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. . employing phthalocyanines as catalysts have been spo-
’gfgrad' Treatment  — of 4’5_b's‘(d'_methoxyc‘""rbony.''Ohen_radicaIIy reported. Some examples include the oxidation
y)phthalonitrile with Zn(OAc)}2H,0O and 1,8-diazabicyc- ; . . 6 moid ot
lo[5.4.0Jundec-7-ene in octan-1-ol or dodecan-1-ol led to bas@f thiols to disulfidesy oxidation of alkanes to alcohdls,
promoted cyclotetramerization. Under these conditions, transestgPoxidation of alkene,hydroxylation of benzen€,ox-
ification also occurred to give the corresponding zinc(ll) octakis(4dation of alkynes tai,B-acetylenic ketone¥, oxidative

alkoxycarbonylphenoxyphthalocyanines. These two macrocycleS~P bond formatio”: and Diels—Alder reactior3.

together with another two pegylated silicon(IV) phthalocyanine .
were found to be highly efficient sensitizers for the photooxygezgVer the past few years, we have been exploring phthalo-

ation of a series of alkenes and 1-naphthol. In general, the zinc@yanine-based photosensitizers for photodynamic therapy
analogues exhibit a higher photostability and can be recycled (8D T)2® Some of these macrocycles are highly efficient

least four times without a significant loss of activity. singlet-oxygen generators which should also function
Key words: phthalocyanines, sensitizers, photooxygenation reatvell as sensitizers for photooxygenation reactions. We re-
tions, singlet oxygen port herein the synthesis skveral specially designed

phthalocyanines and the first use of these compounds as
efficient and recyclable photosensitizers for oxidation of

Singlet oxygen is the lowest excited electronic state @fseries of alkenes and 1-naphthol.

molecular oxygen. It is a highly reactive species, whichinc(ll) phthalocyanine® and3 were first prepared by
has great environmental and biomedical significdnite. cyclotetramerization of phthalonitritein the presence of

is also a highly versatile oxidant for a variety of organign(OAc),-2H,0 and 1,8-diazabicyclo[5.4.0]undec-7-ene
transformations including the ene reactions, [4+2] cyDBU) in octan-1-ol or dodecan-1-ol (Scheme 1). Under
cloaddition reactions, and oxidation of electron-rich arghese conditions, the methoxycarbonyl groups underwent
matic compound&—~Some of these reactions have beep situ transesterification with the alcohols to give the cor-
employed as key steps in synthesis of some important n@sponding alkoxycarbonylphthalocyanines. This one-pot
ural products and pharmaceuti¢sThis short-lived species cyclization—transesterification procedure was reported by
can be generated through heterolytic disproportionati@i previously?* and is a facile route to preparing various
of hydrogen peroxide catalyzed by molybdaded lan- ester-containing phthalocyanines. Zinc(ll) ion was select-
thanide saltS.Another common approach involves dyeed as the metal center because of the general robustness
sensitized photoexcitation of ground-state triplet oxygeshd the desirable photophysical properties of these metal-
using sensitizers such as methylene Biwse bengal?*”  |ophthalocyanine® The long alkyl chains were intro-
porphyrins}*® seco-porphyrazines, squaraine$} and duced to facilitate the recovery of these compounds by
fullerenest! To facilitate the recovery of photosensitizersprecipitation after photooxygenation. Both compounds
various approaches have been employed which inclugguld be purified readily by column chromatography and

conjugation with polymer&;"****dmmobilization on sol- characterized with various spectroscopic methods.

H 1c,d,12 i -
g’lt;‘;ﬁ’ggjsl and the use of perfluorinated photosenln addition to these two compounds, we also selected two

) . _additional silicon(lV) phthalocyaninesand5 to evaluate
Phthalocyanines represent an important class of functiafeir photocatalytic activities (Figure 1). Both compounds
al dyes which have found a wide range of applicatténsyyere prepared by us previously and used as efficient pho-
Although it has been well documented that, upon interagysensitizers for PD The two long polyethylene glycol
tion with molecular oxygen, these macrocyclic comchains (each with an average molecular weight of 550 or
pounds can generate reactive oxygen species leading t58) in these compounds again should facilitate the recov-
number of biomedic&t and environmental applicatioi%, ery process, while the eight chloro group5 are expect-
catalytic application of these compounds in organic sy@d to enhance the intersystem crossing by the heavy atom
thesis has been little studied. Only a few types of reaCtiOQﬁect' thereby promoting the formation of singlet oxy-

