimental

2.1. General methods

Melting points are uncorrected.1H NMR (300, 500 MHz)
and 13C NMR (75, 125 MHz) spectra were recorded on a
Bruker Avance 300 MHz and 500 MHz spectrometers. Un-
less otherwise indicated, all reagents and solvents were
obtained commercially and used without further purifica-
tion: 1-hydroxy-9,10-anthraquinone was purchased from
TCI America; all other compounds were purchased from
Sigma–Aldrich, made using literature methods or prepared
as described below. Tetrahydrofuran was dried via alumina
column. CH2Cl2 was distilled over calcium hydride. Ana-
lytical thin-layer chromatography was performed on silica
gel (250�m thickness doped with fluorescein) unless other-
wise indicated. Preparative thin-layer chromatography was
conducted using 1000�m silica plates doped with fluores-
cein. The chromatograms were visualized with UV light
(254 nm or 366 nm) unless otherwise indicated. Column
chromatography was performed using silica gel (60Å) or
alumina (neutral, 58̊A). Gas chromatography was carried
out on an Agilent 6890GC with a Supelco�-Dex fused
silica column (30 m× 0.25 mm× 0.25�m). CCDC 262656
and 262657 contain the supplementary crystallographic data
for this paper. These data can be obtained free of charge
v
d -
b am-
b

2

2
1

mg,
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i L,
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(0.345 mL, 1.75 mmol). Upon adding DIAD, the solution
turned a rust-orange color. The flask was kept under ar-
gon and stirred at room temperature for 4 h. The crude
reaction mixture was concentrated and purified immedi-
ately using flash column chromatography (silica gel) with
an ethyl acetate/hexanes mobile phase (20% ethyl acetate).
Anthraquinone8 was isolated in 95% yield as a yellow
powder (277 mg, 0.95 mmol). mp 120.0–121.5◦C. 1H NMR
(300 MHz, CDCl3) δ 1.79 (s, 3H), 1.82 (s, 3H), 4.77–4.79 (d,
J = 6.4 Hz, 2H), 5.58–5.64 (m, 1H), 7.32–7.35 (dd,J = 0.9,
8.5 Hz, 1H), 7.67–7.80 (m, 3H), 7.95–7.97 (dd,J = 1.1,
7.7 Hz, 1H), 8.22–8.30 (m, 2H).13C NMR (75 MHz, CDCl3)
δ 183.5, 182.2, 159.7, 138.3, 135.8, 135.1, 134.7, 134.1,
133.1, 132.6, 127.2, 126.5, 121.9, 119.7, 119.2, 66.7, 25.8,
18.4. Anal. calcd for C19H16O3: C, 78.06; H, 5.52. Found: C,
78.04; H, 5.48. HRMS calcd for C19H16O3Na+: 315.09916.
Found: 315.10047.

2.2.2. 1-(4-Hydroxy-2-nonenyloxy)-2-propyl-9,10-
anthraquinone 20

To a solution of 4-bromocrotonaldehyde[12] (53.7 mmol)
in THF (80 mM, 671 mL) cooled to 0◦C was added dropwise
a solution of pentyl magnesium bromide (1.15eq, 61.8 mmol)
via an addition funnel. The reaction mixture turned a deep
yellow color after 15 min. The reaction was quenched with
water (200 mL), extracted with ethyl acetate (4× 300 mL),
d oil
(
C .54
( ,
1 .
1 .1,
3 ;
H

ne
( ed
T eq,
2 re-
a and
ia http://www.ccdc.cam.ac.uk/datarequest/cif, by emailing
atarequest@ccdc.cam.ac.uk, or by contacting The Cam
ridge Crystallographic Data Centre, 12, Union Road, C
ridge CB2 1EZ, UK; fax: +44 1223 336033.

.2. Synthesis

.2.1. 1-(3′-Methyl-2′-butenyloxy)-9,
0-anthraquinone 8

To a solution of 1-hydroxy-9,10-anthraquinone (224
.00 mmol) and triphenylphosphine (328 mg, 1.25 mm

n THF was added 3-methyl-2-buten-1-ol (0.150 m
.50 mmol) and di-isopropyl-azodicarboxylate (DIA
ried with MgSO4, and conc. in vacuo to give a pale brown
1-bromo-2-nonen-4-ol, 9.80 g, 83%).1H NMR (300 MHz,
DCl3) δ 0.87–0.91 (m, 3H), 1.22–1.44 (m, 6H), 1.49–1

m, 2H), 1.57 (bs, 1H) 3.96 (d,J = 7.2 Hz, 2H), 4.11–4.18 (m
H), 5.79 (dd,J = 15.3, 6.0 Hz, 1H), 5.91 (dt,J = 15.3 Hz, 1H)
3C NMR (75 MHz, CDCl3) δ 138.1, 126.4, 71.6, 36.9, 32
1.6, 24.9, 22.5, 13.9. Anal. calcd for C9H16OBr: C, 48.88
, 7.75; Br, 36.13. Found: C, 49.13; H, 7.86; Br, 35.86.
To a solution of 1-hydroxy-2-propyl-9,10-anthraquino

