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Synthesis of Phthalocyanines with a Pentafluorosulfanyl
Substituent at Peripheral Positions

Norihito lida,” Kenta Tanaka,” Etsuko Tokunaga,® Satoru Mori,” Norimichi Saito, and Norio Shibata*® "

The pentafluorosulfanyl (SFs) group is more electronegative,
lipophilic and sterically bulky relative to the well-explored tri-
fluoromethyl (CF;) group. As such, the SF; group could offer
access to pharmaceuticals, agrochemicals and optoelectronic
materials with novel properties. Here, the first synthesis of
phthalocyanines (Pcs), a class of compounds used as dyes and
with potential as photodynamic therapeutics, with a SF; group
directly attached on their peripheral positions is disclosed. The
key for this work is the preparation of a series of SF;-contain-
ing phthalonitriles, which was beautifully regio-controlled by
a stepwise cyanation via ortho-lithiation/iodination from com-
mercially available pentafluorosulfanyl arenes. The macrocycli-
zation of the SFs-containing phthalonitriles to SFs-substituted
Pcs required harsh conditions with the exception of the syn-
thesis of B-SFs-substituted Pc. The regiospecificity of the newly
developed SF;-substituted Pcs observed by UV/Vis spectra and
fluorescence quantum yields depend on the peripheral positon
of the SF5 group.

The pentafluorosulfanyl (SFs;) group likely has the greatest po-
tential to alter the properties of original compounds when it is
introduced into suitable positions on parent molecules, due to
its specific physical and chemical properties.! Despite the first
appearance of this unique motif in the 1950s, the chemistry of
the SF; group is one of the least explored in fluorine chemistry,
causing it to be dubbed as the “forgotten functional group”.”
The SF; group has an octahedral geometry, and the sulfur
atom is in a hypervalent state with five fluorine atoms sur-
rounding it, imparting SFs group with greater electronegativity,
lipophilicity and steric size relative to the well-explored trifluor-
omethyl (CF;) group. Indeed, the electronegativity of SFs is
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closer to that of a nitro (NO,) group, and the size of SF; is
equivalent to a tert-butyl group.

The SFs group has been nicknamed “super CF;” for good
reason.”’ The field of CF; chemistry has blossomed over the
past decades to become an extremely rich area of a variety of
research fields, including pharmaceuticals, agrochemicals and
optoelectronic materials,”” and SFs-containing compounds
could represent the next epoch in these areas.” Examples of
SFs-containing analogues of CF;-substituted drugs and func-
tional materials have seen success to varying degrees.” Al-
though the synthetic methods to access SFs;-containing com-
pounds were previously limited and tedious,” the discovery by
Umemoto in 2008 of an efficient construction of an SFs unit on
a benzene ring from a aryl disulfide’®” allowed simple SFs-sub-
stituted arenes (1) to become commercially available with the
collaboration of Ube Industries Ltd.”” Even the synthesis of SFs-
substituted pyridines 2 was recently achieved by Dolbier®™
under modified Umemoto conditions. By virtue of these facts,
it is hoped that direct functionalization of readily available
simple SFs-substituted arenes at all positions of the aromatic
ring would allow for the synthesis of more complex SFs-con-
taining molecules,” including SFs-containing macrocycles.

Phthalocyanines (Pcs) are heterocyclic macrocycles and are
used as artificial blue or green organic dyes with high robust-
ness."” Pcs are very popular pigments (e.g., Pigment Blue 16,
Pigment Green 7, etc.) with big sales worldwide, but they have
also been extensively researched in industry and academia for
the development of organic solar cells, semiconductors, optical
recording materials and medicinal agents for photodynamic
therapy of cancer due to their strong optical absorption at
wavelengths longer than 650 nm. Since these optical proper-
ties of Pcs vary significantly with substitutions on peripheral
positions, the design and synthesis of Pcs with various substi-
tutions has attracted much attention." In particular, strong
electron-withdrawing substituents, such as NO, remarkably de-
crease the basicity of the parent macrocycle, resulting in an in-
crease in the stability of the Pc towards oxidation."? However,
Pcs suffer from poor solubility in organic solvents. Fluoro-func-
tionalized Pcs have thus emerged as lipophilic and stabilized
Pcs to overcome these shortfalls."® These fluorinated Pcs are
also expected to exhibit novel and unique properties, and tri-
fluoroethoxy-Pcs'™*< and perfluoroisopropyl Pc**! are two rep-
resentative examples of this compound class. Many reports
have documented the synthesis of Pcs having fluorinated func-
tional groups on peripheral positions'® but there is no exam-
ple of the synthesis of Pcs having an SF; moiety directly in
their peripheral positions.™ As part of our research program
on fluorinated Pcs,™™ we report herein the synthesis of directly
functionalized SFs-substituted Pcs 3a—c, and disclose the regio-
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Figure 1. a) Commercially or readily available SFs-substituted arenes 1 and SFs-containing heteroarenes (i.e., SFs-
substituted pyridine 2), reported elsewhere; b) newly developed SF;-containing macrocyles (i.e., phthalocyannes;

SFs-Pcs 3a-c), described here.

specific optical properties of these derivatives for the first time
(Figure 1).

