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Abstract: A new method for the synthesis of industrially
important azoimidazolium dyes is presented. The procedure is
based on a reagent which is rarely used in the context of
synthetic organic chemistry: nitrous oxide (“laughing gas”).
N2O is first coupled to N-heterocyclic carbenes. Subsequent
reaction with aromatic compounds through an AlCl3-induced
C�H activation process provides azoimidazolium dyes in good
yields.

Once used and abused as an anesthetic and recreational
drug, nitrous oxide (N2O, “laughing gas”) is nowadays making
the headlines as a greenhouse gas and ozone-depleting
substance.[1, 2] Human activities contribute significantly to
the increased concentration of N2O in the atmosphere. The
extensive use of fertilizers, for example, fosters the enzymatic
production of N2O during nitrification and denitrification.[3]

Nitrous oxide is also formed as a side product in important
industrial processes, for example, during the synthesis of
adipic and nitric acid.[4] Obviously, there is strong incentive to
do something “useful” with N2O. Two main directions have
been explored so far. On one hand, people have exploited the
high oxidation potential of N2O. Due to the inert character of
N2O, most efforts have focused on oxidation reactions at
elevated temperature and/or pressure in the presence of
heterogeneous catalysts.[5] However, solution-based oxidation
reactions have also shown some success.[6] A second, and
much less explored direction is the utilization of N2O as
a building block for more complex organic molecules.[7–10]

Organometallic compounds of the alkali[7] and earth alkaline
metals[8] are known to react with N2O under mild conditions.
The products contain nitrogen atoms from N2O, but the
reactions are often not very attractive from a synthetic point
of view (e.g., poor yields are obtained or alternative
procedures give better results). Of particular relevance for
the present study is a report published in 1953 by Meier and
Rappold.[8c] The authors describe that azobenzene is formed
in low yield by reaction of phenylcalcium iodide with N2O.
The reaction was recently reinvestigated by Hays and
Hanusa.[8b] Under optimized reaction conditions, they were
able to increase the yield of azobenzene to 61%, but they
mentioned problems with reproducibility and the substrate

scope was very narrow. Below, we report a simple, efficient,
and versatile method for the synthesis of azo dyes from N2O.

Azoimidazolium salts are of interest because they are
strongly colored dyes. They are produced industrially (e.g.,
Basic Red 51) and used for a variety of applications such as
dying of natural and synthetic fibers.[11] Furthermore, these
compounds have been examined as photochromic ionic
liquids.[12] Different methods for the synthesis of azoimidazo-
lium dyes have been described in the literature. One route
starts with an azo coupling of imidazole and diazonium salts,
followed by N-alkylation (Scheme 1A).[13] The patent liter-

ature reports a procedure which allows to prepare azoimida-
zolium dyes with aryl substituents at the heterocycle from
N-heterocyclic carbenes and diazonium salts (Scheme 1B).[14]

A method without diazonium salts was developed by H�nig
et al. : under oxidative conditions, hydrazones can be coupled
to arenes (Scheme 1C).[15, 16] However, this procedure is
limited to highly activated aromatic compounds such as
anilines. In the following, we describe a novel procedure
which is based on N-heterocyclic carbenes, N2O, arenes, and
AlCl3 (Scheme 1D).

In 2012, we have reported that N-heterocyclic carbenes
(NHCs) are able to form stable covalent adducts with N2O.[17]

While exploring the reactivity of these adducts with different
organic and inorganic reagents, we observed rupture of the
N�N bond or cleavage of the N�C bond of the N2O group.[18]

This type of chemistry is intriguing from a fundamental point
of view, but the reaction products are less interesting from

Scheme 1. Retrosynthetic analysis of azoimidazolium dyes. Published
procedures include the coupling of imidazole with diazonium salts,
followed by alkylation (A),[13] the direct coupling of N-heterocyclic
carbenes with diazonium salts (B),[14] and the oxidative coupling of
hydrazones with activated arenes.[15, 16] The new procedure is based on
N-heterocyclic carbenes, N2O, arenes, and AlCl3 (C).