5.26 mmol) in 2:1 THF:DMF (53 mL, 0.1 M) was add
BAF (1eq, 5.26 mmol). 1-Bromo-2-nonen-4-ol (0.5
.62 mmol) was added to the dark purple solution. The
ction mixture was stirred at room temperature for 5 h

http://www.ccdc.cam.ac.uk/data_request/cif
mailto:data_request@ccdc.cam.ac.uk
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was complete by TLC (9:1 hexanes:EtOAc). The reaction
was quenched with water (50 mL), extracted with EtOAc
(3× 50 mL), dried with MgSO4, and conc. in vacuo. The
crude product was chromatographed on silica (9:1 hex-
anes:EtOAc) and recystrallized from acetic acid and wa-
ter to give a pale yellow powder (683.0 mg, 64%). mp:
94.0–95.0◦C. IR (NaCl, cm−1) 3683, 3610, 3447, 3019,
2960, 2930, 2858, 1727, 1690.1H NMR (300 MHz, CDCl3)
δ 0.88–0.92 (m, 3H), 1.00 (t,J = 7.4 Hz, 3H),1.25–1.59 (m,
8H), 1.65 (bs, 1H) 1.63–1.76 (m, 2H), 2.76 (t,J = 7.7 Hz, 2H),
4.18–4.25 (m, 1H), 4.54 (d,J = 5.8 Hz, 2H), 5.93 (dd,J = 15.5,
6.0 Hz, 1H), 6.10 (dtd,J = 15.5, 5.8, 0.9 Hz, 1H), 7.62 Hz (d,
J = 7.9 Hz, 1H), 7.72–7.81 (m, 2H), 8.09 (d,J = 7.9 Hz, 1H).
8.23–8.29 (m, 2H).13C NMR (75 MHz, CDCl3) δ 183.1,
182.8, 157.4, 145.4, 137.3, 135.6, 134.8, 134.1, 133.7, 133.4,
132.6, 137.2, 126.6, 126.0, 125.8, 123.5, 74.3, 72.2, 37.1,
32.5, 31.7, 25.0, 23.3, 22.6, 14.1, 14.0. HRMS calcd for
C26H30O4Na+: 429.203628. Found: 429.20143. Anal. calcd
for C26H30O4: C, 76.82; H, 7.44. Found: C, 76.54; H, 7.44.

2.2.3. 2-Propyl-1-(3,3′-dimethyl-2-butenyl)oxy-9,10-
anthraquinone 23

To a mixture of 1:1 DMF:THF (0.103 M, 15 mL)
was added 1-hydroxy-2-propyl-9,10-anthraquinone[8]
(1.55 mmol, 412 mg). Upon addition of TBAF (4.64 mmol),
the solution turned a dark purple. 1-Bromo-3-methyl-2-
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water. The aqueous layer was washed 2× 100 mL portions
of 1:1 ethyl acetate/CH2Cl2. The combined organic layers
were dried with anhydrous MgSO4, and concentrated in
vacuo. The resulting solid was recrysallized from heptane
to yield an orange powder (1.60 g, 5.48 mmol, 56%). mp
117.0–119.0◦C. 1H NMR (300 MHz, CDCl3) δ 1.57 (s,
6H), 5.08 (m, 2H), 6.28 (dd,J = 10.5, 17.6 Hz, 1H), 7.69
(d, J = 7.8 Hz, 1H), 7.79 (m, 3H), 8.29 (m, 2H).13C NMR
(75 MHz, CDCl3) δ 189.3, 182.5, 162.2, 146.3, 144.0, 134.5,
134.4, 134.1, 133.7, 133.6, 131.7, 127.2, 127.0, 119.1, 115.9,
111.5, 41.3, 26.7. Anal. calcd for C19H16O3: C, 78.06; H,
5.52. Found: C, 77.90; H, 5.50.

2.2.5. Anthraquinone dihydrofuran 39
2-(1,1-Dimethylallyl)-1-hydroxy-9,10-anthraquinone26

(50 mg, 0.17 mmol) was dissolved in 25 mL CH2Cl2.
Methanesulfonic acid (4 mL) was added dropwise, causing
the solution to change from bright yellow to dull brown.
The reaction was followed by TLC (CH2Cl2) until consump-
tion of 26 (Rf = 0.95) and accumulation of39 (Rf = 0.6) were
indicated. The solution was washed with saturated aque-
ous bicarbonate (3× 30 mL), water (1× 30 mL), and brine
(1× 30 mL). The organic layer was dried over MgSO4 and
conc. in vacuo to give a yellow solid. The solid was dissolved
in minimal CH2Cl2 and eluted on a preparatory TLC plate.
The band corresponding to39 was visualized by UV and cut
f the
s of
t ol,
5
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J d,
J
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utene (1.50 mmol) was added, and the reaction was s
or 6.7 h. The reaction was quenched with H2O and extracte
ith EtOAc (3× 50 mL). The organic layers were combin
nd conc. in vacuo. The residue was chromatographed o