The critical departure point for the synthesis of SFs-substitut-
ed Pcs 3 was how to create a series of SFs-phthalonitriles 4
from commercially available SFi-substituted arenes. First, the
synthesis of 4-(pentafluorosulfanyl)phthalonitrile 4a as a precur-
sor for B-SFs-substituted Pc 3a was attempted. The regioselec-
tive ortho-lithiation of 4-(pentafluorosulfanyl)benzonitrile (5)
using a strong bulky base, lithium tetramethylpiperidide
(LiTMP), was followed by iodination with |, to furnish 6 in 38%
yield. The iodo-function of 6 was next converted into a cyano
group using copper(l) cyanide in dimethylformamide (DMF) at
110°C to give 4a in 43% yield (Scheme 1).

CN CN CN
JONE SO NS
— D
FsS FsS [ FsS CN

5 6 4a

Scheme 1. Synthesis of 4a via stepwise ortho-lithiation/iodination/cyanation
process. Reagents and conditions: a) LITMP (2.0 equiv), |, (1.1 equiv), THF,
—80°C, 38% yield; b) CuCN (3.0 equiv), DMF, 110°C, 43 % yield.

The synthesis of 4b, the precursor for a-SFs-substituted Pc
3b, was next examined using commercially available 2-hydrox-
yphenylsulfur pentafluoride (7) (Scheme 2). Treatment of 7
with triflic anhydride in the presence of triethylamine in di-
chloromethane at room temperature provided triflate 8 in
98% yield. The triflate moiety of 8 was converted into a cyano
group using a coupling reaction with zinc cyanide under palla-
dium catalysis of tris(dibenzylideneacetone)dipalladium(0)
(Pd,(dba);) and 1,1"-bis(diphenylphosphino)ferrocene (dppf) to
give 2-(pentafluorosulfanyl)benzonitrile (9) in 91% vyield. The
newly functionalized cyano group in 9 was effectively used as
a directing group for ortho-lithiation under LiTMP conditions
followed by treatment with |, to provide 2-(pentafluorosulfan-
yl)-6-iodobenzonitrile (10) in 40% vyield. Finally, a second cyano
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group was introduced into 10
via a coupling reaction by cop-
per(l) cyanide in DMF under
140°C to provide desired o-SFs-
phthalonitrile 4b in 59% yield.
Finally, the synthesis of 3,5-
bis(pentafluorosulfanyl)phthalo-
nitrile (4c) from commercially
available 3,5-bis(pentafluorosul-
fanyl)-1-bromobenzene (11) was
attempted (Scheme 3). Cyana-
tion of bromide 11 proceeded
smoothly with potassium ferri-
cyanide and 1-butyl imidazole in
the presence of copper(l) iodide
to furnish 12 in 74% yield. The
ortho-lithiation/iodination of 12
required three equivalents of

SF5 SFs SF5

OH 5 ot CN
ol —_—
7 8 9
SFs SFs
—_— —_
| CN
10 4b

Scheme 2. Synthesis of 3-(pentafluorosulfanyl)phthalonitrile. Reagents and
conditions: a) Et;N (1.5 equiv), Tf,0O (1.5 equiv), CH,Cl,, r.t., 98 % yield;
b) Zn(CN), (1.2 equiv), Pd,(dba); (1.0 mol %), dppf (2.4 mol %), DMF, 80 °C,

91 % yield; c) LITMP (2.0 equiv), |, (2.0 equiv), THF, —80°C, 40% vyield;
d) CuCN (1.5 equiv), DMF, 140°C, 59 % yield.

Br CN
a b
] —_—
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CN CN
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FsS SF5 FsS SF5
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Scheme 3. Synthesis of 3,5-bis(pentafluorosulfanyl)phthalonitrile. Reagents
and conditions: a) K,[Fe(CN),] (0.8 equiv), Cul (40 mol%), 1-buthyl imidazole
(8.0 equiv), toluene, 160°C, 74% vyield; b) LITMP (3.0 equiv), |, (3.0 equiv),
THF, —80°C, 68% vyield; c) CuCN (1.0 equiv), DMF, 160°C, 42 % yield.

LITMP and |, in tetrahydrofuran (THF) at —80°C to give 13 in
68% vyield. The desired 3,5-bis(pentafluorosulfanyl)phthaloni-
trile (4c) was obtained in 42% yield by cyanation of 13 under
copper(l) cyanide conditions.

With a series of SFs-phthalonitriles 4 in hand, tetramerization
of 4a-c to SFs-substituted Pcs 3a-c was investigated
(Scheme 4). Under standard conditions consisting of zinc chlo-
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gregation in CF;Ph, while both
0-SFs 3b and a,3-SFs 3¢ show
sharp spectra of non-aggrega-

Scheme 4. Synthesis of SF;-substituted phthalocyanines 3. Reagents and conditions: For 3a: ZnCl, (0.33 equiv),
N,N-dimethylamino ethanol, 140°C, 10% vyield; for 3b: ZnCl, (0.31 equiv), 180°C, solvent-free, 28 % yield; for 3c:
ZnCl, (0.25 equiv), 200 °C, solvent-free, 7.8 % yield. All compounds were obtained as a mixture of regioisomers.

ride in N,N-dimethyl-2-aminoethanol (DMAE) at 140°C, 4-(pen-
tafluorosulfanyl)phthalonitrile (4a) was converted into [-SFs-
substituted Pc 3a in 10% yield as a mixture of regioisomers.
However, SFs-phthalonitriles 4b and 4c failed to be cyclized
under these conditions. This is presumably due to the steric
hindrance!™ ™ and strong electronegativity of the SFs group
on the neighboring cyano moiety. Finally, desired a-SFs-substi-
tuted Pc 3b and o,p-SFs-substituted 3¢ were obtained under
harsh conditions, that is, without solvent at higher reaction
temperatures (180-200°C), in 28% and 7.8 % yield, respective-
ly, as a mixture of regioisomers.

