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The benzylic positions of the phthalan and isochroman de-
rivatives (1) as benzene-fused cyclic ethers effectively under-
went gold-catalyzed direct azidation using trimethylsilylazide
(TMSN;) to give the corresponding 1-azidated products (2)
possessing the NV,0-acetal partial structure. The azido group
of the N,0-acetal behaved as a leaving group in the presence
of catalytic iron(III) chloride, and 1-aryl or allyl phthalan
and isochroman derivatives were obtained by nucleophilic
arylation or allylation, respectively. Meanwhile, a double
nucleophilic substitution toward the 1-azidated products (2)
occurred at the 1-position using indole derivatives as a nu-
cleophile accompanied by elimination of the azido group and
subsequent ring opening of the cyclic ether nucleus produced
the bisindolylarylmethane derivatives.

Key words azidation; gold catalyst; phthalan; isochroman;
iron-catalyzed nucleophilic substitution

Phthalan'™ and isochroman*® derivatives are pharma-
ceutically useful and also utilized as reaction precursors to
construct various frameworks.”'¥ We have continuously
investigated the iron'?%- or gold**¥-catalyzed activation
at the benzylic position of various skeletons accompanied by
the benzylic C—O bond cleavage. During these investigations,
the benzylic position of phthalan (1; n=1) as a benzene fused
cyclic ether was found to be directly azidated in the presence
of a gold catalyst and trimethylsilylazide (TMSN,) without the
C-0 bond cleavage to give the 1-azido phthalan (2) (Chart 1).
The direct azidations at the benzylic position of phthalan and
isochroman (1; n=2) were previously accomplished using stoi-
chiometric iodine reagents®') in the presence of azido sourc-
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es, such as TMSN; and NaN,. Although gold catalysts were
used for the C—C and C-N bond formation on the benzylic
position via C—H bond activation,'>'? the azidation method
was never reported in the literature. Azido derivatives are
easily transformed into amines®*® and triazoles by the Huisgen
cyclization with alkynes.?>?® Furthermore, the nucleophilic
substitution of an azido functionality as a leaving group was
also reported in the literature.?’*” In this report, we have
applied 1-azido products (2) as key intermediates to the
Lewis acid-catalyzed nucleophilic substitution to give highly
functionalized phthalan and isochroman derivatives via the
oxonium ion intermediate (A) generated by the chemoselective
elimination of the azido group of the N,0-acetal moiety’*>®
(Chart 1). Consequently, the iron-catalyzed Friedel-Crafts
arylation and allylation gave the l-aryl/allyl phthalan and iso-
chroman derivatives (3, 4) (Chart 2), while the use of highly
nucleophilic indole derivatives effectively facilitated the
double substitutions via elimination of the azido group and the
subsequent ring opening of the cyclic ether to give the bisin-
dolylarylmethane derivatives (5).>*>” The obtained product (3)
could also be converted into the corresponding bisarylindolyl-
methane derivatives (6) by the FeCl,-catalyzed ring-opening
indolylation.***> We now report the direct gold-catalyzed
azidation of phthalan and isochroman derivatives (Chart 1)
and the subsequent unique FeCl;-catalyzed nucleophilic sub-
stitutions (Chart 2) to produce the various pharmaceutically
useful compounds.

We first examined the catalyst and solvent efficiencies for
the direct benzylic azidation of phthalan (1a) using TMSN,
(4eq) as an azido source at room temperature (Table 1). While
the use of trivalent FeCl,, AuCl; and HAuCl,-3H,O in CH,CI,
gave only trace amounts of the desired 1-azido phthalan (2a)
(entries 1-3), the combined use of monovalent (Ph,P)AuCl
(10mol%) and AgSbF, (10mol%) improved the reaction ef-
ficiency to produce 2a in 20% yield (entry 4). The solvent
significantly influenced the azidation, and 2a was obtained in
69% yield in 1,4-dioxane in the presence of (Ph,P)AuCl and
AgSbF, for 5.5h (entry 8), while CH,Cl,, (CH,Cl),, benzene
and toluene were less effective solvents (entries 4—7). Other
combinations of the gold catalyst and silver salts, solvents and
azido sources had no influence on the present azidation (see
Supplementary Materials). Additionally, the reaction under
oxygen atmosphere (entry 9) or using molecular sieves 4A
(MS4A) to remove the contaminated H,O derived from the
reagents (entry 10) led to lower yield.