[*] Dr. A. G. Tskhovrebov, L. C. E. Naested, Dr. E. Solari,
Dr. R. Scopelliti, Prof. K. Severin
Institut des Sciences et Ing�nierie Chimiques
�cole Polytechnique F�d�rale de Lausanne (EPFL)
E-mail: kay.severin@epfl.ch

[**] The work was supported by the Ecole Polytechnique F�d�rale de
Lausanne (EPFL) and the Swiss National Science Foundation.

Supporting information for this article is available on the WWW
under http://dx.doi.org/10.1002/anie.201410067.

Angewandte
Chemie

1289Angew. Chem. Int. Ed. 2015, 54, 1289 –1292 � 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

http://dx.doi.org/10.1002/anie.201410067


a synthetic chemistry point of view. In continuation of these
investigations, we have studied the reaction of the adduct
IMes–N2O (IMes = 1,3-dimesitylimidazol-2-ylidene) with
AlCl3. Unexpectedly, we observed cleavage of the terminal
N�O bond as detailed below.

Addition of AlCl3 (2 equiv) to a benzene/CH2Cl2 (1:1)
solution of IMes–N2O led to an immediate color change to
dark red. Workup after 1 h allowed the isolation of the
azoimidazolium dye 1 in the form of a tetraphenylborate salt
in 94 % yield (Table 1). A similar procedure could be used to

couple IMes–N2O with aromatic compounds containing
electron-donating and electron-withdrawing substituents.
The corresponding dyes 2–5 were isolated in the form of
orange/red powders with yields between 72% and 93%
(Table 1). Whereas the reaction with fluorobenzene provided
exclusively the para isomer, a mixture of ortho and para
isomers (o/p = 1:2.5) was observed for the reaction with
chlorobenzene. Typically, the aromatic coupling partner was
added as co-solvent (200–700 equiv), but for the reaction with
the electron-rich 1,3,5-trimethoxybenzene, it was possible to
reduce the amount of arene to 5 equivalents with respect to
IMes–N2O.

The synthesis of IMe–N2O from N2O and the free carbene
IMes[17] or the corresponding imidazolium salt[18] is straight-
forward. Nevertheless, we were interested whether pre-
isolation of IMes–N2O is necessary for the synthesis of the
azoimidazolium dyes. This turned out not to be the case: the
dyes 1, 2, and 4 could be obtained by a one-pot procedure
starting directly from 1,3-dimesitylimidazolium chloride (for

details see the Supporting Information). The isolated yields
were comparable to what was found for the two-step
procedure (1: 87%; 2 : 92%; 4 : 73 %).

Next, we have examined reactions of N2O adducts of
carbenes featuring aliphatic substituents at the N atoms (iPr,
Me). As in the case of IMes–N2O, we were able to obtain the
corresponding azoimidazolium dyes (6–16, Table 1). It was
found to be advantageous to start the reaction at a lower
temperature (�40 8C). The reactions with chlorobenzene
were more selective, with the para isomer 9 being the sole
product in reactions with IiPr–N2O. Overall, the iPr deriva-
tives were isolated with yields between 62–93%. Somewhat
lower yields were obtained for the IMe-based compounds 11–
16 (52–61%). However, further optimization seems possible.
For example, when NaClO4 instead of NaBPh4 was used as the
precipitating agent for the synthesis of dye 12, we were able to
increase the yield of the desired product from 61 to 84%.[19]

It is noteworthy that N,N-dimethylaniline is a suitable
coupling partner as evidenced by the synthesis of dye 15 as
a mixture of two isomers (o/p = 1:1.3) in a combined yield of
71%. Azoimidazolium dyes with aminobenzene substituents
are of special interest for industrial applications.[11] They are
typically prepared by reaction of fluoro- or chlorobenzene
derivatives such as 4 or 5 with amines (through nucleophilic
substitution).[13a,b,e] Our direct methodology thus allows to
circumvent an additional reaction step.

Polycyclic arenes appeared to be interesting reaction
partners because the resulting dyes would feature an
extended p-system. Therefore, we have examined the reac-
tion of IMe–N2O with naphthalene and pyrene. In both cases,
we were able to obtain the corresponding azoimidazolium
dyes in acceptable yields (Figure 1, 18 and 19). For naphtha-
lene, the reaction was highly regioselective, with C�H
activation occurring exclusively at the 1-position. As
expected, the dyes 18 and 19 show absorption bands at

Table 1: Synthesis of azoimidazolium dyes by Lewis acid-induced
reaction of arenes with NHC–N2O adducts.