gen26:27
SYNTHESIS 2009, No. 11, pp 1791-1796 To find out the optimized conditions for the photooxygen-
Advanced online publication: 27.04.2009 ation reactions, photooxygenation of 2-furoic adfy
DOI: 10.1055/s-0028-1088066; Art ID: FO0109SS using phthalocyaning (0.1-0.3 mol%) as the sensitizer
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Scheme 1
O(CH,CH,0),Me Tablel Solvent Effect for Photooxygenation of 2-Furoic Ao (
« with Phthalocyanin® as the Sensitizér
X Entry Solvent Conv (%) Yield (%)
1 CHCl, 92 100
2 acetone 25 93
% 3 MeCN 39 84
X
Men(OCH,CH)O 5= Cin~16 4 THF 80 99
Figure 1 5 benzene 32 100
6 CH,Cl, 65 100

was first examined at 0 °C (Scheme 2). The solvent effegt

was investigated using a series of solvents and the results

are summarized in Table 1. Here, the conversion is ddhe mixtures (with 0.1-0.3 mol% BJ were irradiated with a 500 W

fined as the percentage of starting material consumed, dtpgen lamp eqﬁippEd W“Q a Clg'or 95"55 filter (cut-on 612 nm) for §
. . ) min at 0 °C. The reported yields and conversions were determine

g:l(; %Igtlglrllse;egirsrgg é% ?ﬁeﬂ;ﬁnpseurr(;]eent;z%:rgr:g'ggﬁ;ﬁ;c%H NMR spectroscopy using 2,5-dimethylfuran as an internal stan-

- (.

shown in this table, chloroform is the most preferable solThe expected product could not be detectetH)NMR spectrosco-

vent, which leads to 92% conversion with a quantitativey.

yield (entry 1). Although a quantitative yield was also ob-

tained by using tetrahydrofuran, benzene, or dIChIOr'he same reaction was also performed at different temper-

ror::e':hiamf %IS ?:Ive:ttr,i the4re(|3at|://\(/ar|]y 'r‘])"r‘r’]C?thr?rls'v‘\)/n wasa%res to study the temperature effect, using chloroform as
general problem (entries 4-6). en methanol was u reaction medium as it gave the best result as demon-

?I—S| :\rll'al;eactlop medium, nto p7roduct could be detected Yated above. The results are listed in Table 2. It can be
spectroscopy (entry 7). seen that both the conversion and yield are not changed
significantly with temperature in the range from 0 °C to 25

MeOH - -

I\ coon Oz, v HO@ °C. It indicates that temperature does not have a signifi-
o 5 0" © cant effect on this photooxygenation reaction. As a result,
6 all the subsequent studies were carried out at 0°C, which

could be attained readily by simply immersing the reac-
tion tube in an ice-bath, even upon illumination with a
high-power halogen lamp.

Scheme 2
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Table2 Temperature Effect for Photooxygenation of 2-Furoic Acidgave the endoperoxidel as the major product as found
(6) with Phthalocyaniné as the Sensitizer for other photosensitizing systeffs=or the oxidation of
Entry Temp (°C) Conv (%) Yield (%) 1-naphthol 10), the silicon(IV) phthalocyanine$and5
were less effective than the zinc(ll) analog@eand 3,

1 0 6r 8 giving a significantly lower conversion (ca. 50% vs. >
5 10 -7 s 84%). Owing to the absence of distifkk NMR signals

for the oxidation product, the percentage yield and con-
3 15 75 B3 version were calculated based on the isolated product and
4 0 - & starting material recovered. In general, all of these phtha-

locyanines are highly efficient sensitizers for these photo-
5 25 77 o7 oxygenation reactions. The photocatalytic activities are

aThe mixtures (in CHGMwith 0.1-0.3 mol% o6) were irradiated comparable with those obeco—porphyrazme% and

lad
with a 500 W halogen lamp equipped with a color glass filter (cut-oﬁu”erenesl'
610 nm) for 30 min. The reported yields and conversions were deter- ] N )
mined by*H NMR spectroscopy using 2,5-dimethylfuran as an interT e 3 Photooxygenation d§-10 Sensitized by Phthalocyanines
nal standard. 2-5

Sensitizer Substrate Time (min) Conv (%) Yield (%)

Apart from the substrat, the photooxygenation reac-
tions of alkene§-9 as well as 1-naphthol@) were also

studied (Scheme 3). These are representative types of re- 7 40 100 97
actions for singlet oxygen, namely the [4+2] cycloaddi-