The (Ph;P)AuCl-catalyzed benzylic azidation could be ap-
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plied to various phthalan and isochroman derivatives (la—d)
possessing a cyclic benzyl ether backbone (Table 2). The non-
substituted and 5,6-dichlorophthalans (la, b) underwent the
direct benzylic azidation to give the corresponding 1-azidated
products (2a, b), respectively. Isochroman and 7-chloroiso-
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Chart 2. Transformation of Azido Compounds as Key Reaction Inter-
mediates
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Table 1. Catalyst and Solvent Efficiencies of Direct Benzylic Azidation
of Phthalan®?
catalyst (10 mol%)
additive (10 mol%) N3
TMSN; (4 equiv.
(I)O solveni,(rt ) @O
1a 2a
Entry Catalyst Additive Solvent  Time (h) Yield (%)
1 FeCly — CH,Cl, 8 Trace
2 AuCly — CH,Cl, 24 Trace
3 HAuCl,-3H,0 — CH,Cl, 24 Trace
4 (PhyP)AuCl AgSbF CH,Cl, 24 20
5 (PhyP)AuCl AgSbF (CH,C), 24 28
6 (Ph;P)AuCl AgSbF Benzene 24 48
7 (Ph;P)AuCl AgSbF Toluene 24 44
8 (Ph;P)AuCl AgSbF 1,4-Dioxane 5.5 69
99 (Ph,P)AuCl AgSbF 1,4-Dioxane 5.5 34
107 (PhyP)AuCl AgSbF 1,4-Dioxane 7 59

a) Conditions: catalyst (10mol%), additive (10mol%), TMSN; (4eq), solvent
(substrate concentration; 1m), at rt under Ar. b) Optimization details using other cata-
lysts, solvents, solvent concentrations, reaction temperatures, efc., are described in the
Supplementary Materials. ¢) The reaction was carried out under O, instead of Ar. d)
The reaction was carried out with MS4A.

Table 2. Scope and Limitation of the Substrates®
TMSN; (4 equiv.)
(Ph3P)AuCI (10 mol%) N3
N AgSbFs (10mol%) (N
RT Tadioxane (M) - Rw L, ©
¢ " A PR
Entry Substrate Product Time (h) Yield (%)
N3
1 EI)O @bo 5.5 69
1
a 2a
N3
Cl cl
2 0 o) 24 41
Cl
Cl
1b 2
N3
? (©]
3 20 48
1c
2c
N3
cl (0] Cl o
4 24 36
1d
2d
MeO Ml
© o) MeO o
5 24 0
1e
2e
a) Inapplicable substrates under the present reaction conditions are described below.
(0]
o Co., Dﬁ
OO No Reaction
(o) o) or
Trace
-
O,N
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OMe OMe ;
(3 equiv.) O ©/\l> ’
Na OMe OMe (3 equiv.)
©jo FeCls (5 mol%) O o FeCly (5 mol%) O
—
1,4-dioxane 1,4-dioxane
2a rt, 1 h, 90% 3a rt, 6 h, quant.
/ \
Co
HO
FeC|3 /
(5 mol%), (4 equiv.)
1,4-dioxane
rt, 1h, 99% 52\
Chart 3. Chemical Modification of the Obtained 1-Azidophthalan (2a)
chroman were also reacted with TMSN; in the presence of OMe
(Ph;P)AuCl and AgSbF, to give the corresponding 1l-azidated
produits (entrles‘ 3, 4) rleipeitlvelly,twhllt? }Z—metho?ylsoclllro- 1,3-dimethoxybenzene (4 equiv.) O
man (le) possessing a relatively electron-rich aromatic nucleus (PhsP)AUCI (10 mol%) OMe

was hardly transformed into the desired azidated product (2e).
Furthermore, other substrates, such as indane and indene
without the corresponding benzylic oxygen atom, benzylmeth-
ylether as an acyclic substrate, phthalide derivatives a pos-
sessing lactone moiety and nitrogen-containing heterocycles,
were also inadequate. Namely, the specific cyclic benzyl
ether structures were essential for the present direct benzylic
azidation, while the reason and reaction mechanism are still
unclear.

