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General Introduction

General Introduction

Transition metal-catalyzed cross-coupling reacti@me recognized as one of the most
valuable and versatile reactions for the formatdmew bonds. For decades, palladium and
copper have been the most utilized metals in ccospling chemistry. Nowadays, these

metals are extensively and commonly used for csitalp industry

Ecology and economics are two aspects which chersisiuld keep in mind. Within the last
few decades the context has changed as times esenbiy economically difficult and paying
attention to how reactions affect the environmenmnow crucial. For these reasons it is

important to develop alternative synthetic routsing cheaper and less hazardous catalysts.

Iron salts have interested chemists for severalorea First of all, iron is cheap compared to
palladium (1 kg PdGlfrom Acros costs 30000 Euro, whereas 1 kg F&©m Acros costs
about 30 Euro). Furthermore, iron is the fourth nag®indant element and the second largest
metallic component of earth’s crust with 5%, follagy aluminum (8.1%). Iron salts generally
present a low toxicity; iron oxide is used in MatiodResonance Imaging (MRI). Iron(lll)
sulfate, iron(ll) sulfate monohydrate, and iron@DIfate heptahydrate, which are recognized
as herbicides, are benign to human befn§mce the middle of the 2&entury, following the
first iron catalysis by Kharasch in 1941ron-catalysis has been used more frequently and
with wider applicationé.However, further development is needed, as shomthd presented

thesis.

The advantages of iron include its low toxicitywlprice, environmentally friendly nature and

being readily available. As iron has limited usecinss-coupling reactions forming carbon-

! For a review, see: a) C. Torborg, M. Belladv. Synth. Cat2009 351, 3027. b) A. Zapf, M. BellerTop.
Catal.2002 19, 101.

2 For details see: Docket ID EPA-HQ-OPP-2008-0626300

¥ M. S. Kharasch, P. O. Tawne},Am. Chem. Sot941, 63, 2316.

* Reviews: a) C. Bolm, J. Legros, J. Le Paih, L.iZ&nem. Rev2004 104, 6217. b) A. Firstner, R. Martin,
Chem. Lett2005 34, 624. c) A. Correa, O. Garcia Manchefio, C. Bdlinem. Soc. Re2008 37, 1108. d) B.
D. Sherry, A. FirstnerAcc. Chem. Re®008 41, 1500. e) S. Enthaler, K. Junge, M. Bellangew. Chem.
2008 120, 3363;Angew. Chem. Int. EQ008 47, 3317. f) E. B. BaueCurr. Org. Chem2008 12, 1341. g) S.
Galillard, J.-L. RenaudChemSusCherg008 1, 505. h) A. FiurstnerAngew. Chem2009 121, 1390; Angew.
Chem. Int. Ed.2009 48, 1364. i) W. M. Czaplik, M. Mayer, J. CvengroS, Bacobi von Wangelin,
ChemSusCher2009 2, 396. j)C. Bolm, Nature Chen2009 1, 420. k) A. A. O. Sarhan, C. Bolfthem. Soc.
Rev.2009 38, 2730. I) L.-X. Liu Curr. Org. Chem201Q 14, 1099.



General Introduction

heteroatom bonds, we focused our investigationsthenfield of iron catalysis in click
chemistry and on C-H bond activation. Also an ioatalyzed carbon-heteroatom bond
formation which is in a nascent stage of develogmermresented. This thesis visits the

history of iron catalysis and its recent advanoceshiemistry in the past few years.
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Iron in Cross-Coupling Reactions
1. Cross-Coupling

Organic chemistry is a vast domain of chemistrydals with all reactions between organic
compounds and allows for the formation of complesleoules from simple substrates.
Organic chemistry is present in all domains of gwéay life, from polymer production to
medicine. In order to synthesize complex compouitds,often necessary to make new C-C
bonds, which can be difficult due to the stabibfycarbon compounds. Different methods are
used; palladium cross-coupling is one of the mostgrful. In 2010, Richard F. Heck, Ei-ichi
Negishi and Akira Suzuki obtained the Nobel Prizetheir work in this field.

2. Palladium

Cross-coupling with palladium(0) has been extergivddcumented; several well-known
reactions such as the Buchwald-Hartwig aminatibre Heck reaction, the Sonogashira-
Hagihara coupling and the Suzuki reaction are athlgzed by palladium (Scheme 1). The
advantages of Pd-catalyzed reactions are their auidlitions and tolerance of a variety of
functional groups.

Almost all types of bonds can be obtained by Pdtgaéd cross-coupling: C-H, C-C, C-N, C-
O, C-P, and C-Metal. The direct C-H cross-couphvith an aryl halide has the advantage
that no precursor, such as a carbon-metal bonasdsssary. Various organometallic reagents
have been used for C-C bond formations: Li (MuraBa@sB (Suzuki Miyauraf, Mg
(Kumada-Corriu), Al (Nozaki-Oshima, Negishf), Si (Hiyama)® Cu (Normant)® Zn
(Negishi)!* Zr (Negishi)*? and Sn (Stille}? Moreover, heteroatom-H bond such as N:i@-
H,'® P-H!® and S-H’ are also coupled by Pd-catalyzed reactions (Scgme

® M. Yamamura, |. Mritani, S. Murahashi, Organomet. Chem 975 95, C39.

® A. Suzuki,J. Organomet. Chem 998 576, 147

”S.1. Marahashi, M. Yamamura, K. Yanagisawa, N.aylK. Kondo,J. Org. Chem1979 44, 2408.
8S. Baba, E. Negishi. Am. Chem. Sot976 98, 6729.

°Y. Hatanaka, T. Hiyama, Am. Chem. So&99Q 112, 7793.

10 A, Alexakis, J. K. NormanfTetrahedron Lett1981, 22, 959.

1 A. O. King, E. NegishiJ. Org. Chem1978 43, 358.

12E Negeshi, T. Tkahash, S. Baba, D. E. Van HotrrQkukado,J. Am. Chem. So&987, 109, 2393.
13J. K. Stille,Angew. Chentl986 98, 504;Angew. Chem. Int. EA986 25, 508.

143) A. S. Guram, R. A. Rennels, S. L. Buchwa#ldgew. Chenil995 107, 1456;Angew. Chem, Int. Ed. Engl.
1995 34, 1348. b) J. Louie, J. F. Hartwigietrahedron Lett1995 36, 3609.

> M. Palucki, J. P. Wolfe, S. L. Buchwaldl, Am. Chem. So2996 118, 10333.

8T Hirao, T. Masunaga, Y. Ohshiro, T. AgaWatrahedron Lett198Q 21, 3595.

'G. Y. Li, Angew. ChenR001, 113 1561:Angew. Chem, Int. Ed. Engl001, 40, 1513.
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Scheme 1Palladium-catalyzed cross-coupling.
R2-X R2-X

Pd Catalyst Pd Catalyst 1

R1-Metal RILRZ «——————— RLH

R = Alkyl, alkenyl, vinyl, alkynyl, aryl
R? = Aryl, alkenyl, vinyl

3. Palladium versus Iron

A comparison between palladium and iron is impdrtin point out the advantages and
disadvantages of the two metals as catalysts. &iratl, as mentioned above, an extensive
work on palladium has been done. These reactioffisr Stom various disadvantages. They
need ancillary ligands to create reactive spechdditionally palladium is toxic and
environmentally hazardous. The price of palladiy®cges is high, while the low cost of iron
is one of its biggest advantages. Also, iron isifi@gg to be competitive amongst palladium
in terms of reaction time and temperature. Moreovesn is relatively nontoxic and
environmentally friendly (LBy(oral, rat): 895 mg/kg; LEy(dermal, rabbit): >2000 mg/kgd5.
Most iron species are easy to handle because iofstladility in moisture and air. They exist
in various oxidation states Fe(-Il), Fe(0), Fe@g(ll), Fe(lll), Fe(lV), Fe(V), and Fe(VI).
Finally, palladium chemistry has been developedugh decades of research whereas nature
has been optimizing iron-enzymes for 3.6 billiorisyears. Various enzymes are now well-
described: methane monooxygenase (MMOjbonucleotide reductase (RNR)linoleoyl-
CoA desaturasé Cytochrome P458, and Hemoglobin. This means that iron chemistry is

both a biomimetic study and pure research in therktory.

4. History of Iron-Catalyzed Cross-Coupling Reactios

4.1. The Beginning of Iron Catalysis

The story of iron began in 1891 when Méhend Bertheldt discovered one species of iron:
pentacarbonyliron. In 1941, Kharaddhvestigated the homocoupling of Grignard reagents

by using different metals and observed that iros swaccessful in catalyzing this reaction.