6P 120 98 97

tion reaction, the ene reaction, and the oxidation of 8 80 90 96
phenols. All of the reactions gave the expected products. 9 30 100 92 (forl1)
Under the conditions chosen, photooxygenation of 2,4- 8 (for 12)
dimethylpenta-1,3-dien€) gave a mixture of the endo- 10° 100 84 03
peroxidell (the cycloaddition product) and the allylic hy-
droperoxidel2 (the ene reaction produé). 3 6° 120 100 97
7 40 100 97
Oy, hv
: : : sensitizer : . 8 80 92 96
;
OOH 9 35 100 91 (forll)
> _ : 0y, hv N\ 9 (for12)
sensitizer
8 10° 100 93 93
OOH
W 0y, hv o 4 6° 120 99 98
T eonsitiger X =
. sensitizer o 7 45 100 5
1 12 8 60 100 93
OH 9
Oy, v 9 25 100 92 (forll)
OO v 8 (for 12)
sensitizer
10 5 10° 100 50 93
Scheme 3 5 6° 120 08 96
7 45 100 94
The photooxygenation reactioms these substrate$«
10) were performed in a mixed-solvent system (chloro- 8 80 93 98
for.m—methanol, 9:1) at 0 °C using the zinc(ll) phthalocy- 9 25 100 92 (forl1)
anines2 and 3 as well as the pegylated silicon(lV) 8 (for12)
phthalocyaninest and 5 as the photosensitizers. The 10° 100 45 93

course of the reaction was monitored by thin-layer chro-
matography. As shown in Table 3, all of the substrateShe mixtures [(in CHGFMeOH, 9:1) with 0.1-0.3 mol% of the sen-
could be smoothly converted into the corresponding oxitizers] were irradiated with a 250 W halogen lamp equipped with a
dation products in high yields. For the oxidation of 2-fu93'r?vre%§2~:’lsﬁwgrggg?er;gil:eg%ﬁﬁI;CS' Z"C‘frg‘secgepoljts?g yi2eI5ds and
.rOIC 'acu.j 6), .the reaction was relatively slow undeIfiimethylfuran as an internal standard un?ess otherpvzlise st%te’d.
illumination with a 250 W halogen lamp. The color glassrpe fiiter was removed to accelerate the reaction.

filter was therefore removed to increase the light intensitysolated yields and conversions.

and accelerate the reaction. Photooxygenation of diene
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The recyclability of these photosensitizers in the photaimply by precipitation and reused without a significant
oxygenation of 2-furoic acidf anda-terpinene 7) was loss of activity. The zinc(ll) analogu@sand3 are partic-
also investigated. Due to the presence of long alkyl chainkarly attractive for this practical application due to their
and the eight chloro groups (f6), phthalocyanineg, 3 relatively high photostability, recyclability, and sensitiz-
and>5 could be recovered readily by precipitation upon adrg activity.

dition of methanol. The resulting solid was collected by

flltratl(?n and th.en used again in another run of pho'[OOX)G:Octanol andi-dodecanol were distilled from sodium. Chromato-
genation reactions. Compouddhowever, could not bé graphic purifications were performed on silica gel columns
recovered by this simple method. The results for this stu@iMacherey-Nagel, 230-400 mesh) with the indicated eluents. Hex-
are collected in Table 4. For all the reactions, the perceatie used in chromatography was distilled from anhyd Caler-

age conversion was very close to unity. Whearpinene pinene 7) (from Aldrich) was purified by vacuum distillation. 1-
(7) was used as the substrate, all of the three photoseﬁg}phthol (0) (from BDH) was purified by recrystallization from
tizers could be recycled four times without significantl enzene. All other reagents and solvents were of reagent grade and

. : . . “used as received. Compourig® 4,26 and5% were prepared as de-
lowering the reaction yields. However, for the reactio jneq 1+ and®C{*H} NMR spectra were recorded on a Bruker

sensitized bys, a slightly longer reaction time was re-ppx 300 spectrometetH, 300;13C, 75.4 MHz). Chemical shifts
quired for subsequent runs (from 45 to 60 minutes), showere relative to internal TMSSE 0 ppm). MALDI-TOF mass
ing that there was a loss of the sensitizer after recovespectra were obtained on a Bruker Bench TOF mass spectrometer
For the photooxygenation of 2-furoic acig),(which re- equipped with a standard UV-laser desorption source, usayg
quired a longer reaction time, the silicon(IV) phtha|ocyano-4-hydroxymnnamlc acid as a matrix. UV/Vis spectra were tak-
anine5 could only be repeatedly used twice. In the thir§" With @ Cary 5G UVIVISINIR spectrophotometer. Elemental