The chemical modification of the obtained 1-azido phthalan
(2a) was next investigated (Chart 3). The N,0-acetal moiety of
2a was chemoselectively activated by FeCl; (5mol%) (Chart
1) and the subsequent nucleophilic substitution using 1,3-di-
methoxybenzene accompanied by elimination of the azido
group gave the l-arylated phthalan (3a) in 90% yield.* It is
noteworthy that the use of N-methylindole as a highly nucleo-
philic reagent gave the bisindolylmethane (5a) in 99% yield
via the elimination of the azido group and the ring opening
of the cyclic benzyl ether moiety (in other words, the elimina-
tion of the benzyl ether substructure). Additionally, 3a was
also smoothly reacted with N-methylindole in the presence of
FeCl; to produce the ring-opened bisarylindolylmethane prod-
uct (6) in quantitative yield.

We next examined the one-pot transformation of phtha-
lan and isochroman derivatives (la—d) to 3, 4 and 5 via the
l-azidated phthalan and isochroman derivatives (2) as inter-
mediates (Table 3). As the result of the primary gold-catalyzed
azidation of phthalan (1a) for 6h and subsequent arylation by
the stepwise addition of FeCl; and 1,3-dimethoxybenzene,
1,3,5-trimethoxybenezene or 1-methoxynaphthalene, the cor-
responding l-arylated phthalans (3a—c) were obtained in good
yields (entries 1-3). Meanwhile, the use of N-methylindole
and indole instead of arenes as nucleophiles gave the bisin-
dolylarylmethane derivatives (5a, b) by the one-pot azidation,
the subsequent nucleophilic substitution accompanying with
the elimination of the azido group and the ring opening of
the cyclic benzyl ether moiety.*” Furthermore, allylTMS was
also a good nucleophile to form the l1-allylated phthalan (4)
in 49% yield (entry 6). 5,6-Dichlorophthalan (1b) could also
be applied in the one-pot reaction to give the corresponding

AgSbFg (10 mol%) O o
1,4-dioxane o
rt, 24 h, 19% \ 3a

N-methylindole (4 equiv.)
(PhzP)AuCI (10 mol%)
AgSbFg (10 mol%)
1,4-dioxane

rt,24 h, 17%

HO

CLr

1a
allyTMS (4 equiv.)

(Ph3P)AuCI (10 mol%) N
AgSbFg (10 mol%)
(CH,CI),

rt, 24 h, 22% 4

Chart 4. Gold-Catalyzed Direct Arylation, Bisarylation and Allylation
of 1a

l-arylphthalan derivative (3d) with 1,3-dimethoxybenzene
and bisindolylarylmethane derivative (5¢) with N-methylin-
dole (entries 7, 8). Isochroman (1¢) could be converted into
the corresponding l-arylated isochroman (3e) by the use of
1,3-dimethoxybenezene as a nucleophile in 56% yield and the
bisindolylarylmethane derivative (5d) was also obtained by the
nucleophilic attack of N-methylindole in 57% yield (entries 9,
10). 7-Chloroisochroman could be converted into the corre-
sponding 3f and 5e, while the yields were not satisfied (entries
11, 12). Although the (Ph,P)AuCl-catalyzed direct arylation
using 1,3-dimethoxybenezene and N-methylindole, and al-
lylation using allylTMS of phthalan (1a) could slightly proceed
without the azidation step and the addition of FeCl,, the reac-
tion efficiencies were not improved (Chart 4).

In conclusion, we have achieved the (Ph,P)AuCl-catalyzed
benzylic azidation of phthalan and isochroman derivatives
and the subsequent FeCl;-catalyzed nucleophilic substitu-
tions of the azidated products. As a consequence, the l-aryl
and allyl phthalan and isochroman, bisindolylarylmethane
and bisarylindolylmethane derivatives possessing unique and
pharmaceutically useful skeletons could be easily constructed.
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Table 3. One-Pot Synthesis Using Phthalan and Isochroman Derivatives (1a—d) as Substrates

TMSN; (4 equiv.)
(PhsP)AUCI (10 mol%) N3|  Nu(4eq.)
N AgSbF (10mol%) | o ™\ | _FeCly (5 mol%) _ oo ot
= 1,4-dioxane (1 M) = Xh
N r,6h n
1
. Time  Yield . Time  Yield
Entry SM Nucleophile Product (h) %) Entry SM  Nucleophile Product (h) %)
OMe OMe
= O &
1 1a @\ oMe 15 64 79 1b @\ a OMe 1 40
OMe O 0 OMe O 0
Cl
3a 3d
OMe /
N
OM
© MeO O N 7
2 1a /@\ OoMe 15 73 8»  1b @l/) cl JN 24 43
MeO oM o] O
e e O cl OH
3b 5c
OMe OMe