18 ClearTech, fiche signalétique, Chlorure Ferrique.

¥'H. Basch, K. Mogi, D. G. Musaev, K. Morokurmda,Am. Chem. Sot999 121, 7249.
2D, Filatov, R. Ingemarson, A. Graslund, L. Theland. Biol. Chem1992 267, 15816.
21T, Okayasu, M. Nagao, T. Ishibashi, Y Imaich. Biochem. Biophy4981, 206, 21.
2B, Meunier, S. P. de Visser, S. Shalllhem. Rev2004 104, 3947.

2. Mond, F. Quincke). Chem. Soc., Tran$891, 59, 604.

2 M. Berthelot,C. R. Hebd. Seances Acad. 3891, 112, 1343.
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Scheme 2Homocoupling of Grignard reagent by Kharasch.
MgBr Br FeCl; (5 mol%)
+
©/ \© ether, reflux, 1h

1 2 3

Being awakened by those first results, chemistaubeg extend the scope of this reaction; in
1945 alkyl Grignard were coupled with benzyl brogitdand in 1953 with acetyl chlorid®g.

In the 1950’s with the boom of organometallic cheny, Kealy and Pauson proposed a
structure for the dicyclopentadienyl-iréh,but made a mistake in the structure by not
considering the 18 electrons rule. Woodward notitteifailure, corrected the structure and
gave the name Ferrocene to this erffitht the same time Reppe developed a procedure for
the reactions of acetylene with different substat@eppe synthesis) by using iron as a

catalyst®

4.2. Iron-Catalyzed Coupling with Grignard Reagents
In 1971, Kochi studied extensively iron-catalyzedss-coupling of Grignard reagents with
vinyl halides (Scheme 3§.The reaction was done at room temperature, how80emol% of

Fe(dbm)} were required.

Scheme 3lron-catalyzed cross-coupling of Grignard reageitih vinyl halides by Kochi.

RMgBr
Fe(dbm); (50 mol%)
Br/\/Me R/\/ Me
4 THF, rt 5

He postulated a mechanism with a Fe(l)-Fe(lll) eYckeveral years later. The advantage of
the reactions was their stereoselectivity. Unfoatety, several equivalents of bromide needed
to be used (Scheme 4).

% G. Vavon, C. Chaminade, G. Quest#ébd. Seances Acad. St945 220, 850.

2. C. Percival, R. B. Wagner, N. C. CodkAm. Chem. So¢953 75, 3731.

27T, J. Kealy, P. L. PausoNature1951,168 1039.

2 G, Wilkinson, M. Rosenblum, M. C. Whiting, R. B.d&ddward,J. Am. Chem. Sot952 74,2125.

29\W. Reppe, H. Vettedustus Liebigs Ann. Chert953 582, 133.

303) J. K. Kochi, R. S. Smitll, Org. Chem1976 41, 502. b) M. Tamura, J. K. Kochl, Am. Chem. So&971,
93, 1487.

31J. K. Kochi,J. Organomet. Chen2002 653 11.
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Scheme 4Fe(l)-Fe(lll) catalytic cycle by Kochi.

Fe'
RHC=CHCHg; ,\ BrHC=CHCH3
_R _Br
Fe!! Fell
C=CHCHs; C=CHCHs
<
MgBr, RMgBr

In 1983, Molander modified slightly Kochi's reaaiit? His reaction permitted using a
stoichiometric amount of Grignard reagent. The ntaewback was tha&j-bromide gave a
mixture of E)- and g)-products. Yamamoto extended the scope of thetiomaby using
allylic phosphonates in 199%.In 1998, a step forward was achieved by Cahiezhanging
the source of irof? Fe(acag) was shown to be a suitable catalyst for the ccossling
(Scheme 5).

Scheme 5Iron-catalyzed cross-coupling of Grignard reagevith vinyl halides by Cahiez.

BuMgBr
Fe(acac); (1 mol%)
NMP (9 equiv) AcO
~TN TN TN
ACO\/\/\/\/\CI “Bu
6 THF, 15 min ;
5Cto0 T
80%

Over time, many advantages appeared, such as oniyl% of iron, high turn-over
frequencies, high stereoselectivity, and broad scdjhese conditions comprise a practical
method for the cross-coupling of vinyl halides atid/l Grignards.

In 2002, Furstner used the same conditions and esthaglat alkyl Grignards could also be
coupled with aryl halide¥’ He postulated a mechanism with a Fe(0)-Fe(-IJeyScheme
6)'36

32 G. A. Molander, B. J. Rahn, D. C. Shubert, S. &nde, Tetrehaedron Lettl983 5449.

3 A. Yanagisawa, N. Nomura, H. Yamamo8ynlett1991, 514.

3 G. Cahiez, H. AvedissiaBynthesid998 1199.

35 A. Furstner, A. Leitner, M. Mendez, H. KrauseAm. Chem. So2002 124, 13856.

% A. Furstner, R. Martin, H. Krause, G. Seidel, Rd@ard, C. Lehmand, Am. Chem. So2008 130, 8773.
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Scheme 6Catalytic redox cycles by Furstner.

FeX,
J 2 RMgX
+ -
L *3 0 2 RMgX 2
R—Fe—Ar Fe Fe(MgX),
RMQX{ Ar }, Ar-R Ar-R \/r \KArx ArX \/ \/ Ar-R
 +3 ;1 | +2 | +2 o 0}
X—Ilze—Ar L—Fe—Ar L—llie—Ar L—llie—Ar L—ll:e—Ar XMg—IIZe—Ar
Ar ' { R X MgX >¥/‘ MgX
R \_/<
ArX RMgX RMgX

Later, other groups reported interesting results expanded this field. Several findings have
been made, such as the arylation of aryl halidesof alkyl halides®

It is striking that homocoupling compounds were tiyoavoided and were considered to be
non-interesting side products. In this context, i€ahand coworkéf published an iron-

catalyzed homocoupling (Scheme 7).

Scheme 7Iron-catalyzed homocoupling by Cahiez.

dry air
FeCl; (5 mol%)
RMgX R-R
THF, rt, 45 min

60-90%
R = Aryl, alkenyl, alkynyl, alkyl

In this procedure, oxygen was used as an oxidamthwtoupled aryl and alkenyl Grignard
reagents. More than being chemoselective, theiogasts highly stereoselective.

Daugulis reported a deprotonative dimerizationrehas with iron (Scheme &}In this case,

the Grignard reagent is prepatadsitu.

37 a) T. Hatakeyama, M. Nakamurh,Am. Chem. So2007, 129 9844. b) C. Kofink, B. Blank, S. Pagano, N.
Gotz, P. KnochelChemComn2007, 1954.

% a) M. Nakamura, K. Matsuo, S. Ito, E. NakamulaAm. Chem. So@004 126, 3686. b) R. Martin, A.
Furstner Angew. Chen004 116, 4045;Angew. Chem, Int. EQ004 43, 3955. c) K. Dongol, H. Koh, M. Sau,
C. Chai,Adv. Synth. Catak007, 349, 1015.

39 G. Cahiez, A. Moyeux, J. Buendia, C. DupldisAm. Chem. So2007, 129, 13788.

“°T. Truong, J. Alvarado, L. D. Tran, O. Dauguli¥g. Lett.201Q 12, 1200.
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Scheme 8lron-catalyzed deprotonative dimerization of asshg Daugulis.

FeCl; (10 mol%), O,

Ar-H Ar-Ar
THF, iPrMgCI-LiCl,
tetramethylpiperidin,

0C-rt

Ar = N-Methylbenzimidazole 77%
Tetrafluoropyridin 54%

Iron(Ill) trichloride dimerized an arene under orygin THF at 0 °C. Moderate yields were

obtained.

4.3. Iron-Catalyzed Coupling Reactions without Grignard Reagents

4.3.1. Organocopper Reagents

Sometimes, organocopper reagents can be usedeasatites for Grignards reagents. To
achieve aryl-aryl cross-coupling, Knochel and cdworshowed that by using 10 mol%
Fe(acag), a cross-coupling reaction between an organocaamean aryl halide was possible
(Scheme 9%!

Scheme 9lron-catalyzed coupling reactions of organocoppegents by Knochel.

=
Fe(acac); —R?
I MgCl 2L Cu(CN)MgCl 0 X
A iPrMgCl X M9Ll CuCN-2LICI AN (10 mol%) X
RU- R]@/ R R
¥z 20T % -20C % DME/THF (3:2)

8 9 10 25-80 C 11

. | 50-93%
R! = CO,Et, OMe, OTf | N o
=

R? = CO,Et, COPh, COMe, CN, CONR,

In this case, the homocoupling product, which waes inhain side product using Grignard
reagents, disappeared almost completely. Good tellert yields were obtained. On the
other side, the scope was narrow. Only functioedliaryl and hetero aryl copper reagents can

cross-couple with functionalized aryl iodides.

