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meso,b-Oligohaloporphyrins as Useful Synthetic Intermediates of
Diphenylamine-Fused Porphyrin and meso-to-meso b-to-b Doubly
Butadiyne-Bridged Diporphyrin**
Norihito Fukui, Hideki Yorimitsu,* and Atsuhiro Osuka*

Abstract: The chlorination of b-halo or b,b-dihaloporphyrins
with 2-chloro-1,3-bis(methoxycarbonyl)guanidine (Palau’
Chlor) proceeded selectively at the neighboring unsubstituted
meso position to afford meso,b-dihalo or meso,b,b-trihalopor-
phyrins. Such oligohaloporphyrins are useful platforms for
constructing more-elaborate porphyrin-based extended p sy-
stems. For example, meso-chloro-b,b-diiodoporphyrin partici-
pated in an efficient single-step synthesis of a diphenylamine-
fused porphyrin. In addition, meso-chloro-b-iodoporphyrin
was transformed in stepwise fashion into an efficiently
conjugated meso-to-meso,b-to-b doubly butadiyne-linked por-
phyrin dimer, a system which was previously difficult to access
without such haloporphyrin precursors.

Porphyrins are an important class of arenes in light of the
wide range of applications that arise from their intriguing
electronic and optical properties.[1] Peripheral functionaliza-
tions of porphyrins have attracted considerable attention
since they allow the creation of a variety of porphyrin-based
functional materials.[2] In these recent studies, haloporphyrins
play an important role as indispensable synthetic intermedi-
ates in reactions such as cross-coupling reactions,[3] aromatic
nucleophilic substitution (SNAr) reactions,[4] and peripheral
metalations.[5] Therefore, development of a new class of
haloporphyrin intermediates should lead to an increase in the
number of usable synthetic strategies and hence easier access
to desirable porphyrin derivatives.

The electrophilic halogenation of porphyrins usually
occurs selectively at their electron-rich meso positions to
afford meso-haloporphyrins.[6] As a complementary method,
we recently reported the facile preparation of meso-free b-
haloporphyrins and b,b-dihaloporphyrins by Cu-mediated
halogenation of b-borylporphyrins.[7, 8] These b-haloporphyr-
ins allowed the synthesis of various functional porphyrins that
were difficult to access without such precursors.[5d, 8] Herein,
we disclose an efficient synthetic route to oligohaloporphyrins

that bear more than two halogen substituents at the meso and
neighboring b positions. To the best of our knowledge, the
efficient synthesis of such synthetic platforms has yet to be
reported in the literature.[9]

We thought that meso-free b-haloporphyrins were attrac-
tive precursors of meso,b-oligohaloporphyrins because of the
presence of the reactive meso position. Attempted halogen-
ation reactions of b-chloro NiII porphyrin 1a with various
halogenating reagents were carried out (see Table S1 in the
Supporting Information). Bromination with N-bromosuccini-
mide (NBS)[6a] or iodination with a combination of I2 and
[bis(trifluoroacetoxy)iodo]benzene[6b] afforded the corre-
sponding b-halo-b-chloroporphyrins 3 as unwanted side
products. On the other hand, we found that both PhICl2

[6c,10]

and 2-chloro-1,3-bis(methoxycarbonyl)guanidine (Palau’
Chlor)[11] were efficient chlorinating reagents to provide
meso,b-dichloroporphyrin 2 aCl. Chen and co-workers
reported that PhICl2 was not suitable for the chlorination of
electron-rich ZnII porphyrins because of concomitant oxida-
tive side reactions.[6c] This was also indeed the case for our
reactions (see below). Therefore, we chose PalauÏChlor as
a convenient and effective chlorinating reagent because of its
commercial availability and moderate reactivity.

After further extensive optimization, we investigated the
chlorination of b-haloporphyrins to reveal its wide scope in
regard to central metal ions and b-halo substituents (Table 1).
A solution of PalauÏChlor (1.1 equiv) in CHCl3 was added
dropwise to a solution of b-chloroporphyrin 1a in CHCl3 at
0 88C. The resulting mixture was then stirred at room temper-
ature for 2.5 h to give 2 aCl in an excellent yield (entry 1). b,b-
Dichloroporphyrin 1b reacted smoothly to afford meso,b,b-

Table 1: Chlorination of b-haloporphyrins 1 with Palau’Chlor.