Dye R Aryl Yield [%][a]

1 Mes Ph 94
2 Mes Mes 93
3 Mes 2,4,6-(MeO)3C6H2 75
4 Mes ClC6H4 74[b]

5 Mes p-FC6H4 72
6 iPr Ph 70
7 iPr Mes 93
8 iPr 2,4,6-(MeO)3C6H2 77
9 iPr p-ClC6H4 62
10 iPr p-FC6H4 70
11 Me Ph 59
12 Me Mes 61 (84)[c]

13 Me 2,5-(MeO)2C6H3 52
14 Me 2,4,6-(MeO)3C6H2 55
15 Me (Me2N)C6H4 71[d]

16 Me ClC6H4 52[e]

17 Me p-FC6H4 54

[a] Yield of the isolated product. [b] o/p= 1:2.5; [c] The value in bracket
gives the yield for perchlorate salt; [d] Isolated as perchlorate salt, o/
p =1:1.3, [e] o/p = 1:7.8. Mes = mesityl.

Figure 1. Structures of the dyes 18–23 (PS= polystyrene).
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higher wavelengths compared to the simple benzene com-
pound 11 (lmax(11) = 368 nm, lmax(18) = 462 nm, lmax(19) =

573 nm).
The 10-p-electron system azulene is an isomer of naph-

thalene. In contrast to naphthalene, it exhibits a strong blue
color and a large dipole moment. The incorporation of
azulene into polyconjugated systems has been investigated
extensively, because the resulting chromophores can display
unique properties.[20] We managed to couple IMe–N2O with
azulene to give dye 20 in 53 % yield. As expected, the azo
coupling occurred selectively at the electron-rich five-mem-
bered ring of azulene. It should be noted that compound 20
would be difficult to prepare by standard synthetic procedures
(Scheme 1A,B) because 1-azulenyldiazonium salts[21] as well
as the precursor 1-aminazulene,[22] are unstable compounds.

Reactions with heterocyclic compounds are likewise
possible as evidenced by the successful synthesis of 21 and
22 (Figure 1). The reaction with dibenzofuran occurred in
a nonselective fashion to give a mixture of all four possible
isomers (ratio ~ 1:2:2:12; yield 54%). On the other hand,
C�H activation of thiophene occurred selectively at the
2-position (yield: 48%). Attempts to couple NHC–N2O
adducts with pyridine or pyrrole were not successful. Possibly,
AlCl3 is deactivated by these strongly Lewis basic compounds.

The fact that simple arenes such as benzene and mesity-
lene are suitable coupling partners prompted us to investigate
if our method could be used for the postfunctionalization of
polystyrene with azoimidazolium groups. This was indeed
possible: upon reaction of IMe–N2O with an excess of
polystyrene in dichloromethane, we were able to isolate the
functionalized polymer 23. Polymer 23 absorbs light at lmax =

385 nm, and elemental analysis suggests a dye content of 4%.
The azo dyes 1–22 were comprehensively characterized by

elemental analysis, high-resolution mass spectrometry, UV/
Vis, and NMR spectroscopy. In addition, we have performed
single-crystal X-ray analyses of 2 and 4. For the crystallo-
graphic analyses, we have focused on dyes with aryl sub-
stituents at the heterocycle because these compounds are
mainly described in the patent literature[14] and analytical data
are scarce.