1|, Sapountzis, W. Lin, C. C. Kofink, C. Despotopmy P. KnochelAngew. Chem2005 117, 1599:Angew.
Chem. Int. Ed2005 44, 1654.
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4.3.2 Organomanganese Reagents

In 1996, Cahiez found a new iron-catalyzed crosgling reaction using organomanganese
reagents (Scheme 18)Interestingly, changing | to Br or Cl did not affethe yield. This
iron-catalyzed alkenylation of organomanganeseemiagwith alkenyl halides offered high
yields with excellent stereoselectivity and furthere I, Br and Cl could be used in this

reaction.

Scheme 10lron-catalyzed cross-coupling with organomangameagents by Cahiez.

Fe(acac); (3 mol%)

/7 \_ *+ OctMnCl /TN
Bu X THF/NMP, t, 1h Bu  Oct
12 13
X =1, Br, Cl X=1 90%,Z>98%
X =Br 89%
X =Cl 88%

Furstner showed that the reaction has a wide taterdor different Mn-reagents, as all
reagents of the types RMnXzRn, RsMnMgClI could be used (X = I, Br, Cl) (Scheme #1).
Aryl chlorides are coupled with alkyl organomangsmeln all cases excellent yields are

obtained. This reaction is also chemoselective.

Scheme 11lron-catalyzed cross-coupling with organomangameagents by Firstner.
(0] a. C14H29MnC| (0]
Fe(acac); (5 mol%)
OMe b: (C14H59),Mn OMe
THF/ NMP
Cl C: (C14H29)sMNMgCl ¢ 10 min  CaaH2g

14 15
a 98%, b 96%, c 98%

4.3.3 Organozinc Reagents
Iron-catalyzed reactions with organozinc reagemsmaore sporadic. Only a few examples
have been reported. In 2002, Furstner showed tba(lil) acac catalyzes a cross-coupling

between an aryl chloride and an alkyl zinc-magmesieagent (Scheme 1%).

2 a) G. Cahiez, S. Marquai$etrahedron Lett1996 37, 1773. b) G. Cahiez, S. Marqualyre Appl. Chem.
1996 68, 53. For a review on organomanganese compounesGseéCahiez, C. Duplais, J. Buendizhem. Rev.
2009 109, 1434.

“3 A. Firstner, A. Leitner, M. Mendez, H. Krause Am. Chem. So2002 124, 13856.
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Scheme 12Iron catalyzed cross-coupling with organozinc exdg by Furstner.

Q Fe(acac); (5 mol%) 0
/©)‘\0Me EtsZnMgBr ﬁom
Cl THF/ NMP Et
16 0 CC, 10 min 17

93%

Knochel and coworkers used iron trichloride as talgst with the corresponding alkyl zinc
reagents, which are able to cross-couple with elaldride (Scheme 13f Good yields were

obtained.

Scheme 13lIron-catalyzed cross-coupling with organozinc exdg by Knochel.

)2Zn
O

o)
19 FeClz (10 mol%) 21
cl o, 80%
THF/NMP, -10 <, 1h o
18 1,20
G;iv PivO

20 22
82%

Iron proved to be useful in quite diverse crossptiog reactions. The use of organometallic
reagents has been in fashion in the last few decattavadays, new reactions have replaced

these organometallic reagents.

5. Iron-Catalyzed Reactions

5.1. Iron-Catalyzed Sonogashira-Hagihara Reaction

The Sonogashira-Hagihara reaction is a cross-augipletween a terminal alkyne and an aryl
or vinyl halide, traditionally catalyzed by usingliadium or a combination of palladium and

copper. However, Bolm and coworkers have shown tthiattype of cross-coupling can be

# C. K. Reddy, P. Knochengew. Chenl996 108 1812;Angew. Chem. Int. Ed. Engl996 35, 1700.
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performed using copp&ror iron® The iron-catalyzed cyclization led to good andedbent
yields. The base used was cesium carbonate, amdabton time was 3 days (Scheme 14).

Scheme 14lron-catalyzed Sonogashira coupling by Bolm.

FeCl; (10 mol%)
DMEDA (20 mol%)
R——WH + Ar—l R————Ar
Cs,CO3, toluene
135C, 72h

R = Ph, Et3Si, 2-methoxynaphthalene, 3-toluene, Cy  15-99.9%

The couple iron(lll) trichloride and DMEDA proved te powerful in this kind of cross-
coupling. Unfortunately, only aryl iodides could bsed.

5.2. Sonogashira-Type Reaction

Terminal alkynes can be cross-coupled with vindides. Li and coworkers found an enyne
formation - iron-catalyzed - with the combinatiohFeCk, 1,10-phenanthroline and £X0;

in toluene at 110 °C (Scheme 15%).

Scheme 15Iron-catalyzed enyne formation by Li.

FeCl; (15 mol%)
| 7z 1,10-phenanthroline (30 mol%) N
+ y
CSZCO3‘ 48 h O

toluene, 110 T
25
82%

23 24

5.3. Coupling of Terminal Alkynes with Alcohols

Alkynes react with secondary alcohols to form si&td alkenyl halides. This C-C bond
formation is interesting but not easy since therbyd is a poor leaving group. An efficient
and general method was published by J&mskenyl halides were synthesized in a one-pot
reaction with various alcohols catalyzed by FRe®r FeBg. Interestingly, both the

regioselectivity and stereoselectivity were exggl(&Scheme 16).

**E. Zuidema, C. BolmChem. Eur. J201Q 16, 4181.

M. Carril, A. Correa, C. BolmAngew. Chen2008 120, 4940;Angew. Chem. Int. EQ008 47, 4862.
47X, Xie, X. Xu, H. Li, X. Xu, J. Yang, Y. Li Adv. Synth. CataR009 351, 1263.

83, Biswas, S. Maiti, U. Jangpr. J. Org. Chen2009 2354.
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Scheme 16Coupling of terminal alkynes with alcohols by Jana
X

0,
j.\H J—— FeXs (40 mol%) jo\/[H
R "R? CH,Cl,, rt R OR2
RY, R? = Alkyl,alkenyl, alkynyl, aryl 26-78%
3_
R® = Alkyl, aryl E/Z = 71/29-100/0
X=Cl, Br

5.4. Coupling Reaction with Three Components
A complex molecule can be formed using a three @rapt reaction, more precisely,
alkynes, aldehydes and amines. Wang and coworkerglfthat ligand-free Fegtatalyzes

this reaction. Good to excellent yields were olgdi(Scheme 17Y.

Scheme 17Three component reaction by Wang.

FeCl; (10 mol%) R!
R————H + RICHO + NHR?R® R——
toluene, 120 C, MS 4 A NR?R3

R, R = Alkyl, aryl R?, R3 = Alkyl benzyl 70-98%

5.5. Iron-Catalyzed Mirozoki-Heck Reaction

Vogel and coworkers published a Mirozoki-Heck remactcatalyzed by iron(ll) chlorid®.
They coupled aryl iodides with styrenes. The reacproceeded well with iron(ll) chloride
and picolinic acid as a ligand in DMSO at 60 °ChwBuOK as a base. DMEDA as ligand
was also possible. The stereoselectivity for thectten between (hetero)aryl iodides and
styrenes was high, onl¥)-alkenes were formed. The use of aryl bromide lededhe yield

of the reaction (Scheme 18).
Scheme 18lron-catalyzed Mirozoki-Heck reaction by Vogel.

X FeCl, (20 mol%)
/@/ ©/\ picolinic acid (80 mol%) &
+
tBuOK (4 equiv) O

26 27 DMSO, 60 T o8

87%
r 19%

XX
1
w—

“9P. Li, Y. Zhang, L. Wangdzur. Chem. J2009 15, 2045.
*0R. Loska, C. M. Rao Volla, P. Vogddv. Synth. CataR008 350, 2859.
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5.6. Iron-Catalyzed Suzuki-Miyaura Reaction
The Suzuki-Miyaura reaction is a cross-couplingweetn an aryl halide and an organic
boronic acid. Yu and coworkers, after their work the direct arylation of inactivated

arenes’ presented an iron-catalyzedtho-arylation of pyrrole and pyridine (Scheme 19).

Scheme 19Iron-catalyzed Suzuki-Miyaura reaction by Yu.