The UV/Vis and fluorescence spectroscopy were used to in-
vestigate their optical properties of SF;-substituted Pcs 3a-c in
dichloromethane, o,a,a-trifluorotoluene (CF;Ph) and 1,4-diox-
ane (dioxane) (see Table 1 and Figure 2 a; detailed data is pro-
vided in the Supporting Information). In dichloromethane, the
UV/Vis spectra of a-SF;-substituted Pc 3b and o,f3-SFs-substi-
tuted 3 c are sharp, while the region of the 630 nm to 640 nm

Table 1. The Q-band values, emission maxima (A.,) and fluorescence
quantum yields (®;) of compounds 3 determined from the UV/Vis spectra
measured at 1.0x 10~*m.

Compd Solvent Q-band [nm] hem [NM] [of
3a CH,Cl, 672 676 0.55
3b CH,Cl, 664 672 0.13
3¢ CH,Cl, 665 685 0.43
3a CF;Ph 667 673 0.76
3b CF;Ph 662 669 0.25
3c CF;Ph 663 684 0.42
3a dioxane 665 671 0.95
3b dioxane 660 669 0.31
3c dioxane 662 685 0.44

band of 3-SFs-substituted 3a is broad (Figure 2a). Next, the
UV/Vis spectra in CF;Ph and dioxane were investigated (spectra
for 3a are shown in Figure 2b; spectra for 3b,c, see Support-
ing Information). Interestingly, the absorption of (3-SF; 3a is re-
markably weaker than that of a-SF; 3b and o,3-SFs 3c. The
630 nm region of (3-SF; 3a is weak and broad, indicating H-ag-
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tion in CF;Ph. The Q-band of
o,p3-SFs 3c lies almost in the
same blue-shift position as a-SF
3b, independent of the exis-
tence of an additional [-SF;
group in 3¢, while a red-shift
was observed for [-SF; 3a.
These results suggest that the
effect of an SFs-substitution at
a peripheral a-position is much
larger than that at a [(3-position.
The blue-shift caused by a-sub-
stitution arises due to the pres-

a)
2,0E+5
1,6E+5 |

1,2E+5 +

/M em?

8,0E+4 |-

4,0E+4 ﬂ
0,0E+0
320 520 720
A/ nm

b)

2,0E+5
16E+5

1,2E+5

e/ M'cm™?

8,0E+4

4,0E+4

0,0E+0
320 520 720
Al nm

Figure 2. UV/Vis spectra of a) compounds 3 in CH,Cl, at 1.0x10™*m: 3a
(blue), 3b (pink) and 3 c (green), and b) compound 3a at 1.0x 10™*m in dif-
ferent solvents: CH,Cl, (blue), CF;Ph (pink), dioxane (green).

ence of an electron-withdrawing NO, group,'® which is the
opposite observation to that seen when an electron-donating
n-butoxy (nBuO) group is present; in that case, a-substitution
induces a red-shift of the Q-band.""”

To consider the origin of the differences in Q-bands, HOMO-
LUMO energy levels of 3a-c were next calculated by computa-
tion, and they were compared with those of conventional zinc
phthalocyanine (ZnPc) (DFT/B3LYP/6-31G*) (Figure 3). In all
cases, the HOMO levels were stabilized as the number of SFs

© 2015 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. Energy level of frontier molecular orbitals of zinc phthalocyanine (ZnPc) and SF;-substituted Pcs 3 a-c.

substitutions increased, which is in good agreement with the
stabilization of Pcs by electron-withdrawing functional groups.
The stabilization effect on the HOMO level by [(3-SFs substitu-
tion is slightly stronger than that of a-SF; substitution, and ap-
proximate additivity was observed for a,f3-SFs substitution.
Energy gaps of HOMO and LUMO correlate well with the Q-
band positions of 3a-c in Table 1. The Q-band of -SF; 3a is
shifted to a long wavelength, which is very consistent with cal-
culations in which the energy gap of HOMO and LUMO of f3-
SFs 3a is smallest (2.19 eV), while that of a-SFs 3b and o,-SFs
3¢ are almost the same (2.25 and 2.26 eV, respectively). These
results clearly indicate that a SFs; group at an a-position in-
creases the energy gap (3b: 2.25 eV; 3 c: 2.26 eV), while B-sub-
stitution with a SF; group does not affect it (energy gap:
ZnPc=2.19eV;3a=2.19eV).

Fluorescence of 3-SF; 3a is considerably stronger than that
of 3b-¢, having a a-SF; moiety, especially in dioxane; fluores-
cence quantum yield of 3a is very high (®=0.95), and fluores-
cence decreases in the order (3-SFs 3a > o,3-SFs 3¢ > a-SF;
3b (Table 1). It is interesting to note that the electron-donating
nBuO group on Pcs shows a similar tendency, namely that the
®; value becomes smaller with the a-substitution of nBuO
groups, as reported by Kobayashi and co-workers."” They ex-
plained this phenomenon as a decrease in the energy gap be-
tween HOMO and LUMO, suggesting that the excited states
become unstable in systems showing a Q-band at lower
energy, due to the ease of electron transfer. However, in our
case, electron-withdrawing SF; groups were not related to
HOMO-LUMO energy gaps. Fundamentally, the effects on opti-
cal properties by electron-withdrawing substituents are much
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smaller than those by an electron-donating group. This indi-
cates that an a-SFs-substitution induces a non-radiative transi-
tion process presumably due to the distortion of the phthalo-
cyanine plane by a bulky SFs group on the a-position, while
a B-SFs-substitution inhibits it, although further investigation is
required.