The cations of both compounds display the expected trans
geometry (Figure 2). Interestingly, compound 4 crystallizes as
a mixture of isomers. With an ortho to para ratio of 27:73, the
solid- state composition reflects approximately the isomer
distribution of the product. The two cations of 2, para-4, and
ortho-4 show N�N bond lengths of 1.2649(19) � (2),
1.266(7) �, and 1.24(2) �, respectively. These values are
close to those of azoimidazolium salts with alkyl substituents
at the heterocycle.[12c]

The mechanism of the reactions described above likely
involves an initial complex between AlCl3 and the NHC–N2O
adducts. In reactions with other metallic Lewis acids such as
CrCl3, Cu(OTf), CuCl2, Fe(OTf)2, Zn(C6F5)2, and SnCl3Ph, we
had observed that NHC–N2O adducts can act as N-donors, as
O-donors, or as chelating N,O-donors.[18] For the hard Lewis
acid AlCl3, coordination through the oxygen atom seems
likely (Scheme 2, A). Such a coordination should result in an
elongation of the N�O bond, similar to what was observed for
adducts between IMes–N2O and CrCl3 or the organic Lewis

acid tritylium.[18] Oxygen abstraction, possibly facilitated by
further AlCl3, would then result in the formation of a diazo-
nium salt, which could undergo azo coupling with the
aromatic reaction partner (Scheme 2). A dicationic diazo-
nium compound of type B is expected to be highly reactive,
which would explain the fact that we observe coupling
reactions with benzene and even deactivated arenes such as
chloro- and fluorobenzene. First attempts to isolate or detect
the putative intermediate B were not successful. When the
reaction of IMes–N2O with AlCl3 was performed without an
additional arene coupling partner, a complex mixture of
products was obtained. A more detailed study of the reaction
mechanism, as well as of the elusive diazonium dication B, is
currently underway in our laboratory.

To conclude, we have reported the synthesis of azoimida-
zolium dyes by an AlCl3-mediated coupling of aromatic
compounds with NHC–N2O adducts. The latter can be
obtained by reaction of NHCs (preformed or generated
in situ) with N2O. A key advantage of our new procedure is its
flexibility. The heterocyclic coupling partner can be decorated
with aliphatic as well as aromatic substituents on the nitrogen
atoms. Furthermore, it is possible to use a wide range of
aromatic coupling partners including deactivated C6H5F,
heterocycles, and polymers such as polystyrene. As such,
our method complements existing procedures, each of which

Figure 2. Ball-and-stick representations of the molecular structures of
2 and 4 in the solid state. Only the ortho isomer of 4 is shown. BPh4

�

anions are omitted for clarity.

Scheme 2. Proposed mechanism for the AlCl3-mediated coupling of
NHC–N2O adducts with arenes.
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has its own limitations. For example, the postfunctionalization
of polymers with simple phenyl side chains would be difficult
to achieve with the known synthetic protocols. In this
communication, we have focused on imidazolium dyes, but
it is conceivable that a similar procedure can be employed for
other heterocyclic azo dyes.[23] From a more general point of
view, our results are further evidence that N2O can be used as
an efficient N2 donor in synthetic organic chemistry.

Received: October 14, 2014
Published online: November 24, 2014

.Keywords: azo coupling · C�H activation · dyes · carbenes ·
nitrous oxide

[1] A. R. Ravishankara, J. S. Daniel, R. W. Portmann, Science 2009,
326, 123 – 125.

[2] For comments on this work, see: a) M. Dameris, Angew. Chem.
Int. Ed. 2010, 49, 489 – 491; Angew. Chem. 2010, 122, 499 – 501;
b) D. J. Wuebbles, Science 2009, 326, 56 – 57.

[3] a) S. R. Pauleta, S. Dell’Acqua, I. Moura, Coord. Chem. Rev.
2013, 257, 332 – 349; b) D. S. Reay, E. A. Davidson, K. A. Smith,
P. Smith, J. M. Melillo, F. Dentener, P. J. Crutzen, Nat. Clim.
Change 2012, 2, 410 – 416; c) L. Y. Stein, Methods Enzymol.
2011, 486, 131 – 152.

[4] J. P�rez-Ram�rez, F. Kapteijn, K. Schçffel, J. A. Moulijn, Appl.
Catal. B 2003, 44, 117 – 151.

[5] a) G. I. Panov, K. A. Dubkov, A. S. Kharitonov in Modern
Heterogeneous Oxidation Catalysis (Ed.: M. Noritaka), Wiley-
VCH, Weinheim, 2009, pp. 217 – 252; b) V. N. Parmon, G. I.
Panov, A. S. Noskov, Catal. Today 2005, 100, 115 – 131.