- . analysis was performed by the Shanghai Institute of Organic Chem-
run, no complete conversion was obtained due_ to the &7y, Chinese Academy of Sciences.
vere photobleaching @&. In contrast, photosensitize?s
and3 could be successfully reused at least four times ufz3,9,10,16,17,23,24-Octakis(4-octoxylcar bonyl phen-
der the same conditions without a significant loss of theiry)phthalocyaninato]zinc(l1) (2)
photocatalytic activity. In fact, as shown by absorptioA mixture of 4,5-bis(4-methoxycarbonylphenoxy)phthalonitrile (
spectroscopy, less than 109@2aind3 was degraded after (200 mg, 0.47 mmol) and Zn(OAE2H,0 (36 mg, 0.16 mmol) in
the fourth cycle of these reactions, while Soabout 90% octan-1-ol (4 mL) was heated with stirring to 100 °C. DBU (10

. drops) was then added and the resulting mixture was stirred at 140
and 40% of material was lost after the second@famd °C overnight under N The solvent was removed in vacuo, then the

fourth. cycle (for7), resP‘?CtiveW- These reS_U|t5 indicatedieep green residue was purified by column chromatography
that zinc(ll) phthalocyaninedand3 have a higher photo- (EtOAc-hexane, 1:3). The green band was collected and rotary
stability than the silicon(IV) analogug& and therefore evaporated to give a deep green oily solid (111 mg; 37%).

serve as better sensitizers for these photooxygenation gg- 0.74 (EtOAc—hexane, 1:3).

actions. 1H NMR (CDCL-DMSO-d,, 7:1):5 = 8.73 (br s, 8 H, Pc-p} 7.99

_ iy _ _ (d,J=7.8Hz, 16 H, ArH), 7.20 (d,= 7.8 Hz, 16 H, ArH), 4.28 (t,
Table4 Recycling of Sensitize 3, and5 in Photooxygenationof 3= 75Hz 16 H C@CH,), 1.72-1.81 (m, 16 H, Ch| 1.24-1.48

6 and7* (m, 80 H, CH), 0.86 (t.J = 7.5 Hz, 24 H, Me).
Substrate  Sensitizer  Time (min) Cycle, yield (%) 1¥%C{'H} NMR (CDCly): 8 = 166.4, 161.5, 153.4, 149.3, 136.3,
1 5 3 4 131.8, 125.4, 117.0, 65.6, 32.3, 29.8, 29.7, 29.1, 26.5, 23.2, 14.7.
MS (MALDI-TOF): m/z = 2561.2 [M].
6 2 120 96 9 95 93 yypis (THF): dne (I0g €) = 357 (5.07), 608 (4.69), 647 (4.66),
3 110 93 92 92 91 673 nm (5.49)
5 120 96 93 - - ' '
Anal. Calcd for GgH;7NgO,.Zn: C, 71.19; H, 6.92; N, 4.37.
7 2 40 97 95 95 93 Found: C, 70.27; H, 6.78; N, 3.82.
3 25 97 97 95 94
5 45-60 96 94 94 92 [2,3,9,10,16,17,23,24-Octakis(4-dodecoxycar bonylphen-

oxy)phthalocyaninato]zinc(l1) (3)

aThe mixtures [(in CHGH-MeOH, 9:1) with 0.1-0.3 mol% of the sen- . . a :
sitizers] were irradiated with a 250 W halogen lamp equipped with Ey using the above procedure, a mixture of 4,5-bis(4-methoxycar

) o X onylphenoxy)phthalonitrile 1j (200 mg, 0.47 mmol) and
color glass filter (cut-on 610 nm) at 0 °C. The reported yields and co- .
versions were determined By NMR spectroscopy using 2,5-di- N(OAC)-2H0 (36 mg, 0.16 mmol) was treated with DBU (10

methylfuran as an internal standard. drops) in dodecan-1-ol (4 mL) to yield a deep green sticky solid

b The reaction time increased from 45 to 60 min during the recyclin@'48 mg; 42%).
experiments. R; = 0.60 (EtOAc—hexane, 1:3).