In conclusion, a series of directly-substituted SFs-containing
phthalocyanines (Pcs) were regioselectively synthesized from
commercial available simple SFs-substituted arenes by step-
wise cyanation via ortho-lithiation/iodination. Regiospecific
spectroscopic properties were observed. The aggregation of
Pcs is controlled regioselectively with the SF; substitution at
a peripheral a- or a B-position. The effect of SFs substitution at
a peripheral a-position is much larger than that at a 3-position,
observed both in the UV/Vis spectra and fluorescence quan-
tum yields, and an approximate but non-linear additivity exists.
The electron-withdrawing property of the SFs; group mainly
contributes to the UV/Vis spectra of SFs-substituted Pcs, while
fluorescence quantum yields seem to be affected by the bulki-
ness of the SF; group due to the distortion of the Pc plane.
More systematic analysis on the effect of SF; substituents is
under investigation.

Acknowledgements

This research was financially supported in part by the MEXT: Min-
istry of Education, Culture, Sports, Science & Technology (Japan)
Platform for Drug Discovery, Informatics, and Structural Life Sci-
ence, the Advanced Catalytic Transformation (ACT-C) Fund from

© 2015 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim


http://www.chemistryopen.org

.@‘* ChemPubSoc
g Europe

the Japan Science and Technology (JST) Agency, the Japan Soci-
ety for the Promotion of Science (JSPS) Grants-in-Aid of Scientific
Research (B) Program (grant no. 25288045), and the Daiko Foun-
dation (Japan).

Keywords: macrocycles . organic synthesis
pentafluorosulfanyl group - phthalocyanines - ultraviolet/visible
spectroscopy

[1] a) P.R. Savoie, J. T. Welch, Chem. Rev. 2015, 115, 1130-1190; b) S. Alto-
monte, M. Zanda, J. Fluorine Chem. 2012, 143, 57-93; ¢)W.R. Dol-
bier, Jr., Chim. Oggi 2003, 21, 66 —69.
a) . Umemoto, L. M. Garrick, N. Saito, Beilstein J. Org. Chem. 2012, 8,
461-471; b) . Umemoto, WO 2008118787 A1, 2008; c) A. M. Sipyagin,
V. S. Enshoy, S. A. Kashtanov, C. P. Bateman, B. D. Mullen, Y--T. Tan, J.S.
Thrasher, J. Fluorine Chem. 2004, 125, 1305-1316; d)R. D. Chambers,
R. C. H. Spink, Chem. Commun. 1999, 883-884; e)R.D. Bowden, M. P.
Greenhall, J. S. Moilliet, J. Thomson, WO 9705106, 1997; f) W. A. Shep-
pard, J. Am. Chem. Soc. 1960, 82, 4751-4752; g) G. A. Silvey, G. H. Cady,
J. Am. Chem. Soc. 1950, 72, 3624 -3626.
a) W. A. Sheppard, J. Am. Chem. Soc. 1962, 84, 3072-3076; b) W. A.
Sheppard, J. Am. Chem. Soc. 1962, 84, 3064-3072; c) C. Hansch, R. M.
Muir, T. Fujita, P. P. Maloney, F. Geiger, M. Streich, J. Am. Chem. Soc.
1963, 85, 2817-2824; d)R.D. Bowden, P.J. Comina, M.P. Greenhall,
B. M. Kariuki, A. Loveday, D. Philp, Tetrahedron 2000, 56, 3399-3408;
e) J.-P. Bégué, D. Bonnet-Delpon, Bioorganic and Medicinal Chemistry of
Fluorine, Wiley, Hoboken, 2008; f)P. Kirsch, Modern in Fluoroorganic
Chemistry: Synthesis Reactivity, Applications, Wiley-VCH, Weinheim, 2004,
pp. 151.
a) C. Alonso, E. M. de Marigorta, G. Rubiales, F. Palacios, Chem. Rev.
2015, 115, 1847-1935; b) K. Muller, C. Faeh, F. Diederich, Science 2007,
317, 1881-1886; ¢) J. Nie, H.-C. Guo, D. Cahard, J. Ma, Chem. Rev. 2011,
111, 455-529; d)P. Jeschke, ChemBioChem 2004, 5, 570-589; e)J.
Wang, M. Sanchez-Roselld, J. L. Acefia, C.D. Pozo, A. E. Sorochinsky, S.
Fustero, V. A. Soloshonok, Q. Liu, Chem. Rev. 2014, 114, 2432 -2506.
a)D.S. Lim, J. S. Choi, C.S. Pak, J. T. Welch, J. Pestic. Sci. 2007, 32, 255-
259; b) P. Kirsch, A. Hahn, Eur. J. Org. Chem. 2005, 3095-3100; c)B.
Stump, C. Eberle, W. B. Schweizer, M. Kaiser, R. Brun, R. L. Kraut-Siegel,
D. Lentz, F. Diederich, ChemBioChem 2009, 10, 79-83.
a) J.T. Welch, D.S. Lim, Bioorg. Med. Chem. 2007, 15, 6659-6666; b) T.
Mo, X. Mi, E.E. Milner, G.S. Dow, P. Wipf, Tetrahedron Lett. 2010, 51,
5137-5140; ¢) P. Wipf, T. Mo, S. J. Geib, D. Caridha, G. S. Dow, L. Gerena,
N. Roncal, E. E. Milner, Org. Biomol. Chem. 2009, 7, 4163-4165; d)P.
Kirsch, M. Bremer, Angew. Chem. Int. Ed. 2000, 39, 4216-4235; Angew.
Chem. 2000, 112, 4384-4405; e) P. Kirsch, M. Bremer, M. Heckmeier, K.
Tarumi, Angew. Chem. Int. Ed. 1999, 38, 1989-1992; Angew. Chem.
1999, 111, 2174-2178.
For example, a wide variety of simple SFs-substituted arenes are avail-
able from Ube Industries, Ltd; www.ube-ind.co.jp/english/products/
pharmaceutical/pharmaceutical_02.htm.
[8] O.S. Kanishchev, W. R. Dolbier, Jr., Angew. Chem. Int. Ed. 2015, 54, 280—
284; Angew. Chem. 2015, 127, 282 -286.
[9] a) A. Joliton, E. M. Carreira, Synlett 2015, 26, 737 -740; b) T. Okazaki, K. K.
Laali, S. D. Bunge, S. K. Adas, Eur. J. Org. Chem. 2014, 1630-1644; c) A.
Joliton, E. M. Carreira, Org. Lett. 2013, 15, 5147 -5149; d) A. M. Sipyagin,