[6] Selected examples: a) S. Saito, H. Ohtake, N. Umezawa, Y.
Kobayashi, N. Kato, M. Hirobe, T. Higuchi, Chem. Commun.
2013, 49, 8979 – 8981; b) G. Kiefer, L. Jeanbourquin, K. Severin,
Angew. Chem. Int. Ed. 2013, 52, 6302 – 6305; Angew. Chem.
2010, 122, 6422 – 6425; c) A. G. Tskhovrebov, E. Solari, R.
Scopelliti, K. Severin, Organometallics 2012, 31, 7235 – 7240;
d) J. Ettedgui, R. Neumann, J. Am. Chem. Soc. 2009, 131, 4 – 5;
e) R. Ben-Daniel, R. Neumann, Angew. Chem. Int. Ed. 2003, 42,
92 – 95; Angew. Chem. 2003, 115, 96 – 99; f) R. Ben-Daniel, L.
Weiner, R. Neumann, J. Am. Chem. Soc. 2002, 124, 8788 – 8789;
g) H. Tanaka, K. Hashimoto, K. Suzuki, Y. Kitaichi, M. Sato, T.
Ikeno, T. Yamada, Bull. Chem. Soc. Jpn. 2004, 77, 1905 – 1914;
h) K. Hashimoto, H. Tanaka, T. Ikeno, T. Yamada, Chem. Lett.
2002, 582 – 583.

[7] a) M. Kurosawa, T. Nankawa, T. Matsuda, K. Kubo, M.
Kurihara, H. Nishihara, Inorg. Chem. 1999, 38, 5113 – 5123;
b) A. N. Nesmeyanov, E. G. Perevalova, T. V. Nikitina, Dokl.
Akad. Nauk SSSR 1961, 138, 1118 – 1121; c) E. M�ller, W.
Rundel, Chem. Ber. 1957, 90, 1302 – 1306; d) R. Meier, W. Frank,
Chem. Ber. 1956, 89, 2747 – 2750; e) E. M�ller, D. Ludsteck, W.
Rundel, Angew. Chem. 1955, 67, 617; f) R. Meier, Chem. Ber.
1953, 86, 1483 – 1492; g) F. M. Beringer, J. A. Farr, Jr., S. Sands, J.
Am. Chem. Soc. 1953, 75, 3984 – 3987; h) W. Schlenk, E.
Bergmann, Justus Liebigs Ann. Chem. 1928, 464, 1 – 21.

[8] a) A. G. Tskhovrebov, R. Scopelliti, K. Severin, Organometallics
2014, 33, 2405 – 2408; b) M. Hays, T. P. Hanusa, Tetrahedron Lett.
1995, 36, 2435 – 2436; c) R. Meier, K. Rappold, Angew. Chem.
1953, 65, 560 – 561.

[9] For reactions of cyclic alkynes with N2O see: K. Banert, O.
Plefka, Angew. Chem. Int. Ed. 2011, 50, 6171 – 6174; Angew.
Chem. 2011, 123, 6295 – 6298.

[10] For the synthesis of triazenes from N2O see: G. Kiefer, T. Riedel,
P. Dyson, R. Scopelliti, K. Severin, Angew. Chem. Int. Ed. 2014,
DOI: 10.1002/anie.201408597; Angew. Chem. 2014, DOI:
10.1002/ange.201408597.

[11] R. Raue, Methine Dyes and Pigments, Ullman’s Encyclopedia of
Industrial Chemistry, Wiley-VCH, Weinheim, 2000, pp. 1 – 55.

[12] a) T. Yoshida, T. Monji, D. Kawamori, N. Akai, K. Shibuya, A.
Kawai, Chem. Lett. 2013, 42, 1490 – 1492; b) A. Ida, B. Cohen, T.
Asaka, A. Kawai, J. A. Organero, K. Shibuya, A. Douhal, Phys.
Chem. Chem. Phys. 2011, 13, 20318 – 20325; c) T. Asaka, N. Akai,
A. Kawai, K. Shibuya, J. Photochem. Photobiol. A 2010, 209, 12 –
18; d) A. Kawai, D. Kawamori, T. Monji, T. Asaka, N. Akai, K.
Shibuya, Chem. Lett. 2010, 39, 230 – 231.