H N
N B(OH), O ~ s
I
H — R \ /] N _ N X

N
LN ) FeC,04:2H,0 AP FeC,042H,0 =
130T, 10 h 130T, 10 h
R= H, F, Cl, NOZ, CH3, etc AN R= H, Br, NOZ, etc
17-70% w (\H/w 26-45%
N NH

H HN
NH K/N\)

NN

Most of the reactions gave moderate to good yields.

5.7. Iron-Catalyzed Arylations of Arenes with Aryl Halides

Iron-catalyzed arylations of arenes with aryl hedidgave biaryls. Charette and Lei have
reported this particular C-H activation.

In this work, no directing group was necessarythieriron-catalyzed arylation of arenes with
aryl iodides>® Moreover, it was proven that iron was necessaly omcatalytic amounts.
Fe(OAc) and bathophenanthroline catalyzed the reactioe. @iaryl product was obtained
with tBuOK as base, in benzene at 80 °C. Heteroaryl exdidnd several aryl iodides
provided the product in moderate to excellent yeMevertheless, aryl bromides did not give

satisfactory yields (Scheme 20).

Scheme 20Iron-catalyzed arylations of benzene with arylides by Charette.
Fe(OACc), (5 mol%)

@/l © bathophenanthroline (10 mol%) @/Ph
R + R
= tBuOK (2 equiv) =

benzene, 60 T

40-93%

*1J. Wen, J. Zhang, S.-Y. Shen, J. Li, X.-Q. Yamgew. Chem2008 120, 4272;Angew. Chem. Int. E@008
47, 8897.

%2J. Wen, S. Qin, L.-F. Ma, L. A. Dong, J. ZhangSSLiu, Y.-S. Duan, S.-Y. Shen, C.-W. Hu, X.-Q.,Yarg.
Lett.201Q 12, 2694.

3 F. vallée, J. J. Mousseau, A. B. CharrelteAm. Chem.So201Q 132, 1514.
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Finally, Lei and coworkers, using FeGls a catalyst, DMEDA as a ligand and LIHMDS as a
base, showed that aryl bromides give good yi¥lddoreover, aryl iodides and aryl chlorides
reacted well. It is interesting to note that elestdonating groups promoted the reaction

whereas steric hinderance decreased the yield i{&cBé&).

Scheme 21Iron-catalyzed arylation of arenes with aryl hady Lei.

FeCl; (15 mol%)
/©/ X © DMEDA (30 mol%)
+
LIHMDS (2 equiv) O
MeO MeO
29 30

benzene, 80 T, 48 h

31
X =1 62%
X=Br 81%
X=Cl 44%

5.8. Hydrogenation and Reduction
Iron has been found to catalyze various hydrogefmmaeactions® Casey showed that the
iron catalyst33 hydrogenates ketones under mild conditi$hhe acidic hydrogen attacks
the polar double bond. The reaction is chemosekectieducing the ketone but not the
olefinic double bond (Scheme 22).

Scheme 22Iron-catalyzed hydrogenation of ketones by Casey.
SiM63

OH
O 33 (2 mol%) OH T
)J\ + H, (3 atm) )\ SiMe3
CHs toluene ~ Ph™ "CHs oc e
32 25C,20h 34 { H

ocC
83%
33

Ph

Morris et al. successfully reduced ketones enantioselectivetiy witetra-dentate P-N-N-P
ligand (Scheme 23). The scope was broad, aromatic and nonaromatin&stoere usabfé.

> W. Liu, H. Cao, A. LeiAngew. Chen201Q 122, 2048;Angew. Chem. Int. EQ01Q 49, 2004.
5 For review, see: R. H. Morri§hem. Soc. Re2009 38, 2282.

% C. P. Casey, H. Guad, Am. Chem. So2007, 129, 5816.

" A. Mikhailine, A. J. Lough, R. H. Morrisl. Am. Chem. So2009 131, 1394.

8 N. Meyer, A. J. Lough, R. H. Morri§hem. Eur. J2009 15, 5605.
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Scheme 23Iron-catalyzed hydrogenation of ketones by Morris.

L [BPh,]
Ph,,, <Ph 2
0] OH /N{,_ N=
35 (0.15 mol% e
A R2 ( 0) N DR y \P
RT KOtBu, iProH  R'C B Ph,
22 T, 30 min 2
R’ =H, Cl, OMe 35-95% conv
R? = Me, Et, tBu, c-C4H7 c-CgHyq 36-99% e.e. 35L=MeCN

Hydrosilylation is also possible. Yang and Tilleybtished a [Fe{N(SiMg.}.]/Ph.SiH,

catalyzed hydrosilylation of keton&5A wide range of ligands and various functionalug®
were tolerated (Scheme 24).

Scheme 24Iron-catalyzed hydrosilylation of ketones by Tylle

Fe[N(SiMe3),]»
0 (0.01-2.7 mol%) OSiPh,H
.+ PhgsiH,
RY "R? CeDg, 23 T RY” "R?
R® = Alkyl, aryl up to 98%
R2 = H, alkyl

Another iron-catalyzed reaction was found by Ereh® The reductive amination promoted
by iron(lll) chloride with polymethylhydrosiloxan®MHS) in THF for 6 hours at 60 °C gave

secondary amines in excellent yields with a brastfional group tolerance (Scheme 25).

Scheme 25Iron-catalyzed reductive amination by Enthaler.

FeCl; (5 mol%)

PMHS
RI'Ng + HN-R?

2
Rl/\N,R
THF, 60 C,6 h H
R® = Alkyl, aryl, thiophene up to 97%
R? = Aryl, benzyl

9. Yang, T. D. TilleyAngew. ChenR01Q 122, 10384:Angew. Chem. Int. EQ01Q 49, 10186.
03, EnthalerChemCatCher201Q 2, 1411.
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5.9. Cyclization Reaction

5.9.1. Prins Cyclization

Tetrahydropyrans can be synthesized by the powefins cyclizatiorf® Homoallylic
alcohols react with aldehydes under acidic conagti@and form cis-2,6-tetrahydropyran
through an oxocarbenium species with excellent teliaeselectivity. Yu and coworker
published an iron-catalyzed Prins cyclization édyalyl diethyl aceta®¥ and alkynyl aldehyde
acetal$® Cyclization/halogenation of alkynyl acetals wakiaged in high vyield even at low

temperature using FeXs a catalyst (X = Cl or Br) (Scheme 26).

Scheme 26lron-catalyzed Prins cyclization by Yu.

X
R T FeX A R
Yy oEt _'%s . 3 y
\—‘< X=Cl, Br \—‘\@ CH,CI,, 0 C, OEt
OEt 10-30 min
up to 91%
Y =0, NTs, C(COzEt)z
R = Alkyl, aryl FeCl;-6H,0 or FeBr;
MeCOX, rt, 2 h
X Br
Y. or .
OEt Br
up to 87% up to 89%

5.9.2. Other Cyclizations

Aminohydroxylations lead to aminoalcohols. Variomethods have been presented using
expensive and toxic metals such as osmfiti@atalyzing this reaction with iron gives several
advantages. Yoon and Williamson have developedamadatalyzed method for the synthesis

of aminoalcohols under mild conditions (Scheme®7).

®L For a review on Prins cyclization, see: L. E. Gwen, L. D. Penningtord, Org. Chem2003 68, 7143.
2T, Xu, Z. Yu, L. WangQrg. Lett.2009 11, 2113.

% T. Xu, Q. Yang, D. Li, J. Dong, Z. Yu, Y. LGhem. Eur. J201Q 16, 9264.

K. B. Sharpless, A. O. Chong, J. OshihaQrg. Chem1976 41, 177.

%K. S. Williamson, T. P. Yoonr]. Am. Chem. So201Q 132, 4570.

16



Iron in Cross-Coupling Reactions

Scheme 27Iron-catalyzed aminohydroxylation by Yoon.

Fe(acac), Ar
s o-N""° (5 mol%) )o\//(
R™™X N-
MeCN Ns
ArH 023¢C R
Ar = 2,4-Cl,Ph 52-94%
36 37
R = Alkyl, alkene, alkyne, aryl cis:trans 1:1-10:1

An oxaziridine reacts with an alkene in acetorgtrint 0 °C. Interestingly, the

aminohydroxylation is regioselective.