ca (4:1 hexanes:EtOAc) to give a yellow powder (370.7
2%). mp 79.0–80.0◦C. 1H NMR (300 MHz, CDCl3) δ 7.35
t, J = 7.35 Hz, 3H), 1.63–1.78 (m, 2H), 1.78 (s, 3H), 1
s, 3H), 2.77 (t,J = 7.72, 2H), 4.53 (d,J = 7.16 Hz, 2H)
.68–5.75 (m, 1H), 7.61 (d,J = 7.91, 1H), 7.71–7.81 (m
H), 8.05–8.10 (d,J = 7.91 Hz, 1H), 8.23–8.31 (m, 2H
3C NMR (75 MHz, CDCl3) δ 183.2, 182.8, 157.8, 145.
38.5, 135.4, 134.9, 134.0, 133.7, 133.3, 132.7, 127.2, 1
25.9, 123.2, 120.3, 71.2, 32.5, 25.9, 23.4, 18.1, 14.1. A
alcd for C22H22O3: C, 79.02; H, 6.63. Found: C, 78.6
, 6.77.

.2.4. 2-(2′-Methyl-3′-butenyl)-1-hydroxy-
,10-anthraquinone 26

1-(3′-Methyl-2′-butenyloxy)-9,10-anthraquinone 8
2.88 g, 9.86 mmol) was dissolved into 125 mL 1-buta
n a modification of the method of Murty et al.[13]. An
ddition funnel was charged with a solution of NaHC3
3.31 g, 39.4 mmol) in 60 mL water. Argon was bubb
hrough both solutions for 2 h. The anthraquinone s
ion was warmed to reflux, and thend-glucose (8.88 g
9.3 mmol) was added. The reaction mixture was allo

o stir at this temperature for 10 min. prior to the dropw
ddition of the aqueous bicarbonate. Following the addi

he reaction was allowed to proceed for 35 min. and
uenched by addition of 25 mL of 1N HCl and 100
rom the plate. The desired compound was washed from
ilica by stirring in CH2Cl2 and filtering. Concentration
he filtrate gave39 as a yellow powder (29 mg, 0.1 mm
9%). mp 98.5–100.0◦C. 1H NMR (300 MHz, CDCl3) δ

.19 (s, 3H), 1.39 (s, 3H), 1.52 (d,J = 6.6 Hz, 3H), 4.71 (q
= 6.6 Hz, 1H), 7.45 (d,J = 7.5 Hz, 1H), 7.75 (m, 2H), 7.93 (
= 7.5 Hz, 1H), 8.29 (m, 2H).13C NMR (75 mHz, CDCl3) δ

83.1, 182.3, 159.2, 147.2, 134.4, 134.0, 133.5, 133.3, 1
27.7, 127.2, 127.0, 121.3, 116.8, 91.3, 43.1, 26.2, 23.1,
nal. calcd for C19H16O3: C, 78.06; H, 5.52. Found: C, 77.9
, 5.49.

.3. Photochemical reactions

.3.1. General photochemical method
All photochemical reactions were carried out in Py

lassware. Solutions were stirred by magnetic stir
hroughout photolysis. The solutions were prepared and
egassed by three cycles of freeze-pump-thaw, followe
ack filling the reaction vessel with dry Ar, unless otherw

ndicated. The solutions were then irradiated with a 45
edium pressure Hg lamp (Hanovia) encased in a ura
xide doped glass filter (366 nm) or in a Rayonet rea
quipped with 16 lamps emitting at 419 nm.

.3.1.1. Anthraquinone acetal 10. 1-(3′-Methyl-2′-buten-
loxy)-9,10-anthraquinone8 (32 mg, 1.27× 10−4 mol) was
issolved in a mixture of acetic acid (60 mL) and wa
40 mL) and the solution degassed by three cycles of fre
ump-thaw. The yellow solution was irradiated at 366
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for 16 h. Solvent was removed in vacuo and the residue sub-
jected to preparatory scale TLC. The band corresponding to
the product was cut from the plate and the product eluted from
the silica by stirring in 50 mL CHCl3 for 6 h. The mixture was
filtered and concentrated in vacuo to give10 as yellow crys-
tals (16.0 mg, 6.4× 10−5 mol, 50%). mp 156.0–158.0◦C.
1H NMR (300 MHz, CDCl3) δ 1.43 (s, 3H), 1.47 (s, 3H),
4.06–4.09 (dd,J = 1.9, 7.9 Hz, 1H), 4.13–4.18 (dd,J = 1.9,
6.0 Hz, 1H), 4.58–4.61 (dd,J = 1.9, 6.0 Hz, 1H), 7.45–7.50
(t, J = 7.7 Hz, 1H), 7.55–7.62 (m, 2H), 7.69–7.75 (td,J = 1.3,
7.5 Hz, 1H), 7.98–8.00 (dd,J = 0.8, 7.7 Hz, 1H), 8.04–8.07
(dd,J = 1.3, 7.5 Hz, 1H), 8.23–8.26 (dd,J = 1.1, 7.7 Hz, 1H).
13C NMR (125 MHz, CDCl3) δ 183.4, 141.1, 137.3, 135.8,
133.8, 132.3, 131.3, 130.0, 129.2, 128.9, 127.1, 126.1, 125.4,
98.1, 83.5, 65.1, 38.9, 31.1, 23.4. Anal. calcd for C19H16O3:
C, 78.06; H, 5.52. Found: C, 77.72; H, 5.52.