[13] a) V. P. Eliu, B. Frohling, D. Kauffmann, (Ciba Corporation), US
20100058545 A1, 2010 ; b) A. Greaves, H. David, US 2010031453
A1, 2010 ; c) G. Saha, K. K. Sarker, C.-J. Chen, J. Chen, T.-H. Lu,
G. Mostafa, C. Sinha, Polyhedron 2009, 28, 3586 – 3592; d) C.
Pasquier, E. Tinguely, O. Gçttel, H.-J. Braum, (The Procter &
Gamble Company), US 7393366 B2, 2008 ; e) T. G. Deligeorgiev,
D. A. Zaneva, N. A. Simeonova, D. Simov, Dyes Pigm. 1996, 31,
219 – 224.

[14] a) S. Yamada, (Fuji Photo Film Co., LTD), US 20070015912 A1,
2007; b) S. Yamada, (Fuji Photo Film Co., LTD), JP 2006176745,
2006 ; c) S. Yamada, (Fuji Photo Film Co., LTD), JP 2006169493,
2006 ; d) S. Yamada, (Fuji Photo Film Co., LTD), JP 2006274054,
2006 ; e) S. Yamada, (Fuji Photo Film Co., LTD), JP 2006328257,
2006.

[15] S. H�nig, K.-H. Oette, Justus Liebigs Ann. Chem. 1961, 641,
104 – 112.

[16] Reviews: a) S. H�nig, Angew. Chem. 1961, 73, 818 – 824; b) S.
H�nig, Angew. Chem. 1958, 70, 215 – 222.

[17] A. G. Tskhovrebov, E. Solari, M. Wodrich, R. Scopelliti, K.
Severin, Angew. Chem. Int. Ed. 2012, 51, 232 – 234; Angew.
Chem. 2012, 124, 236 – 238.

[18] A. G. Tskhovrebov, B. Vuichoud, E. Solari, R. Scopelliti, K.
Severin, J. Am. Chem. Soc. 2013, 135, 9486 – 9492.

[19] Due to the potential danger of perchlorates, we have not used
this salt on a regular basis.

[20] Selected recent examples: a) M. Murai, S.-Y. Ku, N. D. Treat,
M. J. Robb, M. L. Chabinyc, C. J. Hawker, Chem. Sci. 2014, 5,
3753 – 3760; b) M. Ince, J. Bartelmess, D. Kiessling, K. Dirian,
M. V. Mart�nez-D�az, T. Torres, D. M. Guldi, Chem. Sci. 2012, 3,
1472 – 1480; c) M. Murai, E. Amir, R. J. Amir, C. J. Hawker,
Chem. Sci. 2012, 3, 2721 – 2725; d) E. Amir, R. J. Amir, L. M.
Campos, C. J. Hawker, J. Am. Chem. Soc. 2011, 133, 10046 –
10049; e) X.-H. Zhang, C. Li, W.-B. Wang, X.-X. Cheng, X.-S.
Wang, B.-W. Zhang, J. Mater. Chem. 2007, 17, 642 – 649; f) K.
Kurotobi, K. S. Kim, S. B. Noh, D. Kim, A. Osuka, Angew.
Chem. Int. Ed. 2006, 45, 3944 – 3947; Angew. Chem. 2006, 118,
4048 – 4051.

[21] N. B. Kazennova, L. A. Kazitsyna, V. A. Nefedov, Zhur. Organ.
Khimii 1978, 14, 1117 – 1118.

[22] a) R. Herrmann, B. Pedersen, G. Wagner, J.-H. Youn, J.
Organomet. Chem. 1998, 571, 261 – 266; b) A. G. Anderson, Jr.,
J. A. Nelson, J. J. Tazuma, J. Am. Chem. Soc. 1953, 75, 4980 –
4989.

[23] Preliminary results show that cationic azo dyes with benzothia-
zolium groups can be prepared in a related fashion (see
compound 24, Supporting Information).