5.10. Oxidation

5.10.1. Oxidation of C-H Bond

Nowadays, C-H activation is a topic of big inter@3te use of “green” and non-toxic oxidants
has become an urgent goal in organic chemistryhdpsrthe most challenging aim is the
oxidation of unfunctionalised C-H bonds that cams#i large fractions of petroleum before
cracking. In 2005, Bolm and cowork8tsdemonstrated a method for the oxidation of
alkylarenes and cycloalkanes using Fe({J{&H.O and hydrogen peroxide in acetonitrile at
room temperature. Later, it was shown that the yenposition could be oxidized with the
cheap FeGl6H,0 using aqueousrt-butyl hydroperoxidé’

Selective oxidation of aliphatic C-H bond is diffic Chen and Whif€ published the
oxidation of aliphatic C-H bond using [Fe(S,S-PBFHECN),](SbFs).. HO, was used as an
oxidant. Also, the acetic acid was required astaddiBy using this catalyst, the oxidation of
a specific carbon could be calculated. The two npamameters were the steric and the
electronical environment of the C-H bond to be @ad. In fact, this hydroxylation
proceeded at the most electron rich tertiary C-Hdo&urprisingly, if the C-H bond was at a
stereogenic center, retention of configuration wlaserved (Scheme 28).

 C. Pavan, J. Legros, C. Bolidv. Synth. CataR005 347, 703.
7M. Nakanishi, C. BolmAdv. Synth. CataR007, 349, 861.
® M. S. Chen, C. WhiteScience2007, 318, 783.
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Scheme 28Iron-catalyzed C-H oxidation by White.

U9 essPop)Bmoiw) T 9AC OH QA
AQ AcOH 7&@
+
- H,0, (1.2 equiv) \ " V!
H CH4CN, rt OH H
()-38 ()-39, 50% 40,
' Fe(S,S-PDP)
(39:40) = 11:1

Encouraged by these results, White and Chen caditheir investigations in this direction
and found a selective oxidation of secondary C-thds8® Three crucial parameters
contributed to the selectivity of the reactionrist@and electronic. When synergistic effects of
two or even three of them were observed, chemo-diastereoselectivity of the oxidation
went drastically higher.

On this subject, Ribas and Costas have also bemessful oxidizing a tertiary C-H boridl.
The conditions are rather similar to those usetdMimjte and Chen. The reaction took place in
acetonitrile with HO, as an oxidant. Acetic acid is required. Again his tiron-catalyzed

reaction, steric and electronic parameters proth&eelectivity of the reaction.

5.10.2. Oxidation of Sulfur

The metal-catalyzed oxidation of sulfide to sulfixihas been thoroughly explored, with
special interest in the asymmetric versions of teaction. Iron-catalyzed oxidation reactions
are effective and enantioselective. In 2003, Legand Bolm published an oxidation of
sulfides with aqueous hydrogen peroxid@®ne year later, they reported the same reaction
with higher enantioselectiviti€d.Iron(Ill) acetylacetonate permitted successfuldagion in

combination with a Schiff-base ligand (Scheme 29).

M. S. Chen, M. C. WhiteScience201Q 327, 566.

0. Gémez, I. Garcia-Bosch, A. Company, J. Benetiolz, A. Polo, X. Sala, X. Ribas, M. Costasigew.
Chem.2009 121, 5830;Angew. Chem. Int. E@009 48, 5720.

. Legros, C. BolmAngew. Chen2003 115, 5645:Angew. Chem. Int. E@003 42, 5487.

2. Legros, C. BolmAngew. Chen2004 116, 4321:Angew. Chem. Int. E@004 43, 4225.
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Scheme 29Iron-catalyzed oxidation of sulfur by Bolm.

I
Fe(acac)s (2 mol%)
41 (4 mol%)
4-methoxybenzoic acid (1 mol%)

S g N | NI
I'""R2 17°vR2
R R 30-35% aqg. H,0, (1.2 equiv) R R OH
CHzclz, r, 16 h
R = Aryl up to 78%, 96% ee HO
2 =
R = Me, Et, Bn a1

5.11. Metal Contaminants and Copper Catalysi$

In 2009, Buchwald and Bolm published the first pagealing with metal contaminants in
iron salts’* More precisely, effects of part-per-million (pparhounts of copper on different
cross-couplingsN-, C-, S-arylation of aryliodides) catalyzed by iron salterer investigated.
In all these particular cases, a comparison bet®W8e39% pure iron trichloride with the same
amount of iron in addition to 5 or 10 ppm of coppers made. The former gave yields of up
to 32%, on the other hand the latter provided gi@lti42-99%.

In another paper, Bolm and Norrby reported a ppppeoloading in the C-N cross-coupling
with aryl iodides” It was demonstrated that each substrate requiredrtain amount of
catalyst and a particular set of parameters.

Soon thereafter, several groups working on iroralgais made test reactions with ppm
amount of copper to prove that iron is actually tagéalyst. For example, Li and coworkers
working on an iron-catalyzed annulation showed thanol% copper oxide formed 15% of
the product whereas 92% of the product was obtaivigttliron trichloride’® The same group
worked on an iron-catalyzed cascade reaction ifmué C-S cross-coupling. It was
observed that 0.001 mol% and 0.01 mol% Cul gave &aéo57% product respectively. This
could be compared to the results obtained withsFedntainingd.000183 mol Cu/mol FegF
which gave a yield of 86%.

3 For review on copper-catalyzed cross-coupling; ap8. V. Ley, A. W. Thomagingew. Chen2003 115,
5558;Angew. Chem. Int. E@003 42, 5400. b) W. Deng, L. Liu, Q.-X. Gughin.J. Org. Chem2004 24, 150.
c) D. Ma, Q. CaiAcc. Chem. Re2008 41, 1450. d) F. Monnier, M. TaillefeAngew. Chem2008 120, 3140;
Angew. Chem. Int. E@008 47, 3096. e) G. Evano, N. Blanchard, M. Tou@hem. Rev2008 108 3054. f) F.
Monnier, M. Taillefer, Angew. Chem2009 121, 7088; Angew. Chem. Int. EQR009 48, 6954. g) I. P.
Beletskaya, V. P. Ananiko;hem. Rev2011, 111, 1596.

3. L. Buchwald, C. BolmAngew. ChenR009 121, 5694:Angew. Chem. Int. E@Q009 48, 5586.

> a) P.-F. Larsson, A. Correa, M. Carril, P-O. NgrrB. Bolm,Angew. Chem2009 121, 5801;Angew. Chem.
Int. Ed.2009 48, 5691. b) P.-F. Larsson, P-O. Norrby, C. Bohem. Eur. J201Q 16, 13613.

°7.-Q. Wang, Y. Liang, Y. Lei, M.-B. Zhou, J.-H.,IChem. Comn2009 5242.

7J.-W. Qiu, H.-G. Zhang, R.-Y. Tang, P. Zong, JtH.Adv. Synth. CataR009 351, 2319.
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Recently, Wang and coworkers published a coppelyz@d cross-coupling reaction with
only 0.005 mol% of Cuf® 2-Aminobenzothiazoles were obtained in moderaigotmd yields
(19-93%) with a high catalytic efficiency (TON up &7000).

Shi and coworkers demonstrated a GYs&}(sp) cross-coupling reaction of alcohols with
alkenes”® They showed that the use of Fe@\ldrich; 99.99%) gave the same yield as ReCl
(Alfa Aesar; 98%). Moreover, adding various souroésopper such as Cul, CyCCuBbp,
Cu(OAc), CuO and CyO did not have any effect on the yield. Li and cdweos tested
several copper sources (CuBr, CyBZuCl, CuC}, Cul, Cu(acag) Cu(OAc), CuSQ-5H0,
CuR) in the iron-catalyzed Pechmann condensafiadone provided product. In addition,
FeCk-6H,0, which was purchased from Alfa Aesar (97%), Adlri(97%) and KANTO
(99%) proved that the yield was independent ofsth#ce or of the purity.

Wang and coworkers made a clear study of their casthe metal contaminant of ir§h.

They published an iron-catalyzed conversion of hafides to phenol (Table 1).

Table 1.Iron-catalyzed conversion of aryl halides to phdmoWang.

Br catalyst, OH
© K3PO43H20
H,0, 180 T

45 46

Entry Purity of Fed (%) CuO (ppm) GC yield (%)

1 98 - 88
2 99.99 - 91
3 99.99 10 86
4 99.99 100 89
5 - 100 3

No difference was observed between using F€28%) and FeGl(99.99%) (Table 1, entries
1 and 2). In addition, copper(ll) oxide has no efffen the reaction (Table 1, entries 3 and 4).

The most important result is shown in Table 1,ye®tr without iron and with 100 ppm of

8Y.-L. Sun, Y. Zhang, X.-H. Cui, W. Wan@dv. Synth. CataR011, 353 1174.

93.-Y. Zhang, Y.-Q. Tu, C.-A. Fan, F.-M. Zhang, $hi, Angew. Chen2009 121, 8917;Angew. Chem. Int.
Ed.2009 48, 8761.

89X, Guo, R. Yu, H. Li, Z. LiJ. Am. Chem. So2009 131, 17387.