Entry 1 M X1 X2 t [h] 2 Yield [%]

1[a] 1a Ni Cl H 3 2aCl 88
2[a] 1b Ni Cl Cl 6 2b 77
3[b] 1c Ni I H 3 2c 84
4[b] 1d Ni I I 10 2d 73
5[b] 1e 2H Cl H 2.5 2e 88
6[a,c] 1 f Zn Cl H 12 2 f 69
7[a,d] 1 f Zn Cl H 1.5 2 f 13

[a] Solvent: CHCl3 (10 mm). [b] Solvent: CH2Cl2 containing 1% pyridine
(5 mm). [c] Palau’Chlor (1.7 equiv). [d] PhICl2 (1.1 equiv) instead of
Palau’Chlor. Ar= 3,5-di-tert-butylphenyl.
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trichloroporphyrin 2b in 77% yield (entry 2). Bulkier iodo
groups did not retard the reaction (entries 3 and 4). Free-base
porphyrin 1e also underwent this halogenation efficiently
(entry 5). Chlorination of ZnII porphyrin 1 f proceeded with
minimum oxidative decomposition, whereas the attempted
chlorination of 1 f with PhICl2 resulted in the formation of
a messy mixture containing 2 f in 13% yield (entries 6 and 7).
X-ray diffraction analysis unequivocally determined the
structures of 2c and 2d, with both structures confirming the
presence of a chlorine atom at the meso positions (Figure 1).
The porphyrin core of 2d adopted a ruffled structure to avoid
steric repulsion between the meso chlorine atom and b-iodine
atoms.

With meso,b-oligohaloporphyrins in hand, we next
explored their potential as synthetic intermediates
(Scheme 1). The Suzuki–Miyaura coupling reaction of 2aCl
with 2-thienylboronic acid took place smoothly under Pd/
Sphos[12] catalysis to afford meso,b-di(2-thienyl)porphyrin 4 in
82% yield. The Migita–Kosugi–Stille coupling reaction of
2aCl with tributyl(trimethylsilylethynyl)tin under Pd/Sphos
catalysis followed by desilylation with tetrabutylammonium
fluoride (TBAF) furnished meso,b-diethynylporphyrin 5 in
70% yield. The SNAr reaction[4] of 2d with 4-tert-butylphenol
in the presence of Cs2CO3 as a base proceeded regioselec-
tively at the meso position, despite the steric hindrance
caused by the adjacent bulky iodine atoms.

Recently, Gryko’s research group and our own have
independently reported the synthesis of diarylamine-fused
porphyrins by oxidative fusion reactions of meso-diarylami-
noporphyrins.[13] The diarylamine-fused porphyrins showed
interesting properties caused by coplanarization of the
diarylamine unit with the porphyrin p system. However,
they suffered from multistep syntheses and considerably low
yields as a result of oxidative decomposition. To avoid
oxidative fusion reactions, we planned to carry out an
intramolecular arylation[2e, 14] of meso-diphenylamino-b,b-
diiodoporphyrin 8. Surprisingly, the SNAr reaction of 2d
with diphenylamine in the presence of NaOtBu afforded
diphenylamine-fused porphyrin 7 in one step in 81% yield.
The substitution product 8 was not detected in the reaction.
NaOtBu is known to undergo single-electron transfer to aryl
iodide (Ar-I) to generate its radical anion ([Ar-I]C¢), and
subsequent dissociation of I¢ from [Ar-I]C¢ affords a neutral
radical intermediate (ArC).[15] In our reaction, although the
precise mechanism remains unclear, a similar electron-trans-
fer process would produce a porphyrinyl radical, which would

react with the phenyl group on the meso nitrogen atom to
form 7.[16] This non-oxidative synthetic strategy should be
helpful for the efficient synthesis of nitrogen-embedded p-
extended porphyrins.