S

e

=

5]

=

[7

[10]

[

[12]

[13]

[14]

[15]

[16]

[17]

e Open Access )
- ChemistryOPEN

<« Communications

C. P. Bateman, A. V. Matsev, A. Waterfeld, R. E. Jilek, C. D. Key, G. J. Szulc-
zewski, J. S. Thrasher, J. Fluorine Chem. 2014, 167, 203-210; e) C. Wang,
Y-B. Yu, S. Fan, X. Zhang, Org. Lett. 2013, 15, 5004-5007; f) G. lakobson,
M. Posta, P. Beier, Synlett 2013, 24, 855-859; g) P. Beier, T. Pastyiikova,
Beilstein J. Org. Chem. 2013, 9, 411-416; h) A. Frischmuth, A. Unsinn, K.
Groll, H. Stadtmdiller, P. Knochel, Chem. Eur. J. 2012, 18, 10234-10238;
) N. Vida, P. Beier, J. Fluorine Chem. 2012, 143, 130-134; j)P. Beier, T.
Pastyfikova, N. Vida, G. lakobson, Org. Lett. 2011, 13, 1466-1469; k) P.
Beier, T. Pastyfikovd, G. lakobson, J. Org. Chem. 2011, 76, 4781-4786;
1) P. Beier, T. Pastyfikova, Tetrahedron Lett. 2011, 52, 4392-4394; m) A. M.
Sipyagin, C. P. Bateman, Y-T. Tan, J.-S. Thrasher, J. Fluorine Chem. 2001,
112, 287 -295.

a) Handbook of Porphyrin Science, Vols. 1-25 (Eds.: K. M. Kadish, K. M.
Smith, R. Guilard), World Scientific, Singapore, 2010-2012; b) The Por-
phyrin Handbook, Vols. 1-20 (Eds.: K. M. Kadish, K. M. Smith, R. Guilard),
Academic Press, New York, 1999, 2003; c) Phthalocyanines—Properties
and Applications, Vols. 1-4 (Eds.: C. C. Leznoff, A. B. P. Lever), VCH, New
York, 1989, 1992, 1993, 1996.

E. A. Luk'yanets, Electronic Spectra of Phthalocyanines and Related Com-
pounds (in Russian), NIOPIK, Moscow, 1989.

a) F. Bahadoran, S. Dialameh, J. Porphyrins Phthalocyanines 2005, 9,
163-169; b) K. J. Balkus Jr., M. Eissa, R. Levado, J. Am. Chem. Soc. 1995,
117, 10753 -10754.

a) B. A. Bench, A. Beveridge, W. M. Sharman, G. J. Diebold, J. E. van Lier,
S. M. Gorun, Angew. Chem. Int. Ed. 2002, 41, 747-750; Angew. Chem.
2002, 114, 773-776; b)B. A. Bench, W. W. Brennessel, H.-J. Lee, S. M.
Gorun, Angew. Chem. Int. Ed. 2002, 41, 750-754; Angew. Chem. 2002,
114, 776 -780; c) M. Tian, T. Wada, H. Kimura-Suda, H. Sasabe, J. Mater.
Chem. 1997, 7, 861-863.

a) N. lida, E. Tokunaga, N. Saito, N. Shibata, J. Fluorine Chem. 2015, 171,
120-123; b) N. lida, E. Tokunaga, N. Saito, N. Shibata, J. Fluorine Chem.
2014, 168, 93-98.