81Y. Ren, L. Cheng, X. Tian, S. Zhao, J. Wang, CuH@trahedron Lett201Q 51, 43.
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copper, a very low amount of product is formed.sTéeéfinitely proved that this reaction is
iron-catalyzed.

Charette and coworker described the same type uafystor their iron-catalyzed direct
arylation of benzene (Table 2)Lowering the purity of the iron source decreades yield
slightly. (Table 2, entries 1 and 2) On the othandh with copper(ll) acetate as the catalyst,
less than 10% yield was obtained. This attend mtoeat copper has no effect on the
reaction. Surprisingly, the addition of both irondacopper was detrimental and the yield

dropped significantly (Table 2, entries 5 and 6).

Table 2.Fe and Cu catalysts in the direct arylation ofZeere by Charrette.

catalyst (5 mol%)

I © bathophenanthroline (10 mol%) /©/Ph
+
/©/ tBuOK (2 equiv)
47 30

benzene, 60 C 48
Entry Catalyst Purity (%) GC yield (%)
1 Fe(OAc) 99.995 98
2 Fe(OAc) 97 91
3 Cu(OAc) 99 6
4 Cu(OAc) 97 9
5 Fe(OAc) + Cu(OAc) 99.995 + 99 57
6 Fe(OAc) + Cu(OAc) 99.995 + 97 48

Another example of proving that the reaction isabated by iron is the work presented by
Leadbeater and coworkers on the Suzuki-Miyaura loagiplt has been proven that only 50
part-per-billion (ppb) of Pd is enough to catalythe reactiof” A study using ICP-MS
showed that only 5.7 ppb of Pd were present irséimeple of iron oxalate 99.999%Thus, it

is highly probable that the Suzuki reaction is lyated by iron.

To be noted, Taillefer and coworkers published ®Ngromoted hydrogen transfer. The

reduction of the ketone was made with NaOH and gmepol at reflux for 24 h. Even if

82R. K. Arvela, N. E. Leadbeater, M. S. Sangi, V.\Williams, P. Granados, R. D. Singdr,0Org. Chem2005
70, 161.
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bases were promoting the H transfer, transitionamedtalysts present in the commercially

available bases could catalyze the reactfon.

To conclude, copper in sub-molar quantities hasinaportant impact on cross-coupling

reaction. Its presence in most of the iron saltstmot be ignored.

5.12. Iron-Catalyzed Coupling Reactions

5.12.1. Iron-Catalyzed IntermolecularN-Arylation

Taillefer and coworkef$ described thé&l-arylation of pyrazoles using a combination of iron
and copper. They showed that with 2 equivalentsesfum carbonate in DMF at 100 °C for
15 h, iron and copper are required for this trams&dion. Noteworthy is the fact that no
ligand is necessary. To date, only copper can aehigeN-arylation without a ligan&® Li
and coworker€ published a milder reaction - solvent-free - arithwow catalyst loading (3
mol% FeC{ and 3 mol% Cu). The cocatalysis with iron and @ppromotes a C-N cross-
coupling between an arylsilane, as the electroplaitel imidazoles or triazoles. The main

drawback of these protocols is the use of two mé@theme 30)’

Scheme 30Copper/iron cocatalysiN-arylation by Li.

Cu/FeCly
Het—NH + R!Si(OR); — Het—N-R!
TBAF, 50 <C, air

Het = Imidazole, triazole
R = Aryl, vinyl

up to 96%

In 2007, Correa and Bolm developed conditions engbfon to catalyze a cross-coupling -
more precisely, an intermoleculbkarylation (Scheme 3%§. The optimized conditions are
iron(lll) trichloride (10 mol%), DMEDA (20 mol%) ahK3;PQO, in toluene at 135 °C for 24 h.

These conditions proved to be versatile.

8 A. Ouali, J.-P. Majoral, A.-M. Caminade, M. Taftle, ChemCatChen2009 1, 504.

8 2) M. Talillefer, N. Xia, A. OualiAngew. Chen2007, 119, 952; Angew. Chem. Int. E@007, 46, 934. Other
iron/copper cocatalyzéd-arylation: b) Z. Wang, H. Fu, Y. Jiang, Y. Zh&ynlett2008 2540.

8 Ligand-free copper catalyzed reactions: a) A. €arrC. Bolm,Adv Synth. Catal2007, 349, 2673. b) E.
Sperotto, J. G. de Vries, G. P. M. Van Klink, G.nvidoten, Tetrahedron Lett2007, 48, 7366. c) L. Zhu, P.
Guo, G. Li, J. Lan, R. Xie, J. Yod, Org. Chem2007, 72, 8535. d) R. Zhu, L. Xing, X. Wang, C. Chemg, D.
Su, Y. Hu,Adv. Synth. CataR008 350 1253.

8 R.-J. Song, C.-L. Deng, Y.-X. Xie, J.-H. Oietrahedron Lett2007, 48, 7845.

87 For review, see: Y. Su, W. Jia, N. Ji&ynthesig011, 1678.

8 A. Correa, C. BolmAngew. Chen2007, 119, 9018;Angew. Chem., Int. E@007, 46, 8862.
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Scheme 31lron-catalyzed C-N arylation by Bolm
FeCl; (10 mol%)

_— dmeda (20 mol%) _—
Ar-X + E\,NH E\/N—Ar
N K3POy, toluene N

135, 24 h

X=1,Br 18-87%

The scope of the reaction has been quickly extetalelifferent nucleophiles such as indole,
7-azaindole, pyrrolidin-2-one and benzamide. On olleer hand, aliphatic and aromatic
amines were not suitable substrates. The sameéaeatso proceeded in watér.

The described conditions were applied to variouslaaphiles: sulfoximin€$ and amides
(aliphatic, aromatic and heteroaromatic substrdtesMoreover, the corresponding
intramolecular ring closure afforded heterocyclaschs as oxindole and quinolinone
derivatives’® The main drawback is that nearly only aryl iodidese satisfactory yields. Few
particular aryl bromides could afford the desiredducts.

For thisN-arylation, not only pyrazoles have been used Isat simple amines in the presence
of the catalytic couple F®3; and L-proline with Na@Bu as a base in DMSO have been
reported by Liu and coworkéf.

The C-N cross-coupling could also be catalyzedgueaus media. Kwong and coworkérs
showed that Fe@l6H,0O is an iron source for aqueous media. Wit ®,-H,O at reflux for

24 h, aryl iodides can be cross-coupled to pyrazole

Ynamide could be prepared by C-N cross-couplingarigff published anN-alkynylation
using Fed-6H,0O with DMEDA as a ligand. This alkynylation wasieiént with bromides
and gave yields up to 97% (Scheme 32).

8y .-C. Teo,Adv. Synth. CataR009 351, 720.

% A. Correa, C. BolmAdv. Synth. CataR008 350, 391.

%L A. Correa, S. Elmore, C. Bolrshem-Eur. J.2008 14, 3527.

92D. Guo, H. Huang, J. Xu, H. Jiang, H. LDrg. Lett.2008 10, 4513.
% H. W. Lee, A. S. C. Chan, F. Y. Kwonigetrahedron Lett2009 5868.
%B. Yao, Z. Liang, T. Niu, Y. Zhand, Org. Chem2009 74, 4630.
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Scheme 32N-alkynylation by Zhang.

FeCls-6H,0 (10 mol%)
DMEDA (20 mol%)

EWG K2C03 (2 eQUiV) /EWG
HN/ + R2—=——-Br R2— N\
R! 90 T, toluene Rl
R? = Aryl, alkyl, TIPS, CH,OH up to 97%

5.12.2. Iron-Catalyzed IntermolecularS-Arylation

SArylation is less studied thaN-arylation, and thiols are more reactive and sessitd
oxidation, easily forming the corresponding disigfi Conditions developed for the C-N iron
cross-coupling were tested and optimiZedrinally, the best conditions for the C-S
intermolecular cyclization differed only with theade. Na@u proved to be more efficient

than KsP O, for this reaction (Scheme 33).

Scheme 33Iron-catalyzeds-arylation of thiols with aryl halides by Bolm.
FeCl; (10 mol%)

©/5H ©/| dmeda (20 mol%) S
+
NaOtBu, toluene ©/ \©
42 8 135, 24 h 43

91%

In this case, only aryl iodide could be used. Towesponding bromides and chlorides did not
react at all.

An intramolecular version was developed by Li andierkers’’ This iron-catalyzed reaction
IS a cascade reaction which gave 2-aminobenzotfleszoThe couple FeR,10-
phenanthroline gave moderate to excellent yielddoland bromo arenes could be used

(Scheme 34).