Finally, we attempted the synthesis of meso-to-meso, b-to-
b doubly butadiyne-linked porphyrin dimer 11. 1,3-Buta-
diyne-bridged cyclic porphyrin oligomers have attracted
much attention as catalytic artificial hosts, light-harvesting
antennas, and nonlinear optical materials.[17] The b-to-b, b-to-
b double butadiyne bridges in 13 secure a rather coplanar
conformation, thereby conferring moderate p conjugation
between the two porphyrin units.[17i] However, larger elec-
tronic interaction would be expected for dimer 11 because
through-bond interaction between the meso positions might
be larger than that of the b-to-b linkage.[17e,f]

Unfortunately, attempted oxidative coupling of meso,b-
diethynylporphyrin 5 with Cu(OAc)2

[17i,k] provided an insep-
arable mixture of 11 and the meso-to-b, meso-to-b doubly
butadiyne-bridged porphyrin dimer. Therefore, we planned
the stepwise synthesis of 11 from meso-chloro-b-iodopor-
phyrin 2c (Scheme 2). The Sonogashira coupling reaction of
2c with trimethylsilylacethylene proceeded selectively at the
iodo substituent, and subsequent desilylation with TBAF
followed by Cu-mediated oxidative coupling afforded b-to-b
butadiyne-linked meso-chloroporphyrin dimer 9 in 64%
yield. The Migita–Kosugi–Stille coupling reaction of 9 with
tributyl(trimethylsilylethynyl)tin introduced trimethylsilyle-

Figure 1. X-ray crystal structures. a) Top view of 2c, b) top view of 2d,
and c) side view of 2d. Thermal ellipsoids are drawn at the 50 %
probability level. Solvent molecules, tert-butyl groups, and all hydrogen
atoms are omitted for clarity.

Scheme 1. Conversions of meso,b-haloporphyrins 2aCl and 2d. Ar=
3,5-di-tert-butylphenyl, dba= dibenzylideneacetone, TMS= trimethylsilyl.
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thynyl groups at the meso positions in 89% yield. After
removal of the trimethylsilyl groups of 10, Cu-mediated
intramolecular oxidative coupling gave the desired porphyrin
dimer 11 in 67 % yield.

The structure of 11 was confirmed by X-ray crystallo-
graphic analysis (Figure 2). Both the porphyrin units adopted
ruffled structures and were bent alternately upwards and
downwards. The double butadiyne bridges forced a rather
coplanar arrangement with a small dihedral angle (29.6788)
between the two porphyrin units. The two butadiyne units
were not linear and were distorted to take an elliptic
conformation, in which the transannular distances between
the central carbon atoms (C22-C24 and C22’-C24’) were
elongated by 0.67–0.69 è relative to those of the edge (C5-C7
and C5’-C7’). The central stretch was larger than that of the
acenaphthylene derivative 15 (0.63 è),[18] thus indicating the
large structural distortion in 11. On the other hand, the C22-
C24 (C22’-C24’) distance of 11 (3.20 è) was comparable to
those in naphthalene derivative 14 (ca. 3.18 è), acenaphthy-
lene derivative 15 (3.23 è from X-ray diffraction analysis),
and fluoranthene derivative 16 (ca. 3.25 è).[18] It is note-
worthy that 11 was remarkably stable under ambient con-
ditions and showed no reactivity towards the intramolecular
cyclization of the two butadiyne units, unlike 14.[19] Anthony
and co-workers also observed similar stabilities for 15 and
16.[18] Our results likely support their hypothesis that the
distance between the two butadiyne units is less important to
the stability than the degree of conjugation along the
macrocyclic p circuit.

The UV/Vis absorption spectra of 11, 12,[17j] and 13[17i] in
CH2Cl2 are shown in Figure 3. b-to-b,b-to-b Doubly buta-

diyne-bridged porphyrin dimer 13 displayed split Soret bands
at 432 and 482 nm, and Q bands at 537, 568, and 573 nm, while
meso-to-meso singly butadiyne-bridged porphyrin dimer 12
showed split Soret bands at 448 and 472 nm, and Q bands at
548, 597, and 636 nm. Despite the single bridge, the more red-
shifted and intensified Q band at 636 nm for 12 suggests
comparable or greater electronic interactions relative to those
in 13. The large electronic interactions in 12 could be ascribed
to the meso-to-meso connection.[17e,f] The absorption spec-
trum of 11 showed a strongly perturbed Soret band with bands
at 436 and 494 nm, and Q bands at 638 and 699 nm. Both the
Soret and Q bands of 11 were considerably red-shifted
relative to those of 12 and 13. The effective conjugation
between the two porphyrin moieties of 11 can be attributed to
the forced coplanar conformation and large through-bond
electronic interaction through the meso-to-meso connection.