2.3.1.2. Anthraquinone dihydropyranyl alcohol 11. 1-
(3′-Methyl-2′-butenyloxy)-9,10-anthraquinone8 (3.00 g,
10.3 mmol) was dissolved in 2145 mL acetic acid and
1755 mL distilled water. Argon was bubbled through the so-
lution for 3 h to remove dissolved oxygen. The solution was
then irradiated at 366 nm for 16 h. The resulting solution was
diluted with water and extracted extensively with chloroform.
The organic layers were washed with water and aqueous bi-
carbonate, and concentrated in vacuo. The crude product was
a ash
c mo-
b 80%
e ,10-
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s ,10-
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was cut from the plate. The product was eluted from the silica
by vigorous stirring in CHCl3 for 6 h. The silica was removed
by filtration and the filtrate conc. in vacuo to give6 (18.4 mg,
8.2× 10−5 mol, 90%).

2.3.1.4. Preparation of 4-hydroxy-2-nonenal from 20. In 9:1
MeOH:H2O (25 mL)20 (100 mg, 0.246 mmol) was dissolved
in a 50 mL round bottom flask. A septum was attached to
the flask with an O2 balloon via a needle. The sample was
irradiated at 366 nm while being stirred vigorously. After
3 h, the sample was conc. in vacuo to near dryness. An ad-
ditional 10 mL of distilled water was added, and the flask
was again conc. in vacuo. The aqueous layer was pipetted
out; the orange-yellow solid was washed with distilled wa-
ter (5 mL) and dried in vacuo. The aqueous layers contain-
ing 4-HNE were combined with brine, extracted with CHCl3
(5× 30 mL) and conc. in vacuo to give 4-HNE as a pale yel-
low oil (35.0 mg, 91%).

2.3.1.5. Photochemical preparation of 22 from 20. In
MeOH (25 mL)20 (101.0 mg, 0.25 mmol) was dissolved. The
resulting yellow solution was degassed via three cycles of
freeze-pump-thaw and then irradiated at 419 nm while being
stirred vigorously. After 5 h, the sample was conc. in vacuo.
The resulting orange-yellow solid was stirred in 10 mL dis-
t nd
t was
r cuo.
T , and
e s
t give
2 1.6,
3
3
δ (m,
2 H),
6 ,
1 .85
(
( .0,
1 22.9,
1 25.0,
2 .
F

2 id
(
p e
r s of
f .6 h.
T
t
o uo to
g ,
1

greenish brown oil. The product was purified using fl
olumn chromatography with an ethyl acetate/hexane
ile phase, starting at 15% ethyl acetate, increasing to
thyl acetate. Products eluted in the order: 1-hydroxy-9
nthraquinone6, anthraquinone acetal10, and pyran alco
ol 11. The chromatographed products were recrystal
eparately from THF and hexanes to give 1-hydroxy-9
nthraquinone6 (880 mg, 3.9 mmol, 38%), anthraquino
cetal 10 (860 mg, 2.9 mmol, 29%), and yellow–oran
rystals of11 (380 mg, 1.2 mmol, 11%). Data for11: mp
05.0–206.0◦C. 1H NMR (300 MHz, CDCl3/DMSO-d6) δ

.36 (s, 3H), 1.37 (s, 3H), 3.76 (m, 1H), 4.23 (dd, 1
= 11.3, 6.2 Hz), 4.40 (dd, 1 H,J = 11.3, 3 Hz), 5.29 (d, 1 H
= 4.2 Hz), 7.82 (m, 4H), 8.05 (m, 2H).13C NMR (300 MHz,
DCl3/DMSO-d6) δ188.7, 187.0, 152.0, 136.6, 135.4, 134
33.4, 133.3, 132.7, 127.5, 126.7, 124.4, 121.2, 120.3,
7.7, 37.2, 30.1, 25.0. HRMS calcd for C19H16O4Na+:
31.09408. Found: 331.09318.

.3.1.3. Photolysis of 1-allyloxy-9,10-anthraquinone 18. 1-
llyloxy-9,10-anthraquinone[14], 18 (24.0 mg, 9.1×
0−5 mol) was dissolved in a mixture of distilled wa
40 mL) and acetic acid (60 mL). The yellow solution w
egassed by three cycles of freeze-pump-thaw and ir
ted at 366 nm for 24 h. The solution was partitioned

ween CHCl3 and water. The aqueous layer was extra
urther with CHCl3 (3× 75 mL). The combined organic la
rs were conc. in vacuo. The residue was chromatogra
sing preparative scale TLC (one elution with CHCl3) and

he band corresponding to 1-hydroxy-9,10-anthraquino6
illed water for 1 h. The liquid was removed via pipet a
he residue stirred again in 10 mL distilled water. This
epeated three times. The solid residue was dried in va
he aqueous layers were combined, washed with brine
xtracted with CHCl3 (5× 40 mL). The crude mixture wa
hen chromatographed on silica (4:1 hexanes:EtOAc) to
2 as a pale orange solid (46.8 mg, 42%), 4-HNE (1
0%) and21 (21.1 mg, 32%). Data for22: IR (NaCl, cm−1)
428, 3019, 2962, 2932, 1671.1H NMR (300 MHz, CDCl3)
0.91–0.98 (m, 6H), 1.25–1.65 (m, 11H), 2.56–2.71