.Angewandte
Communications

1292 www.angewandte.org � 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2015, 54, 1289 –1292

http://dx.doi.org/10.1126/science.1176985
http://dx.doi.org/10.1126/science.1176985
http://dx.doi.org/10.1002/anie.200906334
http://dx.doi.org/10.1002/anie.200906334
http://dx.doi.org/10.1002/ange.200906334
http://dx.doi.org/10.1126/science.1179571
http://dx.doi.org/10.1016/j.ccr.2012.05.026
http://dx.doi.org/10.1016/j.ccr.2012.05.026
http://dx.doi.org/10.1038/nclimate1458
http://dx.doi.org/10.1038/nclimate1458
http://dx.doi.org/10.1016/B978-0-12-381294-0.00006-7
http://dx.doi.org/10.1016/B978-0-12-381294-0.00006-7
http://dx.doi.org/10.1016/j.cattod.2004.12.012
http://dx.doi.org/10.1039/c3cc43912g
http://dx.doi.org/10.1039/c3cc43912g
http://dx.doi.org/10.1002/anie.201302471
http://dx.doi.org/10.1021/om300786f
http://dx.doi.org/10.1021/ja808523n
http://dx.doi.org/10.1002/anie.200390062
http://dx.doi.org/10.1002/anie.200390062
http://dx.doi.org/10.1002/ange.200390032
http://dx.doi.org/10.1021/ja0259077
http://dx.doi.org/10.1246/bcsj.77.1905
http://dx.doi.org/10.1246/cl.2002.582
http://dx.doi.org/10.1246/cl.2002.582
http://dx.doi.org/10.1021/ic990646w
http://dx.doi.org/10.1002/cber.19570900722
http://dx.doi.org/10.1002/cber.19560891212
http://dx.doi.org/10.1002/ange.19550671918
http://dx.doi.org/10.1021/ja01112a032
http://dx.doi.org/10.1021/ja01112a032
http://dx.doi.org/10.1002/jlac.19284640102
http://dx.doi.org/10.1021/om500333y
http://dx.doi.org/10.1021/om500333y
http://dx.doi.org/10.1016/0040-4039(95)00309-Z
http://dx.doi.org/10.1016/0040-4039(95)00309-Z
http://dx.doi.org/10.1002/ange.19530652205
http://dx.doi.org/10.1002/ange.19530652205
http://dx.doi.org/10.1002/anie.201101326
http://dx.doi.org/10.1002/ange.201101326
http://dx.doi.org/10.1002/ange.201101326
http://dx.doi.org/10.1246/cl.130723
http://dx.doi.org/10.1039/c1cp22095k
http://dx.doi.org/10.1039/c1cp22095k
http://dx.doi.org/10.1016/j.jphotochem.2009.10.002
http://dx.doi.org/10.1016/j.jphotochem.2009.10.002
http://dx.doi.org/10.1246/cl.2010.230
http://dx.doi.org/10.1016/j.poly.2009.07.034
http://dx.doi.org/10.1016/0143-7208(95)00107-7
http://dx.doi.org/10.1016/0143-7208(95)00107-7
http://dx.doi.org/10.1002/jlac.19616410111
http://dx.doi.org/10.1002/jlac.19616410111
http://dx.doi.org/10.1002/ange.19580700805
http://dx.doi.org/10.1002/anie.201106589
http://dx.doi.org/10.1002/ange.201106589
http://dx.doi.org/10.1002/ange.201106589
http://dx.doi.org/10.1021/ja4030287
http://dx.doi.org/10.1039/C4SC01623H
http://dx.doi.org/10.1039/C4SC01623H
http://dx.doi.org/10.1039/c2sc20071f
http://dx.doi.org/10.1039/c2sc20071f
http://dx.doi.org/10.1039/c2sc20615c
http://dx.doi.org/10.1021/ja203267g
http://dx.doi.org/10.1021/ja203267g
http://dx.doi.org/10.1039/b613703b
http://dx.doi.org/10.1002/anie.200600892
http://dx.doi.org/10.1002/anie.200600892
http://dx.doi.org/10.1002/ange.200600892
http://dx.doi.org/10.1002/ange.200600892
http://dx.doi.org/10.1016/S0022-328X(98)00872-9
http://dx.doi.org/10.1016/S0022-328X(98)00872-9
http://dx.doi.org/10.1021/ja01116a030
http://dx.doi.org/10.1021/ja01116a030
http://www.angewandte.org