Scheme 34lIron-catalyzed intramolecul&arylation by Li.

FeF3 (10 mol%)
1,10-phenanthroline (20 mol%)

X .
X EtsN (2 equiv) XS
R +RINCS R )—NHR
= = N

NH, 80 T, DMSO

X=1,Br 58-98%

% A. Correa, M. Carril, C. BolmAngew. ChenR008 120, 2922;:Angew. Chem. Int. EQ00§ 47, 2880.
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5.12.3. Iron-Catalyzed IntermolecularO-Arylation

It has now been shown that iron can catalyze arosgpling of C-N, C-S and C-C bonds. Led
by the results from studies of FeLIMEDA-catalyzed C-N cross-coupling, the C-O cross-
coupling was investigated. It was soon found that the conditions used for @ss-
coupling could not be used for the coupling of G@hds. Thus, optimization of the reaction
was performed with the result that another ligangsttbe used in this case. The ligand that
gave the highest yield in combination with Fe@las 2,2,6,6-tetramethyl-3,5-heptanedione
(TMHD). This new catalyst system is very powerfotayave yields up to 99% (Scheme 35).

Scheme 35Iron-catalyzedD-arylation by Bolm.
FeCl; (10 mol%)

O 0]
A A 44 (20 mol%) ANCONS
R + R N | R
= = Cs,CO3, DMF Z = 44
135 T, 24 h
up to 99%

Aryl halides can be coupled with water using ir@naacatalyst to form phenol derivatives.
Wang and coworke?$ published an iron-catalyzed conversion of inatédaaryl halides
leading to phenols. Notable is the use of watea aslvent for this reaction. Aryl bromides
and aryl iodides could be coupled with water tddyiteir corresponding phenol derivatives
(Scheme 36).

Scheme36lron-catalyzed conversion of aryl halides to pHeiy Wang.

Br  FeCl, (20 mol%), DMEDA (1 equiv) OH
© K3PO,4-3H,0 (2 equiv), TBAB (1 mol%) ©
H,O, 180 T, 0.7 MPa, 20 h
45 46

88%

6. Conclusion

Along these lines, practical FeCtross-couplings of aryl halides in combination hwit
appropriately chosen ligands have arisen. For elgm@-N, C-S, C-C and C-O
intermolecular cross-coupling with nitrogen, sulfucarbon and oxygen containing
nucleophiles, respectively, were described. Morecigely,N-, S, C-arylations efficiently

proceeded in the presence of catalytic amountse@kFand N,N'-dimethylethylendiamine

% 0. Bistri, A. Correa, C. BolmAngew. Chen2008 120, 596:Angew. Chem., Int. ER008 47, 586
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(DMEDA), whereasO-arylation required Fegland 2,2,6,6-tetramethyl-3,5-heptanedione
(TMHD). Along with these intermolecular cross-caangl reactions, the intramolecular

variant was the next step.
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Result and Discussion

l. Iron-Catalyzed Intramolecular O-Arylation

1. Benzoxazole

1.1. Introduction

Encouraged by the results obtained for the inteemdar O-arylations: FeGl (10 mol%),
TMHD (20 mol%), CsCOs; (2 equiv) in DMF at 135 °C, the same conditionsenepplied to
intramoleculaiO-arylations (Scheme 37). The first reaction wascywization of benzamides

or benzyl ketones to obtain benzoxazoles or benaofu

Scheme 37Iron-catalyzed intramolecul@-arylation

X

X i 0]
R]+ (@) Iron catalysis RJ'—\ >—R2
— - = I _ /

Y~ "R? Y
X=Cl, Br, |
Y=C,N

The reaction was performed using Fe@\cros; 98%) as catalyst. Both the compounds are
present in natural produéfsand show interesting biological and therapeutictivities?® The
preparation of 2-substituted benzoxazolesortho-aminophenols involves the use of either
highly toxic reagent or harsh reaction conditidios,example, the use of strong acids and the
need of high reaction temperatufésMlore sustainable processes have recently overcome
these drawbacks and are more effici@itCopper-catalyzed intramolecul@-arylation
reactions ofortho-haloanilides constitute a straightforward and atggsynthesis of a

benzoxazole ring systeft*

°"a) B. H. LipshutzChem. Rev1986 86, 795. b) D. E. Fuerst, B. M. Stoltz, J. L. Wo@*g. Lett.200Q 2,
3521.

% For benzoxazoles see: a) M. L. McKee, S. M. KenBilmorg. Med. Chen2008 16, 1775. b) E. Oksuzoglu,
B. Tekiner-Gulbas, S. Alper, O. Temiz-Arpaci, Tidfr, |. Yildiz, N. Diril, E. Sener-Aki, I. Yalcin). Enzyme
Inhib. Med. Chem2008 23, 37. For benzdjffuran see: L. De Luca, G. Nieddu, A. Porcheddu@&comelli,
Curr. Med. Chem2009 16, 1.

% For example, see: a) J. A. Seijas, M. P. Vazquan;TM. R. Carballido-Reboredo, J. Crecente-Canpo,
Romar-Lopez Synlett2007, 313. b) J. A. Seijas, M. P. Vazquez-Tato, M. Rrifallido-Reboredo, J. Crecente-
Campo, L. Romar-Lope&ynlett2007, 313.

190 For example, see: a) H.-Q. Do, O. DaugulisAm. Chem. So2007, 129, 12404. b) N. K. Downer-Riley, Y.
A. JacksonTetrahedror2007, 61, 10276.

1913) N. Barbero, M. Carril, R. SanMartin, E. Domiiieg, Tetrahedror2007, 63, 10425. b) P. Saha, T. Ramana,
N. Purkait, M. A. Ali, R. Paul, T. Punniyamurthy, Org.Chem2009 74, 8719. ¢) R. D. Viirre, G. Evindar, R.
A. Batey,J. Org. Chem2008 73, 3452.
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Scheme 38Copper-catalyzed intramolecul@rarylation by Batey.
B o Cul (10 mol%)
r DMEDA (20 mol%) o
+ J : )—R
HoN- R K3PO, (2.5 equiv) N
Br toluene, 110 C,
24 0r48h 51

49 50
R = Ph, 2-MePh, 2-thienyl, n"C;1H3 56-77%

1.2. Study of Reaction

1.2.1. Influence of Temperature

N-(2-bromophenyl)benzamidé&Za) was used as a model substrate for the optimizatiahe
reaction conditions, which can be easily prepasetdnzoylation of 2-bromoaniline. Heating
a mixture of52a along with TMHD, CgCO;, DMF and FeGl in DMF at 135 °C provided
5lain 98% vyield (Table 3, entry 1) which shows thatgh conditions fit perfectly also to
intramolecular reactions. It is important to ndtattbromo derivatives as well as iodoarenes
were employed for the intermolecular pathway. la ktter case more time was needed to
ensure acceptable yieldsAn experiment without Fegland ligand was performed. In this
case, only 42% vyield dlacould be isolated. It implies that the initial eximent is a sum of

both nucleophilic substitutions and iron-catalyzgdlizations.

Table 3.Influence of the temperature in the iron-cataly@edrylations of amid&2a
FeCl; (10 mol%)

Br
@ 0 TMHD (20 mol%) ©:O/>_Ph
J\Ph Cs,CO3, DMF, N

H temp, 20 h

52a 5la
Entry temp (°C) 51%(%)

1 135 98 (42)

2 120 88 (traces)

3 110 66 (0)

4 80 22 (0)

5 60 0 (0)

3ield of product after column chromatography; inrgrgheses, results from

experiments performed in the absence of Fa®IHD.
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The subsequent reactions were performed at lowmpdeatures to minimize aromatic
substitution. Heating the reaction mixture at 1@0afforded51ain 88% vyield (Table 3, entry
2). Lowering the temperature further resulted idrastic decrease of yield &6fla (Table 3,

entries 3-5).

1.2.2. Influence of Base

The crucial role of base and the solvent was rededly conducting another set of
experiments. GE€0O; gave the highest yield under the test conditionsbl@ 4, entry 1).
Changing the base tosR0O,, K,CO; and Na@Bu provided lowered yields ddla (Table 4,
entries 2-4). No yield ddlawas obtained in absence of a base (Table 4, enptry 5

Table 4.Influence of the base in the iron-catalyfa@rylations of amid&2a

Br o FeCI3, TMHD 0]
)J\ base, DMF, />_Ph
Ph N

N 120 T, 20 h

52a H 5la
Entry Base 51%4(%)

1 CsCG; 88

2 K3sPOy 56

3 KoCOs 54

4 NaOtBu 13

5 none 0

éAfter column chromatography
1.2.3. Influence of Solvent

The influence of solvent on the outcome of the tieaavas tested next.