H), 3.02 (s, 3H) 4.30–4.35 (m, 1H), 6.04–6.11 (m, 1
.17 (d, J = 4.7 Hz, 1H), 6.23–6.30 (dd,J = 15.6, 5.5 Hz
H), 7.24–7.26 (m, 1H), 7.49–7.62 (m, 3H), 7.80–7
m, 1H), 8.12–8.15 (dd,J = 7.4, 1.3 Hz, 1H).13C NMR
75 MHz, CDCl3) δ 184.7, 148.8, 139.0, 137.4, 135.8, 133
31.5, 130.3,130.0, 129.3, 127.7, 125.00, 124.99, 1
19.6, 92.14, 92.11, 71.8, 49.3, 37.0, 31.8, 31.7, 29.3,
2.6, 22.5, 14.0. HRMS calcd for C26H32O5Na+:459.21203
ound: 459.21647.

.3.1.6. Photolysis of 23. In 79% aqueous acetic ac
24 mL) was dissolved 1-(3′-methyl-2′-butenyl)oxy-2-
ropyl-9,10-anthraquinone,23 (50.5 mg, 0.15 mmol). Th
esulting yellow solution was degassed by three cycle
reeze-pump-thaw and then irradiated at 366 nm for 3
he acetic acid was quenched with saturated NaHCO3, and

he product was extracted with EtOAc (3× 50 mL). The
rganic layers were combined and concentrated in vac
ive 1-hydroxy-2-propyl-9,10-anthraquinone,21 (40.0 mg
00%).
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2.3.1.7. Anthraquinone dihydropyranyl acetate 27. 2-
(2′-Methyl-3′-butenyl)-1-hydroxy-9,10-anthraquinone26
(77 mg, 2.64× 10−4 mol) was dissolved in acetic acid
(100 mL) and the solution degassed by three cycles of
freeze-pump-thaw. The yellow solution was irradiated at
366 nm for 16 h. The mixture was poured into 500 mL of sat-
urated aqueous NaHCO3 and extracted (5× 50 mL) CHCl3.
The combined organic layers were washed with aqueous
NaHCO3, water, brine and dried over anhydrous MgSO4.
Solvent was removed in vacuo and the residue subjected
to preparatory scale TLC (first elution: CHCl3; second
elution: 5% acetone in CHCl3). The band corresponding to
the product fluoresced with a green color (characteristic of
anthraquinone pyrans11, 27 and28) when irradiated with
366 nm light from a handheld lamp. In contrast, 1-hydroxy-
9,10-anthraquinones (e.g.6 or 26) fluoresced with an orange
color when similarly irradiated. The band corresponding to
the product was cut from the plate and the product eluted
from the silica by stirring in 50 mL CHCl3 for 6 h. The
mixture was filtered and concentrated in vacuo to give the
product as yellow crystals (52.8 mg, 1.51× 10−4 mol, 57%).
mp 141.0–144.0.1H NMR (300 MHz, CDCl3) δ 1.46 (s,
3H), 1.48 (s, 3H), 2.08 (s, 3H), 4.19 (dd,J = 5.1, 8.9 Hz, 1H),
4.81 (m, 2H), 7.62 (dd,J = 0.9, 7.8 Hz, 1H), 7.77 (m, 2H),
7.92 (dd, 1 H,J = 7.8 hz) 8.29 (m, 2H).13C NMR (75 mHz,
CDCl ) δ 182.9, 182.0, 170.3, 161.5, 136.6, 134.3, 134.2,
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was then irradiated at 366 nm for 16 h, at the end of which
it had turned orange. The solution was diluted with ethyl ac-
etate and washed with water and aqueous bicarbonate. The
organic layer was then dried over magnesium sulfate and con-
centrated in vacuo. The crude products were then analyzed
by 1H NMR and GC-MS.

Using 2 equivalents of thiophenol (relative to26), the ra-
tio of 39 to 28 was 1.4:1. Using 5 equivalents of thiophenol
the ratio was 4:1 and with 10 equivalents of thiophenol, the
ratio was >7:1. In the experiment using 10 equivalents of
thiophenol, the crude mixture was purified by flash column
chromatography (50% ethyl acetate/hexane eluent). The re-
covery of39 was 16.9 mg (0.058 mmol, 77%) and that of28
was 2.6 mg (0.008 mmol, 10%).

3. Results and discussion

3.1. Photochemistry of 1-(3,3-dimethyl-2-propenyloxy)-
9,10-anthraquinone 8

Anthraquinone8 was prepared in 95% yield by alkyla-
tion of 6 with 3-methyl-2-butenyl alcohol under Mitsunobu
conditions (Scheme 2, R H). In general, 1-hydroxy-9,10-
anthraquinones could be alkylated either by treatment with an
alkyl bromide in the presence of TBAF in DMF (Scheme 2a)
o s
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34.1, 133.6, 133.2, 131.1, 127.2, 127.0, 120.8, 116.9,
5.1, 49.5, 31.6, 23.4, 22.7. HRMS calcd for C21H18O5Na+:
73.10464. Found: 373.10413.