a) S. Mori, H. Yoshiyama, E. Tokunaga, N. lida, M. Hayashi, T. Obata, M.
Tanaka, N. Shibata, J. Fluorine Chem. 2015, 174, 137-141; b) S. Mori, N.
Ogawa, E. Tokunaga, N. Shibata, J. Porphyrins Phthalocyanines 2014, 18,
1034-1041; c) N. Shibata, S. Mori, M. Hayashi, M. Umeda, E. Tokunaga,
M. Shiro, H. Sato, T. Hoshi, N. Kobayashi, Chem. Commun. 2014, 50,
3040-3043; d) B. Das, E. Tokunaga, M. Tanaka, T. Sasaki, N. Shibata, Eur.
J. Org. Chem. 2010, 2878-2884; e) B. Das, M. Umeda, E. Tokunaga, T.
Toru, N. Shibata, Chem. Lett. 2010, 39, 337-339; f) H. Yoshiyama, N. Shi-
bata, T. Sato, S. Nakamura, T. Toru, Org. Biomol. Chem. 2009, 7, 2265-
2269; g) D. Sukeguchi, H. Yoshiyama, N. Shibata, S. Nakamura, T. Toru, Y.
Hayashi, T. Soga, J. Fluorine Chem. 2009, 130, 361-364; h) H. Yoshiyama,
N. Shibata, T. Sato, S. Nakamura, T. Toru, Chem. Commun. 2008, 1977 -
1979; ) H. Yoshiyama, N. Shibata, T. Sato, S. Nakamura, T. Toru, Org.
Biomol. Chem. 2008, 6, 4498-4501; j) M. R. Reddy, N. Shibata, Y. Kondo,
S. Nakamura, T. Toru, Angew. Chem. Int. Ed. 2006, 45, 8163-8166;
Angew. Chem. 2006, 118, 8343-8346; k) N. lida, K. Tanaka, E. Tokunaga,
H. Takahashi, N. Shibata, ChemistryOpen 2015, 4, 102-106.