Scheme 2. Synthesis and structure of meso-to-meso,b-to-b doubly
butadiyne-linked dimer 11, and structures of meso-to-meso butadiyne-
linked dimer 12 and b-to-b,b-to-b doubly butadiyne-linked dimer 13.
Reaction conditions: a) trimethylsilylacetylene (5 equiv), [PdCl2(PPh3)2]
(20 mol%), CuI (50 mol%), THF/NEt3, 50 88C, 1 h; b) TBAF (3 equiv),
0 88C, 10 min; c) Cu(OAc)2 (5 equiv), THF/pyridine, 50 88C, 3.5 h; d) tri-
butyl(trimethylsilylethynyl)tin (10 equiv), [Pd2(dba)3] (25 mol%), SPhos
(50 mol%), toluene, 110 88C, 1 h; e) TBAF (2.1 equiv), THF, 0 88C,
10 min; f) Cu(OAc)2 (2 equiv), THF/pyridine, RT, 2 h. Ar= 3,5-di-tert-
butylphenyl.

Figure 2. X-ray crystal structure of 11. a) Top view and b) side view.
Thermal ellipsoids are drawn at the 30% probability level. Solvent
molecules, tert-butyl groups, and all hydrogen atoms are omitted for
clarity. Selected bond lengths and transannular distances [ç]: C5-C21
1.447(7), C21-C22 1.191(6), C22-C22’ 1.361(7), C22’-C21’ 1.226(7),
C21’-C5’ 1.414(7), C7-C23 1.418(7), C23-C24 1.202(7), C24-C24’
1.354(7), C24’-C23’ 1.182(6), C23’-C7’ 1.435(7), C5-C7 2.535(8),
C21-C23 2.897(8), C22-C24 3.197(8), C22’-C24’ 3.195(8), C21’-C23’
2.866(8), C5’-C7’ 2.509(8).

Figure 3. UV/Vis absorption spectra of 11, 12, and 13 in CH2Cl2.
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The intensified Q band at 699 nm probably indicates an
enhanced transition dipole moment along the longer molec-
ular axis. Density functional theory (DFT) calculations on 11
were performed at the B3LYP/6-31G*(C,H,N) +

LANL2DZ(Ni) level using the Gaussian09 package (see
Figure S64 Supporting Information).[20] Characteristically, the
HOMO and LUMO were delocalized over the two porphyrin
p systems as well as the meso-to-meso butadiyne bridge, but
with only small distributions on the b-to-b butadiyne bridge.

In summary, we have developed facile access to a series of
new meso,b-oligohaloporphyrins by the chlorination reaction
of b-haloporphyrins with PalauÏChlor. This procedure offered
effective and convenient routes to meso,b-functionalized por-
phyrins such as the diphenylamine-fused porphyrin and meso-
to-meso,b-to-b doubly butadiyne-linked porphyrin dimer.
Further investigations are underway to create porphyrin-
based functional materials from meso,b-oligohaloporphyrins.

Keywords: butadiyne bridge · fusion reaction · halogenation ·
p extension · porphyrinoids

How to cite: Angew. Chem. Int. Ed. 2015, 54, 6311–6314
Angew. Chem. 2015, 127, 6409–6412

[1] a) Handbook of Porphyrin Science Vol. 1 – 10 (Eds.: K. M.
Kadish, K. M. Smith, R. Guilard), World Scientific Publishing,
Singapore, 2010 ; b) Handbook of Porphyrin Science Vol. 11 – 15
(Eds.: K. M. Kadish, K. M. Smith, R. Guilard), World Scientific
Publishing, Singapore, 2011; c) Handbook of Porphyrin Science
Vol. 16 – 25 (Eds.: K. M. Kadish, K. M. Smith, R. Guilard),
World Scientific Publishing, Singapore, 2012.

[2] a) S. Fox, R. W. Boyle, Tetrahedron 2006, 62, 10039; b) T. Ren,
Chem. Rev. 2008, 108, 4185; c) H. Shinokubo, A. Osuka, Chem.
Commun. 2009, 1011; d) M. O. Senge, Chem. Commun. 2011, 47,
1943; e) H. Yorimitsu, A. Osuka, Asian J. Org. Chem. 2013, 2,
356.