.3.1.8. Anthraquinone dihydropyranyl methyl ether 28.
–(2′-Methyl-3′-butenyl)-1-hydroxy-9,10-anthraquinone26
22.1 mg, 7.57× 10−5 mol) was dissolved in methan
48 mL) and the solution degassed by three cycles of fre
ump-thaw. The yellow solution was irradiated at 366

or 24 h. Solvent was removed in vacuo and the res
ubjected to preparatory scale TLC. The band corresp
ng to the product (see procedure for27) was cut from
he plate and the product eluted from the silica by
ing in 50 mL CHCl3 for 6 h. The mixture was filtered an
oncentrated in vacuo to give the product as yellow c
als (18.3 mg, 5.68× 10−5 mol, 75%). mp 84.0–86.0◦C. 1H
MR (300 MHz, CDCl3) δ 1.14 (s, 3H), 1.16 (s, 3H), 3.2

s, 3H), 3.68 (dd,J = 6.0, 8.7 Hz, 1H), 4.82 (m, 2H), 7.72 (
H), 7.88 (d,J = 7.5 Hz), 8.29 (m, 2H).13C NMR (75 mHz
DCl3) δ 183.0, 182.1, 161.5, 137.7, 134.3, 134.1, 13
33.5, 133.2, 131.6, 127.1, 126.9, 120.7, 116.6, 75.5,
9.3, 29.7, 21.9, 21.1. Anal. calcd for C20H18O4: C, 74.52
, 5.63. Found: C, 74.32; H, 5.59.

.4. Radical trapping experiments

2-(1,1-Dimethylallyl)-1-hydroxy-9,10-anthraquinone26
29.3 mg, 0.1 mmol) was stirred in methanol (30 mL) w
hiophenol (2, 5, or 10 equiv.). The solution was degasse
hree cycles of freeze-pump-thaw. The pale yellow solu
r under Mitsunobu conditions (Scheme 2b). Both method
re effective and the choice of which to use is best made b
n the availability of the required bromide or alcohol.

Irradiation of8 in oxygen saturated methanol did inde
roduce the expected6 (76% yield) and aldehyde9, though

t was difficult to accurately measure the yield of the vola
ldehyde. However, the yield of6 and9 was not as high a
xpected and a number of anomalous signals were obs

n the1H NMR spectrum of the reaction.
Speculating that slow hydrolysis of the acetal (e.g.4 or 5)

owered yields, we attempted the reaction in oxygenate
cetic acid:water. These conditions gave fairly clean con
ion to6, aldehyde9, and one other product (10) produced in a
:2:1 ratio, as determined by NMR (Scheme 3). When oxygen
as excluded, the same products were obtained, but the
f 10 rose to 50%. NMR experiments suggested the stru
hown for10. The compound was recrystallized, and an
ay structure (Fig. 1) confirmed this structure. Upon scale
f the reaction, a second unexpected product (11) was iso-

ated in 11% yield. This compound was also crystallized
ts structure confirmed by X-ray crystallography (Fig. 2).

The conversion of8 to 10 was remarkable. An aryl CO
ond was broken and an aryl CC bond formed in its plac
urthermore, following the rearrangement that led to the

C bond, the allyloxy remnant added across the quin
arbonyl, producing an unusual anthraquinone acetal tha
ived exposure to the aqueous acidic environment. This
ion was also very sensitive to the presence of oxygen; w
he reaction was run in less rigorously degassed solutio
xample, on a larger scale with bubbling argon used in p
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Scheme 2. General methods for alkylation of 1-hydroxy-9,10-anthraquinones.

Scheme 3. Anaerobic photolysis of 8.

of freeze-pump-thaw), the yield of10 fell off rapidly. The re-
action was also solvent dependent. Aqueous acetic acid was
the optimum solvent, but10 was also observed when the pho-
tolysis was carried out in polar solvents such as alcohols or
DMF, although yields with these solvents are lower. Photol-
ysis in non-polar solvents such as benzene gave no10 and
slow conversion to6.

Given the dependence of the yield of10 on acidic and
anaerobic conditions, we believe reversible formation of13
is responsible for this unexpected reaction (Scheme 4). For-
mation of12 from8 happened in the usual manner (Scheme 1)
[6,7]. The cation (12) can be trapped by solvent to give13

but, in the absence of oxygen, hydrolysis of13 to 14 and
aldehyde9 was slow[15]. Under the reaction conditions,
13 can easily revert to cation12. In addition to trapping by
solvent, cation12 can be trapped by the electron rich aro-
matic ring to give spirocycle15. It is at this key point that
the new C C bond is formed. Elimination of an enol led to
anthraquinone16. Nucleophilic attack of the enol oxygen on
the quinone carbonyl provided intermediate17, which could
give10 by acid-catalyzed addition of the alcohol to the alkene.
This mechanism accounts for the new CC bond and for the
relationship between oxygen concentration and yield of10.