OMe O
OM
17 71 9 1e @\ © 3 56
OMe

w

&

—

i
&o

=

@
L §9
)

(1]

/
I
/ 7 /
N N " N
4 la 7 24 93 10 1c 16 57
Y O Y
)
5a 5d
Qe
H 2 OMe
N
5 la @r\/) /NH 24 87 114 1d @\ OMe 29 36
O OH O
5b
3f
N
6 1a A ~TMS 0 15 49 122 1d 24 29
4
Se
a) A total of 50mol% FeCl, was used. b) The first azidation step was carried out for 24 h.
in-Aid for Young Scientists (B) from the Japan Society for the Supplementary Materials The online version of this ar-

Promotion of Science (JSPS) and Ritsumeikan Global Innova- ticle contains supplementary materials.
tion Research Organization (R-GIRO) project.
References and Notes
Conflict of Interest The authors declare no conflict of  1_Otomo M. Takahashi K., Mivoshi H.. Osada K., Nakashima H.
interest. Yamaguchi N., Biol. Pharm. Bull., 31, 14891495 (2008).

2) Khan R., Malik A.. Qadir M. 1., Adhikari A., Choudhary M. L,



http://dx.doi.org/10.1248/bpb.31.1489
http://dx.doi.org/10.1248/bpb.31.1489
http://dx.doi.org/10.1007/s10600-010-9725-z

Vol. 63, No. 10 (2015)

Chem. Nat. Compd.. 46, 722725 (2010).
3) XuX.. Song F., Wang S.. Li S., Xiao F., Zhao J.. Yang Y., Shang S,
Yang L., ShiJ.. J. Nat. Prod. 67, 1661-1666 (2004).
4) Dalterio S.. Bartke A, Burstein S., Science, 196, 14721473 (1977).
5) Martin P., Consroe P.. Science, 194, 965-967 (1976).

6) zhi L. Tegley C. M., Kallel E. A., Marschke K. B., Mais D. E.,

Gottardis M. M., Jones T. K.. .J. Med. Chem., 41, 291-302 (1998).

7)_de Groot M. J.. Alex A. A Jones B. C.. J Med. Chem., 45, 1983~
1993 (2002).

8) Yamaori_S., Kushihara M., Yamamoto L., Watanabe K., Biochem.
Pharmacol.. 79. 1691-1698 (2010).

9) Pedersen C._M., Marinescu L. G.. Bols M., Org. Biomol. Chem.. 3
816822 (2005).

10) Viuf C.. Bols M., Angew. Chem. Int. Ed., 40, 623625 (2001).

11)  Muramatsu W., Nakano K.. Org. Lett.. 16. 20422045 (2014).

12) Zang Y. Feng B. Zhu C.. Org Biomol. Chem. 10, 9137-9141

(2012).
13) Xie J., Li H., Zhou J.. Cheng Y.. Zhu C., Angew. Chem. Int. Ed.. 51,

12521255 (2012).

14) Sawama Y., Nagata S Yabe Y., Morita K., Monguchi Y., Sajiki H.

Chem. Pharm. Bull. 761

29) Murali_A., Puppala M., Varghese B., Baskaran S., Eur. J. Org.
Chem., 2011, 52975302 (2011).

30) Although the Lewis acid-mediated ring opening of 2 to generate the
intermediate B was considerable, the product derived from B was
never obtained under the presented reaction conditions.

31) While Grignard reagents have been known to chemoselectively
facilitate the nucleophilic substitutions of N,O-acetals composed
of the azido group as a leaving group, the Lewis acid-catalyzed
Friedel-Crafts type reaction toward N,O-acetals has not been inves-
tigated, see refs. 32 and 33.

32) Baruah M., Bols M.. J. Chem. Soc., Perkin Trans. 1, 2002, 509512
(2002).

33) Pedersen H., Sinning S., Biilow A., Wiborg O., Falborg L., Bols M.,
Org. Biomol. Chem., 2, 2861-2869 (2004).