[3] a) S. G. DiMagno, V. S.-Y. Lin, M. J. Therien, J. Am. Chem. Soc.
1993, 115, 2513; b) S. G. DiMagno, V. S.-Y. Lin, M. J. Therien, J.
Org. Chem. 1993, 58, 5983; c) Y. Chen, X. P. Zhang, J. Org.
Chem. 2003, 68, 4432; d) C. Liu, D.-M. Shen, Q.-Y. Chen, J. Org.
Chem. 2007, 72, 2732; e) Y. Suzuki, N. Fukui, K. Murakami, H.
Yorimitsu, A. Osuka, Asian J. Org. Chem. 2013, 2, 1066; f) J.
Haumesser, A. M. V. M. Pereira, J.-P. Gisselbrecht, K. Merahi, S.
Choua, J. Weiss, J. A. S. Cavaleiro, R. Ruppert, Org. Lett. 2013,
15, 6282.

[4] a) M. C. Balaban, C. Chappaz-Gillot, G. Canard, O. Fuhr, C.
Roussel, T. S. Balaban, Tetrahedron 2009, 65, 3733; b) K.-i.
Yamashita, K. Kataoka, M. S. Asano, K.-i. Sugiura, Org. Lett.
2012, 14, 190; c) Q. Chen, Y.-Z. Zhu, Q.-J. Fan, S.-C. Zhang, J.-Y.
Zheng, Org. Lett. 2014, 16, 1590.

[5] a) A. G. Hyslop, M. A. Kellett, P. M. Iovine, M. J. Therien, J.
Am. Chem. Soc. 1998, 120, 12676; b) D. P. Arnold, Y. Sakata, K.-
i. Sugiura, E. I. Worthington, Chem. Commun. 1998, 2331;
c) R. D. Hartnell, T. Yoneda, H. Mori, A. Osuka, D. P. Arnold,
Chem. Asian J. 2013, 8, 2670; d) K. Fujimoto, H. Yorimitsu, A.
Osuka, Eur. J. Org. Chem. 2014, 4327.

[6] a) L. R. Nudy, H. G. Hutchinson, C. Schieber, F. R. Longo,
Tetrahedron 1984, 40, 2359; b) R. W. Boyle, C. K. Johnson, D.
Dolphin, J. Chem. Soc. Chem. Commun. 1995, 527; c) L.-M. Jin,
J.-J. Yin, L. Chen, C.-C. Guo, Q.-Y. Chen, Synlett 2005, 2893.

[7] H. Hata, H. Shinokubo, A. Osuka, J. Am. Chem. Soc. 2005, 127,
8264.

[8] a) K. Fujimoto, H. Yorimitsu, A. Osuka, Org. Lett. 2014, 16, 972;
b) H. Cai, K. Fujimoto, J. M. Lim, C. Wang, W. Huang, Y. Rao, S.

Zhang, H. Shi, B. Yin, B. Chen, M. Ma, J. Song, D. Kim, A.
Osuka, Angew. Chem. Int. Ed. 2014, 53, 11088; Angew. Chem.
2014, 126, 11268.

[9] Treatment of meso-free porphyrin with an excess amount of
thionyl chloride chlorinated all the peripheral C¢H bonds: V. D.
Rumyantseva, E. A. Aksenova, O. N. Ponamoreva, A. F. Mir-
onov, Russ. J. Bioorg. Chem. 2000, 26, 423.

[10] Synthetic procedure: X.-F. Zhao, C. Zhang, Synthesis 2007, 551.
[11] R. A. Rodriguez, C.-M. Pan, Y. Yabe, Y. Kawamata, M. D.

Eastgate, P. S. Baran, J. Am. Chem. Soc. 2014, 136, 6908.
[12] 2-(2’,6’-Dimethoxybiphenyl)dicyclohexylphosphine: T. E.

Barder, S. D. Walker, J. R. Martinelli, S. L. Buchwald, J. Am.
Chem. Soc. 2005, 127, 4685.

[13] a) N. Fukui, W.-Y. Cha, S. Lee, S. Tokuji, D. Kim, H. Yorimitsu,
A. Osuka, Angew. Chem. Int. Ed. 2013, 52, 9728; Angew. Chem.
2013, 125, 9910; b) A. Nowak-Krýl, D. T. Gryko, Org. Lett. 2013,
15, 5618.