G. P. Shaposhnikov, V. E. Maizlish, V. P. Kulinich, Russ. J. Gen. Chem. 2005,
75, 1830-1839.

N. Kobayashi, N. Sasaki, Y. Higashi, T. Osa, Inorg. Chem. 1995, 34, 1636—
1637.

Received: June 23, 2015
Published online on July 24, 2015

ChemistryOpen 2015, 4, 698 — 702 www.chemistryopen.org 702

© 2015 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim


http://dx.doi.org/10.1021/cr500336u
http://dx.doi.org/10.1021/cr500336u
http://dx.doi.org/10.1021/cr500336u
http://dx.doi.org/10.1016/j.jfluchem.2012.06.030
http://dx.doi.org/10.1016/j.jfluchem.2012.06.030
http://dx.doi.org/10.1016/j.jfluchem.2012.06.030
http://dx.doi.org/10.3762/bjoc.8.53
http://dx.doi.org/10.3762/bjoc.8.53
http://dx.doi.org/10.3762/bjoc.8.53
http://dx.doi.org/10.3762/bjoc.8.53
http://dx.doi.org/10.1016/j.jfluchem.2004.03.008
http://dx.doi.org/10.1016/j.jfluchem.2004.03.008
http://dx.doi.org/10.1016/j.jfluchem.2004.03.008
http://dx.doi.org/10.1039/a901473j
http://dx.doi.org/10.1039/a901473j
http://dx.doi.org/10.1039/a901473j
http://dx.doi.org/10.1021/ja01502a083
http://dx.doi.org/10.1021/ja01502a083
http://dx.doi.org/10.1021/ja01502a083
http://dx.doi.org/10.1021/ja01164a084
http://dx.doi.org/10.1021/ja01164a084
http://dx.doi.org/10.1021/ja01164a084
http://dx.doi.org/10.1021/ja00875a007
http://dx.doi.org/10.1021/ja00875a007
http://dx.doi.org/10.1021/ja00875a007
http://dx.doi.org/10.1021/ja00875a006
http://dx.doi.org/10.1021/ja00875a006
http://dx.doi.org/10.1021/ja00875a006
http://dx.doi.org/10.1021/ja00901a033
http://dx.doi.org/10.1021/ja00901a033
http://dx.doi.org/10.1021/ja00901a033
http://dx.doi.org/10.1021/ja00901a033
http://dx.doi.org/10.1016/S0040-4020(00)00184-8
http://dx.doi.org/10.1016/S0040-4020(00)00184-8
http://dx.doi.org/10.1016/S0040-4020(00)00184-8
http://dx.doi.org/10.1021/cr500368h
http://dx.doi.org/10.1021/cr500368h
http://dx.doi.org/10.1021/cr500368h
http://dx.doi.org/10.1021/cr500368h
http://dx.doi.org/10.1021/cr100166a
http://dx.doi.org/10.1021/cr100166a
http://dx.doi.org/10.1021/cr100166a
http://dx.doi.org/10.1021/cr100166a
http://dx.doi.org/10.1002/cbic.200300833
http://dx.doi.org/10.1002/cbic.200300833
http://dx.doi.org/10.1002/cbic.200300833
http://dx.doi.org/10.1021/cr4002879
http://dx.doi.org/10.1021/cr4002879
http://dx.doi.org/10.1021/cr4002879
http://dx.doi.org/10.1584/jpestics.G06-50
http://dx.doi.org/10.1584/jpestics.G06-50
http://dx.doi.org/10.1584/jpestics.G06-50
http://dx.doi.org/10.1002/ejoc.200500125
http://dx.doi.org/10.1002/ejoc.200500125
http://dx.doi.org/10.1002/ejoc.200500125
http://dx.doi.org/10.1002/cbic.200800565
http://dx.doi.org/10.1002/cbic.200800565
http://dx.doi.org/10.1002/cbic.200800565
http://dx.doi.org/10.1016/j.bmc.2007.08.012
http://dx.doi.org/10.1016/j.bmc.2007.08.012
http://dx.doi.org/10.1016/j.bmc.2007.08.012
http://dx.doi.org/10.1016/j.tetlet.2010.07.113
http://dx.doi.org/10.1016/j.tetlet.2010.07.113
http://dx.doi.org/10.1016/j.tetlet.2010.07.113
http://dx.doi.org/10.1016/j.tetlet.2010.07.113
http://dx.doi.org/10.1039/b911483a
http://dx.doi.org/10.1039/b911483a
http://dx.doi.org/10.1039/b911483a
http://dx.doi.org/10.1002/1521-3773(20001201)39:23%3C4216::AID-ANIE4216%3E3.0.CO;2-K
http://dx.doi.org/10.1002/1521-3773(20001201)39:23%3C4216::AID-ANIE4216%3E3.0.CO;2-K
http://dx.doi.org/10.1002/1521-3773(20001201)39:23%3C4216::AID-ANIE4216%3E3.0.CO;2-K
http://dx.doi.org/10.1002/1521-3757(20001201)112:23%3C4384::AID-ANGE4384%3E3.0.CO;2-S
http://dx.doi.org/10.1002/1521-3757(20001201)112:23%3C4384::AID-ANGE4384%3E3.0.CO;2-S
http://dx.doi.org/10.1002/1521-3757(20001201)112:23%3C4384::AID-ANGE4384%3E3.0.CO;2-S
http://dx.doi.org/10.1002/1521-3757(20001201)112:23%3C4384::AID-ANGE4384%3E3.0.CO;2-S
http://dx.doi.org/10.1002/(SICI)1521-3773(19990712)38:13/14%3C1989::AID-ANIE1989%3E3.0.CO;2-K
http://dx.doi.org/10.1002/(SICI)1521-3773(19990712)38:13/14%3C1989::AID-ANIE1989%3E3.0.CO;2-K
http://dx.doi.org/10.1002/(SICI)1521-3773(19990712)38:13/14%3C1989::AID-ANIE1989%3E3.0.CO;2-K
http://dx.doi.org/10.1002/(SICI)1521-3757(19990712)111:13/14%3C2174::AID-ANGE2174%3E3.0.CO;2-V
http://dx.doi.org/10.1002/(SICI)1521-3757(19990712)111:13/14%3C2174::AID-ANGE2174%3E3.0.CO;2-V
http://dx.doi.org/10.1002/(SICI)1521-3757(19990712)111:13/14%3C2174::AID-ANGE2174%3E3.0.CO;2-V
http://dx.doi.org/10.1002/(SICI)1521-3757(19990712)111:13/14%3C2174::AID-ANGE2174%3E3.0.CO;2-V
http://www.ube-ind.co.jp/english/products/pharmaceutical/pharmaceutical_02.htm
http://www.ube-ind.co.jp/english/products/pharmaceutical/pharmaceutical_02.htm
http://www.ube-ind.co.jp/english/products/pharmaceutical/pharmaceutical_02.htm
http://dx.doi.org/10.1002/anie.201409990
http://dx.doi.org/10.1002/anie.201409990
http://dx.doi.org/10.1002/anie.201409990
http://dx.doi.org/10.1002/ange.201409990
http://dx.doi.org/10.1002/ange.201409990
http://dx.doi.org/10.1002/ange.201409990
http://dx.doi.org/10.1002/ejoc.201301538
http://dx.doi.org/10.1002/ejoc.201301538
http://dx.doi.org/10.1002/ejoc.201301538
http://dx.doi.org/10.1021/ol4025666
http://dx.doi.org/10.1021/ol4025666
http://dx.doi.org/10.1021/ol4025666
http://dx.doi.org/10.1016/j.jfluchem.2014.07.031