34) The bisindolylarylmethane derivatives indicate various bioactivities
such as antimicrobial, anti-inflammatory, anti-tumor activities, etc.,
see refs. 35-39.

35) Benabadji S. H., Wen R., Zheng J., Dong X., Yuan S., Acta Pharma-
col. Sin., 25, 666—671 (2004).

36) Sivaprasad G., Perumal P. T., Prabavathy V. R. Mathivanan N

Chem. Eur. J.. 18, 16608-16611 (2012).

15) Sawama Y., Shibata K., Sawama_ Y., Takubo M., Monguchi Y.,
Krause N.. Sajiki H.. Org. Lett,, 15, 52825285 (2013).

16) Sawama Y., Shishido Y., Yanase T.. Kawamoto K., Goto R.. Mon-

e
Bioorg. Med. Chem. Lett., 16, 6302—6305 (2006).

37) Sujatha K., Perumal P. T., Muralidharan D., Rajendran M., Indian J.
Chem., 48B, 267-272 (2009).

38) Kamal A, Khan M. N. A.. Srinivasa Reddy K., Srikanth Y. V. V.

guchi Y., Kita Y., Sajiki H., Angew. Chem. Int. Ed., 52, 1515-1519
(2013).

17) _Sawama Y., Shishido Y., Kawajiri T.. Goto R.; Monguchi Y., Sajiki

Kaleen Ahmed S., Pranay Kumar K., Murthy U. S. N., J. Enzyme
Inhib. Med. Chem., 24, 559-565 (2009).
39) _Shiri M., Zolfigol M. A.. Kruger H. G.

Tanbakouchian Z.. Chem.

., Chem. Eur. J., 20, 510516 (2014).

18) Sawama Y., Goto R.. Nagata S.. Shishido Y., Monguchi Y., Sajiki
H., Chem. Eur. J., 20, 26312636 (2014).

19) Sawama Y., Asai S.. Kawajiri T., Monguchi Y., Sajiki H.. Chem.
Eur_J, 21, 22222229 (2015).

20) Sawama Y., Masuda M., Asai S.. Goto R., Nagata S., Nishimura S.,
Monguchi Y., Sajiki H., Org. Lett., 17, 434—437 (2015).

21) Sawama_Y., Sawama Y. Krause N. Org Lett, 11, 5034-5037

(2009).

22) Sawama Y., Kawamoto K., Satake H., Krause N., Kita Y., Synlett,
14i 2151-2155 !2010!.

23) Sawama Y., Ogata Y., Kawamoto K., Satake H.. Shibata K., Mongu-
chi Y., Sajiki H., Kita Y., Adv. Synth. Catal,, 355, 517528 (2013).

24) Scriven E. F. V.. Turnbull K., Chem. Rev., 88, 297-368 (1988).

25) Huisgen R., Angew. Chem. Int. Ed. Engl., 2, 565-598 (1963).

26) Rostovisev V. V., Green L. G, Fokin V. V.. Sharpless K. B.. Angew.
Chem. Int. Ed., 41, 2596-2599 (2002).

27) Margosian D., Kovacic P., J. Org. Chem., 46, 877-880 (1981).

28) Magnus P., Lacour J., Evans P. A., Rigollier P., Tobler H., J. Am.
Chem. Soc., 120, 12486—-12499 (1998).

Rey., 110, 22502293 (2010).

40) The bisarylindolylmethane derivatives were also useful as bioactive
compounds possessing anti-proliferative, anti-tubercular activity,
etc., see refs. 41 and 42.

41) Panda G., Parai M. K. Das S. K., Shagufta, Sinha M., Chaturvedi
V., Sriva_stava A. K., Mgniu Y. S., Ga_ikwad A. N., Sinhg S., Eur. J.
Med. Chem., 42, 410419 (2007).

42) Yang Y., Carta G, Peters M. B., Price T.. O'Boyle N.. Knox A.J. S.
Fayne D., Williams D. C., Meegan M. J.. Lloyd D. G., Mol. Inf., 29
421-430 (2010).

43) FeCl, was more effective than other Lewis acids [trimethylsilyl
trifluoromethanesulfonate (TMSOTY): 71% and BF;-Et,0: 53%] and
Bronsted acid [trifluoroacetic acid (TFA): trace] in the reaction of
2a using 1,3-trimethoxybenzene.