[14] a) S. Fox, R. W. Boyle, Chem. Commun. 2004, 1322; b) D.-M.
Shen, C. Liu, Q.-Y. Chen, Chem. Commun. 2005, 4982; c) S.
Hayashi, Y. Matsubara, S. Eu, H. Hayashi, T. Umeyama, Y.
Matano, H. Imahori, Chem. Lett. 2008, 37, 846; d) T. Ishizuka, Y.
Saegusa, Y. Shiota, K. Ohtake, K. Yoshizawa, T. Kojima, Chem.
Commun. 2013, 49, 5939; e) D. Shimizu, H. Mori, M. Kitano, W.-
Y. Cha, J. Oh, T. Tanaka, D. Kim, A. Osuka, Chem. Eur. J. 2014,
20, 16194.

[15] a) E. C. Ashby, A. B. Goel, R. N. DePriest, J. Org. Chem. 1981,
46, 2429; b) E. C. Ashby, J. N. Argyropoulos, J. Org. Chem. 1986,
51, 3593.

[16] a) C.-L. Sun, Z.-J. Shi, Chem. Rev. 2014, 114, 9219; b) S.
Yanagisawa, K. Ueda, T. Taniguchi, K. Itami, Org. Lett. 2008,
10, 4673; c) E. Shirakawa, K.-i. Itoh, T. Higashino, T. Hayashi, J.
Am. Chem. Soc. 2010, 132, 15537.

[17] Reviews: a) S. Anderson, H. L. Anderson, J. K. M. Sanders, Acc.
Chem. Res. 1993, 26, 469; b) Y. Nakamura, N. Aratani, A. Osuka,
Chem. Soc. Rev. 2007, 36, 831; c) M. O. Senge, M. Fazekas,
E. G. A. Notaras, W. J. Blau, M. Zawadzka, O. B. Locos, E. M.
Ni Mhuircheartaigh, Adv. Mater. 2007, 19, 2737; d) J. Yang, M.-
C. Yoon, H. Yoo, P. Kim, D. Kim, Chem. Soc. Rev. 2012, 41, 4808.
Selected papers: e) P. J. Angiolillo, V. S.-Y. Lin, J. M. Vander-
kooi, M. J. Therien, J. Am. Chem. Soc. 1995, 117, 12514; f) V. S.-
Y. Lin, M. J. Therien, Chem. Eur. J. 1995, 1, 645; g) K.-i. Sugiura,
Y. Fujimoto, Y. Sakata, Chem. Commun. 2000, 1105; h) M. C.
OÏSullivan, J. K. Sprafke, D. V. Kondratuk, C. Rinfray, T. D. W.
Claridge, A. Saywell, M. O. Blunt, J. N. OÏShea, P. H. Beton, M.
Malfois, H. L. Anderson, Nature 2011, 469, 72; i) I. Hisaki, S.
Hiroto, K. S. Kim, S. B. Noh, D. Kim, H. Shinokubo, A. Osuka,
Angew. Chem. Int. Ed. 2007, 46, 5125; Angew. Chem. 2007, 119,
5217; j) Y.-J. Chen, S.-S. Chen, S.-S. Lo, T.-H. Huang, C.-C. Wu,
G.-H. Lee, S.-M. Peng, C.-Y. Yeh, Chem. Commun. 2006, 1015;
k) S. Tokuji, H. Yorimitsu, A. Osuka, Angew. Chem. Int. Ed.
2012, 51, 12357; Angew. Chem. 2012, 124, 12523.

[18] G. J. Palmer, S. R. Parkin, J. E. Anthony, Angew. Chem. Int. Ed.
2001, 40, 2509; Angew. Chem. 2001, 113, 2577.

[19] a) R. H. Mitchell, F. Sondheimer, Tetrahedron 1968, 24, 1397;
b) Z. Sun, K.-W. Huang, J. Wu, J. Am. Chem. Soc. 2011, 133,
11896.

[20] M. J. Frisch, et al., Gaussian 09, Revision A.02; Gaussian, Inc.:
Wallingford, CT, 2009.