http://dx.doi.org/10.1016/j.jfluchem.2014.07.031
http://dx.doi.org/10.1016/j.jfluchem.2014.07.031
http://dx.doi.org/10.1021/ol4023326
http://dx.doi.org/10.1021/ol4023326
http://dx.doi.org/10.1021/ol4023326
http://dx.doi.org/10.3762/bjoc.9.43
http://dx.doi.org/10.3762/bjoc.9.43
http://dx.doi.org/10.3762/bjoc.9.43
http://dx.doi.org/10.1002/chem.201201485
http://dx.doi.org/10.1002/chem.201201485
http://dx.doi.org/10.1002/chem.201201485
http://dx.doi.org/10.1016/j.jfluchem.2012.04.001
http://dx.doi.org/10.1016/j.jfluchem.2012.04.001
http://dx.doi.org/10.1016/j.jfluchem.2012.04.001
http://dx.doi.org/10.1021/ol2001478
http://dx.doi.org/10.1021/ol2001478
http://dx.doi.org/10.1021/ol2001478
http://dx.doi.org/10.1021/jo200618p
http://dx.doi.org/10.1021/jo200618p
http://dx.doi.org/10.1021/jo200618p
http://dx.doi.org/10.1016/j.tetlet.2011.06.011
http://dx.doi.org/10.1016/j.tetlet.2011.06.011
http://dx.doi.org/10.1016/j.tetlet.2011.06.011
http://dx.doi.org/10.1016/S0022-1139(01)00514-0
http://dx.doi.org/10.1016/S0022-1139(01)00514-0
http://dx.doi.org/10.1016/S0022-1139(01)00514-0
http://dx.doi.org/10.1016/S0022-1139(01)00514-0
http://dx.doi.org/10.1142/S108842460500023X
http://dx.doi.org/10.1142/S108842460500023X
http://dx.doi.org/10.1142/S108842460500023X
http://dx.doi.org/10.1142/S108842460500023X
http://dx.doi.org/10.1021/ja00148a022
http://dx.doi.org/10.1021/ja00148a022
http://dx.doi.org/10.1021/ja00148a022
http://dx.doi.org/10.1021/ja00148a022
http://dx.doi.org/10.1002/1521-3773(20020301)41:5%3C747::AID-ANIE747%3E3.0.CO;2-J
http://dx.doi.org/10.1002/1521-3773(20020301)41:5%3C747::AID-ANIE747%3E3.0.CO;2-J
http://dx.doi.org/10.1002/1521-3773(20020301)41:5%3C747::AID-ANIE747%3E3.0.CO;2-J
http://dx.doi.org/10.1002/1521-3757(20020301)114:5%3C773::AID-ANGE773%3E3.0.CO;2-3
http://dx.doi.org/10.1002/1521-3757(20020301)114:5%3C773::AID-ANGE773%3E3.0.CO;2-3
http://dx.doi.org/10.1002/1521-3757(20020301)114:5%3C773::AID-ANGE773%3E3.0.CO;2-3
http://dx.doi.org/10.1002/1521-3757(20020301)114:5%3C773::AID-ANGE773%3E3.0.CO;2-3
http://dx.doi.org/10.1002/1521-3773(20020301)41:5%3C750::AID-ANIE750%3E3.0.CO;2-6
http://dx.doi.org/10.1002/1521-3773(20020301)41:5%3C750::AID-ANIE750%3E3.0.CO;2-6
http://dx.doi.org/10.1002/1521-3773(20020301)41:5%3C750::AID-ANIE750%3E3.0.CO;2-6
http://dx.doi.org/10.1002/1521-3757(20020301)114:5%3C776::AID-ANGE776%3E3.0.CO;2-S
http://dx.doi.org/10.1002/1521-3757(20020301)114:5%3C776::AID-ANGE776%3E3.0.CO;2-S
http://dx.doi.org/10.1002/1521-3757(20020301)114:5%3C776::AID-ANGE776%3E3.0.CO;2-S
http://dx.doi.org/10.1002/1521-3757(20020301)114:5%3C776::AID-ANGE776%3E3.0.CO;2-S
http://dx.doi.org/10.1039/a701606i
http://dx.doi.org/10.1039/a701606i
http://dx.doi.org/10.1039/a701606i
http://dx.doi.org/10.1039/a701606i
http://dx.doi.org/10.1016/j.jfluchem.2014.08.016
http://dx.doi.org/10.1016/j.jfluchem.2014.08.016
http://dx.doi.org/10.1016/j.jfluchem.2014.08.016
http://dx.doi.org/10.1016/j.jfluchem.2014.08.016
http://dx.doi.org/10.1016/j.jfluchem.2014.09.012
http://dx.doi.org/10.1016/j.jfluchem.2014.09.012
http://dx.doi.org/10.1016/j.jfluchem.2014.09.012
http://dx.doi.org/10.1016/j.jfluchem.2014.09.012
http://dx.doi.org/10.1016/j.jfluchem.2014.11.003
http://dx.doi.org/10.1016/j.jfluchem.2014.11.003
http://dx.doi.org/10.1016/j.jfluchem.2014.11.003
http://dx.doi.org/10.1142/S1088424614500862
http://dx.doi.org/10.1142/S1088424614500862
http://dx.doi.org/10.1142/S1088424614500862
http://dx.doi.org/10.1142/S1088424614500862
http://dx.doi.org/10.1039/c3cc49831j
http://dx.doi.org/10.1039/c3cc49831j
http://dx.doi.org/10.1039/c3cc49831j
http://dx.doi.org/10.1039/c3cc49831j
http://dx.doi.org/10.1002/ejoc.201000179
http://dx.doi.org/10.1002/ejoc.201000179
http://dx.doi.org/10.1002/ejoc.201000179
http://dx.doi.org/10.1002/ejoc.201000179
http://dx.doi.org/10.1246/cl.2010.337
http://dx.doi.org/10.1246/cl.2010.337
http://dx.doi.org/10.1246/cl.2010.337
http://dx.doi.org/10.1039/b902905b
http://dx.doi.org/10.1039/b902905b
http://dx.doi.org/10.1039/b902905b
http://dx.doi.org/10.1016/j.jfluchem.2008.11.005
http://dx.doi.org/10.1016/j.jfluchem.2008.11.005
http://dx.doi.org/10.1016/j.jfluchem.2008.11.005
http://dx.doi.org/10.1039/b800918j
http://dx.doi.org/10.1039/b800918j
http://dx.doi.org/10.1039/b800918j
http://dx.doi.org/10.1039/b814169j
http://dx.doi.org/10.1039/b814169j
http://dx.doi.org/10.1039/b814169j
http://dx.doi.org/10.1039/b814169j
http://dx.doi.org/10.1002/anie.200603590
http://dx.doi.org/10.1002/anie.200603590
http://dx.doi.org/10.1002/anie.200603590
http://dx.doi.org/10.1002/ange.200603590
http://dx.doi.org/10.1002/ange.200603590
http://dx.doi.org/10.1002/ange.200603590
http://dx.doi.org/10.1002/open.201402093
http://dx.doi.org/10.1002/open.201402093
http://dx.doi.org/10.1002/open.201402093
http://dx.doi.org/10.1007/s11176-005-0519-0
http://dx.doi.org/10.1007/s11176-005-0519-0
http://dx.doi.org/10.1007/s11176-005-0519-0
http://dx.doi.org/10.1007/s11176-005-0519-0
http://dx.doi.org/10.1021/ic00111a004
http://dx.doi.org/10.1021/ic00111a004
http://dx.doi.org/10.1021/ic00111a004
http://www.chemistryopen.org