44) The yields of 5a and b in the one-pot method were better than the
yield of 2a for the benzylic azidation (Table 2, entry 1). During
the direct azidation of the phthalan (1a, b) and isochroman (l¢, d)
derivatives and their work-up process, the N,0-acetal moiety of the
azidated products, which are generally acid-labile, may be partially
decomposed.



http://dx.doi.org/10.1007/s10600-010-9725-z
http://dx.doi.org/10.1021/np0400609
http://dx.doi.org/10.1021/np0400609
http://dx.doi.org/10.1126/science.867048
http://dx.doi.org/10.1126/science.982057
http://dx.doi.org/10.1021/jm9705768
http://dx.doi.org/10.1021/jm9705768
http://dx.doi.org/10.1021/jm0110791
http://dx.doi.org/10.1021/jm0110791
http://dx.doi.org/10.1016/j.bcp.2010.01.028
http://dx.doi.org/10.1016/j.bcp.2010.01.028
http://dx.doi.org/10.1039/b500037h
http://dx.doi.org/10.1039/b500037h
http://dx.doi.org/10.1002/1521-3773(20010202)40:3%3C623::AID-ANIE623%3E3.0.CO;2-G
http://dx.doi.org/10.1021/ol5006399
http://dx.doi.org/10.1039/c2ob26857d
http://dx.doi.org/10.1039/c2ob26857d
http://dx.doi.org/10.1002/anie.201107605
http://dx.doi.org/10.1002/anie.201107605
http://dx.doi.org/10.1002/chem.201202984
http://dx.doi.org/10.1002/chem.201202984
http://dx.doi.org/10.1021/ol402511r
http://dx.doi.org/10.1021/ol402511r
http://dx.doi.org/10.1002/anie.201207315
http://dx.doi.org/10.1002/anie.201207315
http://dx.doi.org/10.1002/anie.201207315
http://dx.doi.org/10.1002/chem.201302862
http://dx.doi.org/10.1002/chem.201302862
http://dx.doi.org/10.1002/chem.201303910
http://dx.doi.org/10.1002/chem.201303910
http://dx.doi.org/10.1002/chem.201405558
http://dx.doi.org/10.1002/chem.201405558
http://dx.doi.org/10.1021/acs.orglett.5b00106
http://dx.doi.org/10.1021/acs.orglett.5b00106
http://dx.doi.org/10.1021/ol902005e
http://dx.doi.org/10.1021/ol902005e
http://dx.doi.org/10.1055/s-0030-1258528
http://dx.doi.org/10.1055/s-0030-1258528
http://dx.doi.org/10.1002/adsc.201200771
http://dx.doi.org/10.1002/adsc.201200771
http://dx.doi.org/10.1021/cr00084a001
http://dx.doi.org/10.1002/anie.196305651
http://dx.doi.org/10.1002/1521-3773(20020715)41:14%3C2596::AID-ANIE2596%3E3.0.CO;2-4
http://dx.doi.org/10.1002/1521-3773(20020715)41:14%3C2596::AID-ANIE2596%3E3.0.CO;2-4
http://dx.doi.org/10.1021/jo00318a011
http://dx.doi.org/10.1021/ja9829564
http://dx.doi.org/10.1021/ja9829564
http://dx.doi.org/10.1002/ejoc.201100674
http://dx.doi.org/10.1002/ejoc.201100674
http://dx.doi.org/10.1039/b110428b
http://dx.doi.org/10.1039/b110428b
http://dx.doi.org/10.1039/b405768f
http://dx.doi.org/10.1039/b405768f
http://dx.doi.org/10.1016/j.bmcl.2006.09.019
http://dx.doi.org/10.1016/j.bmcl.2006.09.019
http://dx.doi.org/10.1080/14756360802292974
http://dx.doi.org/10.1080/14756360802292974
http://dx.doi.org/10.1080/14756360802292974
http://dx.doi.org/10.1021/cr900195a
http://dx.doi.org/10.1021/cr900195a
http://dx.doi.org/10.1016/j.ejmech.2006.09.020
http://dx.doi.org/10.1016/j.ejmech.2006.09.020
http://dx.doi.org/10.1016/j.ejmech.2006.09.020
http://dx.doi.org/10.1002/minf.201000034
http://dx.doi.org/10.1002/minf.201000034
http://dx.doi.org/10.1002/minf.201000034