Received: February 5, 2015
Published online: March 30, 2015

..Angewandte
Zuschriften

6412 www.angewandte.de Ó 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. 2015, 127, 6409 –6412

http://dx.doi.org/10.1016/j.tet.2006.08.021
http://dx.doi.org/10.1021/cr8002592
http://dx.doi.org/10.1039/b817941g
http://dx.doi.org/10.1039/b817941g
http://dx.doi.org/10.1039/c0cc03984e
http://dx.doi.org/10.1039/c0cc03984e
http://dx.doi.org/10.1002/ajoc.201200183
http://dx.doi.org/10.1002/ajoc.201200183
http://dx.doi.org/10.1021/ja00059a060
http://dx.doi.org/10.1021/ja00059a060
http://dx.doi.org/10.1021/jo00074a027
http://dx.doi.org/10.1021/jo00074a027
http://dx.doi.org/10.1021/jo034063m
http://dx.doi.org/10.1021/jo034063m
http://dx.doi.org/10.1021/jo0618728
http://dx.doi.org/10.1021/jo0618728
http://dx.doi.org/10.1002/ajoc.201300162
http://dx.doi.org/10.1021/ol403132f
http://dx.doi.org/10.1021/ol403132f
http://dx.doi.org/10.1016/j.tet.2009.02.039
http://dx.doi.org/10.1021/ol202973z
http://dx.doi.org/10.1021/ol202973z
http://dx.doi.org/10.1021/ol500191j
http://dx.doi.org/10.1021/ja982410h
http://dx.doi.org/10.1021/ja982410h
http://dx.doi.org/10.1039/a806769d
http://dx.doi.org/10.1002/asia.201300633
http://dx.doi.org/10.1002/ejoc.201402391
http://dx.doi.org/10.1016/0040-4020(84)80019-8
http://dx.doi.org/10.1039/c39950000527
http://dx.doi.org/10.1021/ja051073r
http://dx.doi.org/10.1021/ja051073r
http://dx.doi.org/10.1021/ol4037049
http://dx.doi.org/10.1002/anie.201407032
http://dx.doi.org/10.1002/ange.201407032
http://dx.doi.org/10.1002/ange.201407032
http://dx.doi.org/10.1007/BF02758672
http://dx.doi.org/10.1021/ja5031744
http://dx.doi.org/10.1021/ja042491j
http://dx.doi.org/10.1021/ja042491j
http://dx.doi.org/10.1002/anie.201304794
http://dx.doi.org/10.1002/ange.201304794
http://dx.doi.org/10.1002/ange.201304794
http://dx.doi.org/10.1021/ol4022035
http://dx.doi.org/10.1021/ol4022035
http://dx.doi.org/10.1039/b403466j
http://dx.doi.org/10.1039/b509972b
http://dx.doi.org/10.1246/cl.2008.846
http://dx.doi.org/10.1039/c3cc42831a
http://dx.doi.org/10.1039/c3cc42831a
http://dx.doi.org/10.1002/chem.201405110
http://dx.doi.org/10.1002/chem.201405110
http://dx.doi.org/10.1021/jo00324a056
http://dx.doi.org/10.1021/jo00324a056
http://dx.doi.org/10.1021/jo00369a008
http://dx.doi.org/10.1021/jo00369a008
http://dx.doi.org/10.1021/cr400274j
http://dx.doi.org/10.1021/ol8019764
http://dx.doi.org/10.1021/ol8019764
http://dx.doi.org/10.1021/ja1080822
http://dx.doi.org/10.1021/ja1080822
http://dx.doi.org/10.1021/ar00033a003
http://dx.doi.org/10.1021/ar00033a003
http://dx.doi.org/10.1039/b618854k
http://dx.doi.org/10.1002/adma.200601850
http://dx.doi.org/10.1039/c2cs35022j
http://dx.doi.org/10.1021/ja00155a015
http://dx.doi.org/10.1002/chem.19950010913
http://dx.doi.org/10.1039/b002699i
http://dx.doi.org/10.1002/anie.200700550
http://dx.doi.org/10.1002/ange.200700550
http://dx.doi.org/10.1002/ange.200700550
http://dx.doi.org/10.1039/b513921j
http://dx.doi.org/10.1002/anie.201207763
http://dx.doi.org/10.1002/anie.201207763
http://dx.doi.org/10.1002/ange.201207763
http://dx.doi.org/10.1002/1521-3773(20010702)40:13%3C2509::AID-ANIE2509%3E3.0.CO;2-F
http://dx.doi.org/10.1002/1521-3773(20010702)40:13%3C2509::AID-ANIE2509%3E3.0.CO;2-F
http://dx.doi.org/10.1002/1521-3757(20010702)113:13%3C2577::AID-ANGE2577%3E3.0.CO;2-L
http://dx.doi.org/10.1016/0040-4020(68)88091-3
http://dx.doi.org/10.1021/ja204501m
http://dx.doi.org/10.1021/ja204501m
http://www.angewandte.de