IH NMR (CDCL-DMSO<,, 7:1):5 = 8.81 (br s, 8 H, Pc-j) 8.01

: . (brs, 16 H, ArH), 7.21 (br s, 16 H, ArH), 4.29 (br s, 16 H,CB)),
In summary, two zinc(ll) phthalocyanines ¢nds) have 1.77 (brs, 16 H, CHj, 1.26 (br s, 144 H, CH, 0.86 (br s, 24 H, Me).

been prepared by a facile cyclization—transesterification ) .

procedure. These compounds together with the pegylat; 1 f}l’;'g”; £?7D§|325'567:32656'4§012612% 9152393; 124('3962’2%326-31’4 .

silicon(lV) analogued and5 are highly efficient sensitiz- o T Lot el D8 SRSy ST £Te0 ST E S90S ST
. . some of the Cklisignals are overlapped).

ers for photooxygenation of various alkenes and 1—nap%—

thol. Some of these phthalocyanines can also be recovelg(MALDI-TOF): m/z=3009.7 [M].
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UV/Vis (THF): Anax (l0g €) = 357 (4.98), 608 (4.59), 645 (4.54),
674 nm (5.40).

Photooxygenation Reactions: General Procedure

All of the reactions were carried out in a test tube with an oxygen-

M. R.; Buonerba, GJ. Org. Chem. 2005, 70, 6503.

(e) Kuhni, J.; Debieux, J. L.; Belser, $nthesis 2007, 9,

1421. (f) Cermola, F.; Guaragna, A.; lesce, M. R.; Palumbo,
G.; Purcaro, R.; Rubino, M.; Tuzi, A. Org. Chem. 2007,

72, 10075.

inlet apparatus at 0 °C. The concentration of all the substrates wa¢7) (a) Posadaz, A.; Biasutti, A.; Casale, C.; Sanz, J.; Amat-

fixed at 0.1 M with 0.1-0.3 mol% of the sensitizers. A mixture

(CHCl,-MeOH, 9:1) was used as the solvent unless otherwise stat-
ed. The mixtures were stirred with the bubbling of oxygen and were
irradiated with a halogen lamp (250 W or 500 W) placed at ca. 10

cm from the reactor. A glass filter was used to cut off the light (

610 nm) unless otherwise stated. The reactions were monitored by

Guerri, F.; Garcia, N. APhotochem. Photobiol. 2004, 80,
132. (b) Sofikiti, N.; Tofi, M.; Montagnon, T.;
Vassilikogiannakis, G.; Stratakis, [@rg. Lett. 2005, 7,
2357. (c) Natarajan, A.; Kaanumalle, L. S.; Jockusch, S.;
Gibb, C. L. D.; Gibb, B. C.; Turro, N. J.; Ramamurthy, V.
J. Am. Chem. Soc. 2007, 129, 4132.

TLC. The isolated yields and conversions were based on the starting8) (a) DiMagno, S.; Dussault, P. H.; Schultz, JJ.A4m. Chem.

material and product isolated by column chromatography. The
NMR yields and conversions were determined with reference to the

signals of the product?®3tusing 2,5-dimethylfuran as an internal
standard.

Recycling of Sensitizers: General Procedure
To a solution o6 (60 mg, 0.54 mmol) or (0.11 mL, 0.68 mmol)
in CHCL,—MeOH (9:1) was added the sensiti2eB, or5 (0.1-0.3

Soc. 1996, 118, 5312. (b) Erden, I.; Song, J.; Cao, @rg.

Lett. 2000, 2, 1383. (c) Benaglia, M.; Danelli, T.; Fabris, F.;
Sperandio, D.; Pozzi, ®rg. Lett. 2002, 4, 4229.

(d) Pozzi, G.; Mercs, L.; Holczknecht, O.; Martimbianco, F.;
Fabrisb, FAdv. Synth. Catal. 2006, 348, 1611.

(e) Yardimci, S. D.; Kaya, N.; Balci, M.etrahedron 2006,

62, 10633. (f) Ribeiro, S. M.; Serra, A. C.; Rocha Gonsalves,
A. M. d.’A. Tetrahedron 2007, 63, 7885.

mol%). The concentration of the substrate was fixed at 0.1 M. The(9) (a) Trabanco, A. A.; Montalban, A. G.; Rumbles, G.; Barrett,

reaction was monitored by TLC. After all the starting material had
been consumed, an appropriate amount of MeOH was added to in-
duce precipitation of the sensitizer. The recovered sensitizer was

A. G. M.; Hoffman, B. M.Synlett 2000, 1010. (b) Fuchter,
M. J.; Hoffman, B. M.; Barrett, A. G. Ml. Org. Chem.
2006, 71, 724.

collected by filtration and used in another run of photooxygenation(10) (a) Beverina, L.; Abbotto, A.; Landenna, M.; Cerminara, M.;
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