Note that the intermediate cation (12) is further stabilized,
relative to previous examples in the literature[6,7], by con-
jugation with the electron-rich alkene. The increased stabil-
ity of the cation should slow its reaction with solvent and
shift the equilibrium towards12, relative to a simple alkoxy
group. The cyclization of12 to 15 is also likely accelerated
by thegeminal dimethyls[16–18]. An analogue lacking the
Fig. 1. X-ray structure of 10.
 Fig. 2. X-ray structure of 11.
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Scheme 4.Proposed mechanism for the formation of 10 from 8.

Scheme 5. Photolysis of 1-allyloxy-9,10-anthraquinone 18.

dimethyl substituents, 1-allyloxy-9,10-anthraquinone18, did
not give any10-like product, instead producing6 in 90% yield
when irradiated in degassed aqueous acetic acid (Scheme 5).

An intermediate example, between18 and 8, is caged
4-hydroxynonenal (4-HNE)20. Anthraquinone20 was de-
signed to release the bioactive aldehyde 4-HNE when
irradiated[5]. It served this purpose well under either aer-
obic or anaerobic conditions. In aerobic, aqueous methanol,
4-HNE was isolated in 91% yield following photolysis of
20 at 366 nm for 2 h. However, we also found that an un-
expected acetal (22) was formed when the photolysis was
carried out anaerobically at 419 nm (Scheme 6). Photoly-
sis of 20 in anaerobic, anhydrous methanol at 419 nm gave
22 in 42% yield.22 was converted to 4-HNE and21 either
upon treatment with acid or photolysis at 366 nm. We found
no products corresponding to the formation of10 from 8 in
the photochemistry of20. Most likely the 2-propyl group
accelerated the expected reaction (aldehyde production) rel-
ative to the formation of10-like products by keeping the

allyl group oriented toward the proximal quinone oxygen
[6,7]. This effect was also observed in the photochemistry
of 23 (Scheme 7). Irradiation of 23 in anaerobic aqueous
acetic acid gave a quantitative yield of21 and24, with no10-
like products observed. It is clear that the fate of the zwitte-
rion formed in photolysis of 1-allyloxy-9,10-anthraquinones
lacking a 2-substituent was not as straightforward as that
in the 1-alkoxy-9,10-anthraquinones reported previously
[6–9].

3.2. Photochemistry of 2-(1,1-dimethyl-2-propenyl)-
1-hydroxy-9,10-anthraquinone 26

The formation of11 was reminiscent of the photocycliza-
tion product ofo-allyl naphthols reported by Chow et al.[19].
However, the pyran ring in11 was left in a higher oxidation
state than those in Chow’s work and was, therefore, unlikely
to form from a simple photochemical acid/base reaction. An
analogous pathway leading to11 would require26 to be pro-
duced on the path from8 to 11. 26 can be obtained from
8 via a Claisen rearrangement. Thus, we speculated that a
Claisen rearrangement must occur during photolysis of8 and
the product of this rearrangment undergo photocyclization to
give 11. We confirmed this hypothesis by photolysis of26
prepared independently (Scheme 8).

nder
t

of cag
Scheme 6. Photolysis
Irradiation of26 in degassed aqueous acetic acid u
he same conditions as for8 gave11 in 30% yield, along

ed 4-hydroxynonenal20.
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Scheme 7. Photolysis of 2-propyl-1-prenyloxy-9,10-anthraquinone23.

Scheme 8. Independent preparation of Claisen product26.

with a 55% yield of the corresponding acetate27. Irradiation
of 26 in degassed acetic acid alone or methanol provided
the acetate27 or methyl ether28 in 57% and 75% yields,
respectively. Thus, the photocyclization reaction of the26
was quite efficient. In this case, too, the geminal dimethyls
are crucial. When 1-hydroxy-2-allyl-9,10-anthraquinone29
[14], was irradiated under identical conditions for 5 days, no
reaction occurred (Scheme 9).

Though the formation of substituted pyrans was efficient
when26 was irradiated, when8 was irradiated, products re-
sulting from26 were low, indicating that the Claisen rear-
rangment during the course of photolysis of8 was a minor
pathway. Why a Claisen rearrangement should occur at all in
the photolysis of8 was not entirely clear.

3.3. Claisen rearrangments during the photolysis of 8

Clearly26 must be produced during the anaerobic photol-
ysis of8. The formation of26 was unlikely to be the result of
a typical photo-Claisen rearrangment, as none of the other
expected reaction products were observed[20]. Thermal
Claisen rearrangements of 1-allyloxy-9,10-anthraquinones,
including 8, occur only at high temperature or under re-
ductive conditions[21]. The temperature of the photolysis
reactions described above never exceeded 30◦C. However,
a he
C era-
t mised
t nt

in this photoreduction. Under the anaerobic conditions, an-
thrahydroquinone acetal30, produced by the photolysis of
8 (Scheme 4), should survive in solution long enough to
reduce unreacted8 [15]. This could be either a dark or
photoreduction.

Scheme 10shows our account of how Claisen product
26 was produced during the course of photolysis of8. An-
thraquinone8 was converted to acetal30 (Scheme 10a) as
described in Section1. Under the anaerobic conditions, the
acetal was relatively stable to hydrolysis[6] and survived
long enough to reduce another molecule of8 (Scheme 10b),
producing anthraquinone31 (which quickly hydrolyzed) and
hydroanthraquinone32. The latter (32) was susceptible to
Claisen rearrangement (Scheme 10c), which gave33. The
cycle can continue with hydroanthraquinone33 reducing8,
while being oxidized to26 (Scheme 10d). Anthraquinone26
then underwent the oxidative photocyclization (Scheme 10e),
while 32 underwent a Claisen rearrangement (Scheme 10c).
This model predicts that the extent of Claisen rearrangement
during photolysis of8 should be dependent on the concen-
tration of 8. This was indeed what we found; when 10 mM
8 was irradiated in degassed methanol,26 was detected after
2 h (by GC). When the concentration of8 was 1 mM, no26
(or pyran28) was detected at the same time point.

3

hy-
d ive
a
f
I rbon
r -
t ide
a
a
O uct
photoreduction of8 was plausible and would permit t
laisen rearrangement to occur at much lower temp

ures. In the absence of added reducing agent, we sur
hat hydroanthraquinone30 could serve as the reducta

Scheme 9. Photolysis of 1-hydroxy-2-allyl-9,10-anthraquinone29.
.4. Mechanism of the oxidative photocyclization

From 26, photoinduced abstraction of the phenolic
rogen by the proximal carbonyl oxygen would then g
n oxyradical34, that could add to the alkene in 6-endo

ashion to produce carbon centered radical35 (Scheme 11).
ntramolecular electron transfer from the secondary ca
adical to the semiquinone radical in35 would produce zwit
erion 36, which could be trapped by solvent to prov
nthrahydroquinone37. The route from35 → 36 → 37 is ex-
ctly analogous to that for2 → 3 → 4 shown inScheme 1.
xidation of37 upon exposure to air would give the prod
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Scheme 10. Reduction of8 by hydroanthraquinone30.

pyran. That photolysis of26 led to11 was confirmed by the
independent preparation of26 (see Section3.2).

The mechanism proposed to account for11 clarifies why
6-endo cyclization is observed (Scheme 12). Oxidation of
primary radical38 should be very slow. Given the nature of
the phenolic radical34, we concluded that both the 5-exo and
6-endo cyclizations were reversible. To confirm that pyrans
11, 27 and28 were the product of a radical cyclization, the
photolysis of26 was carried out in the presence of thiophenol
and methanol. Under these conditions, furan40 was the major
product but the ratio of40 to other products was dependent on
thiophenol concentration. Pyran28 was obtained as a minor
product even when 10 equivalents of thiophenol were used.
No pyran41 or furanyl ether39 were observed (by NMR)
under any conditions. The ratio of40 to28 produced when26
was irradiated in the presence of 10 equivalents of thiophenol

was 10:1 as measured by NMR (77% and 10% isolated yields,
respectively). This ratio fell to 1.4:1 when only 2 equivalents
of thiophenol were used. In the absence of thiophenol, no
furan 40 was observed, suggesting that the ring opening of
38 was faster than intramolecular SET in this diradical.

These results confirm that28 and related pyrans were ob-
tained through cyclization of a phenolic radical on the teth-
ered alkene, followed by SET from the secondary radical to
the semiquinone radical. Using a value of 4.1× 109 M−1 s−1

for the rate constant of hydrogen abstraction from thiophenol
by a 2◦ carbon radical, the data presented above allow the de-
termination of a lower limit for the rate constant for electron
transfer[22]. Our observations placed a lower limit onkSET
(for 35 to 36) at 7× 107 s−1. This value was consistent with
measurements by Blankespoor and co-workers, which gave
a kSET for 2 to 3 of 2× 109 s−1 [7].

ism fo
Scheme 11. Mechan
 r formation of Pyran11.
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Scheme 12. Trapping of radical intermediates in the photolysis of26.

4. Conclusions

Two new photoreactions of anthraquinones have been ob-
served. The photochemistry of 1-(3-methyl-2-butenyloxy)-
9,10-anthraquinone8 differs considerably from analogs that
lack the allyl substituent. While the expected oxidative pho-
todealkylation reaction described by Blankespoor occurs, the
presence of the allyl fragment creates pathways leading to
several rearrangments. One of these rearrangements occurs
in moderate yield to produce a new CC bond in place of
the aryl C O bond. The preparation of this structural mo-
tif is not trivial using other methods. The second pathway
proceeds through a Claisen reaction and subsequent radical
cyclization, which produces a 1,2-fused pyran ring on the
anthraquinone. The radical cyclization occurs in high yield
when carried out with the independently prepared Claisen
product. We continue to investigate these new photoreactions,
as well as the application of anthraquinone photochemistry to
the photoactivation of bioactive aldehydes, such astrans-4-
hydroxy-2-nonenal, which was produced in up to 91% yield
using related photochemistry.
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