Table 5. Influence of solvent in the iron-catalyz€darylations of amid&2a

B FeClz, TMHD
ro eCls (@) on
)J\ Cs,COg, solvent, /:
Ph N

” 120 C, 20 h
52a 5la
Entry Solvent 51 (%)
1 DMF 88
2 Dioxane 72
3 DME 40
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4 CH,CN 65

5 Toluene 0
After column chromatography

Using DMF as solvent, 88% &flawas obtaine@Table 5, entry 1). The use of dioxane, DME
and acetonitrile provided lowered vyields bia (Table 5, entries 2-4). No product was
obtained when the reaction was performed in toly@able 5, entry 5). Thus, DMF was the

optimal solvent for the reaction.

1.2.4. Influence of Different Iron Salts and Ligand

The next reactions focused on elucidating the eftécthe catalyst composition on the
benzoxazole formation, under the optimized condgiof base (GE€0;), solvent (DMF), and
temperature (120 °C)

Table 6.Influence of nature of the catalyst in the intraewollar cyclization ob2ato give

benzoxazol®la

Br Iron, ligand o)
0
@ S Cs,COs, DMF, ©: )—Ph
N~ “Ph N

N 120 C, 20 h
52a 51a
Entry Iron source Ligand 51 (%)
1 FeC} TMHD 88
2 none TMHD 0
3 FeC} none 0
4 FeC} DMEDA 25
5 FeC} N,N'-dimethylglycine 77
6 FeOs TMHD 75
7 FeCt-6H0 TMHD 85
8 FeBp TMHD 80
9 Fe(OAc) TMHD 86
10 Fe(ClQ); TMHD 75

éAfter column chromatography

Conducting the reaction in presence of 10 mol% k&l absence of a ligand did not provide
the desired compourtilla Absence of Fe@Gbut presence of TMHD also failed to deliver the
product5la These results confirmed that both Fe&d catalyst along with TMHD as ligand
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are required for the process (Table 6, entries @ 3n FeCi and TMHD was the best
combination for this reaction (Table 6, entry 1l)igdnds such as DMEDA oN,N-
dimethylglycine proved to be inferior, providifid.ain 25% and 77% respectively (Table 6,
entries 4 and 5). Some other iron(lll) sources sagfeO3; and Fed-6H,O were also tested
for the cyclization reaction and led to high yield®ble 6, entries 6 and 7). Iron(ll) sources
such as FeBr Fe(OAc) and Fe(CIQ), provided yields comparable to the Fe@&hd TMHD
combination (Table 6, entries 8-10). To sum ups thereening proved that the optimal
conditions for the intramoleculad-arylation of 52a were the use of FeglICsCO; and
TMHD in DMF at 120 °C.

1.3. Scope of the Reaction

Finally, the scope of the iron-catalyzed intramalacO-arylation was evaluated. The chloro
derivative52c of ortho-halobenzamide did not give any yieldtwd tesired product under the

optimized conditions (Table 7, entry 3). The ios@lague 062a under the same conditions,

cyclized well, providing high yield obla (Table 7, entry 2). In this reaction, the yield was
driven by the nature of the substituerft Birectly linked to the carbonyl moiety. Various

substrates bearing different substituted aromabtfencould be used. They offered good to
high yields (Table 7, entries 1-7 and 9-11). Unfostely, when substituenfRvas vinylic or

aliphatic group, no cyclization occurred (Tablesidtries 12-14).

Table 7.Iron-catalyzed synthesis of benzoxazole derivatbi@s

1
R\(:[x o FeCls, TMHD R1\©:o>_ )
~»—R
)J\RZ C52CO3, DMF, N

N 120 <C, 20h
52 51
Entry  Substrate R R? X of 52 Product Yield (%)

1 52a H Ph Br 5la 88
2 52b H Ph I 5la 92
3 52c H Ph Cl 5la 0

4 52d H 4-Cl-Ph Br 51b 75
5 52e H 4-OMe-Ph Br 51c 96
6 52f H 3,4-diCI-Ph Br 51d 65
7 529 H 4-Br-Ph Br 51e 92
8 52h H Mes Br 51f 16°
9 52i H 2-F-Ph Br 51¢g 48
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10 52 H 3-OMe-Ph Br 51h 82
11 52k F Ph Br 51i 89
12 52l H Et Br 51j 0
13 52m H (2) Prop-1-enyl Br 0
14 52n H (2) Prop-1-enyl | o1k 0

%52 (1 equiv), Fed (0.10 equiv), TMHD (0.20 equiv), @80; (2.0 equiv), DMF (1 mL/mmol 052),

20 h.PAfter column chromatograph§Reaction time: 72 h
The presence of large substituent groupd (R 52 lowered the yield (Table 7, entries 8 and
9). Using iodo-arene as electrophile or performiing cyclization for longer reaction times
did not alter the outcome. Fluorene substitution) @ 52 provided good yield (Table 7,
entry 13).
In conclusion, an efficient iron-catalyzed intramilar O-arylation leading to benzoxazole
has been developed. The synthesis of benzofuradsruthese conditions provides an

interesting prospect.

2. Benzofuran

2.1. Introduction

Benzofurans, like benzoxazoles are good candidébesdrug design and industrial
applications”? Electrophilic cyclizations of the correspondirartho-alkenylphenols or
alkynyl are possible for their synthe$?8 Metal-free reactions between arynes and iodonium
ylides® or cycloadditions starting frorortho-silylaryl triflates'® have been employed. At
low temperatures, boron trichloride-mediated cyelogtrations reaction of 3-
arylbenzop]furan was developed by Kim and cowork&fsMetal-catalyzed processes have
also been described using palladiifior copper:®® For example, Chen and Dormer reported
a copper(l) iodide catalyzed ring closure of 2-habmatic ketones (Scheme 38§ This

methodology has also been extended to 2-haloaroraltehydes. Good to excellent yields

12D, Yue, T. Yao, R. C. Larockl, Org. Chem2005 70, 10292.

1933) M. C. Willis, D. Taylor, A. T. GillmoreQrg. Lett 2004 6, 4755. b) M. Yoshida, Y. Morishita, M. Fuijita,
M. Ihara, Tetrahedron Lett2004 45, 1861. c) Y. Hu, Z. Yand)rg. Lett 2001, 3, 1387.

104 -C. Huang, Y.-L. Liu, Y. Liang, S.-F. Pi, F. WgnJ.-H. Li,Org. Lett 2008 10, 1525.

1953) Z. Liu, F. Shi, P. D. G. Martinez, C. PamineR. C. Larock,J. Org. Chem2008 73, 219. b) Y. K.
Ramtohul, A. Chartrand)rg. Lett.2007, 9, 1029. c) C. Xie, Y. Zhan@)rg. Lett 2007, 9, 781.

1901 Kim, S.-H. Lee, S. Le€letrahedron Lett2008§ 49, 6579.

1973) C. Martinex, R. Alvarez, J. M. Aurrecoech€ag. Lett.2009 11, 1083. b) J. Farag, A. Kotsch$ynthesis
2009 85. c¢) For a review on palladium-catalyzed sys#iseof benzofurans, see: S. Cacchi, G. Fabrizi, A.
GoggiamaniCurr. Org. Chem2006 10, 1423.

1%83) A. C. Tadd, M. R. Fielding, M. C. Willi§etrahedron Lett2007, 48, 7578. b) M. Carril, R. SanMartin, |.
Tellitu, E. DominguezQrg. Lett 2006 8, 1467. c) C. Y. Chen, P. G. Dormér,0rg.Chem2005 70, 6964.
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have been obtained. lodo and bromo derivativesrthioehalo aldehydes/ketones have also

been proven to undergo cyclization under the samnditions.

Scheme 39Cul-catalyzed intramolecular C-O cross-couplingdmymer.

1
R! , Cul 10 (mol%) R
KsPO
R 3POy4 ©j\$7R2
. O DMF, 105 T, 12-16 h o
72-99%

X =Br, |
R =H, alkyl, nitrile, ester
RZ=H, alkyl, aryl

Recently, Zhao and Li published the use of irochloride, in the presence of strong oxidants,
for the syntheses of functionalized berhjrans!® Large amounts of Fe€(2.5 equiv) was
used for this purpose. Due to these inconvenietiiegrocedure is not very attractive. The
use of catalytic amount of iron salts that are pheavailable and also environmentally
friendly for the intramolecula©-arylation for the formation of benzofurans presean

interesting challenge.

2.2. Study of Reaction

2.2.1. Influence of Base

The presence of a base is an important parametéisimeaction. Starting from the optimal
conditions used for the intramoleculdrarylation reactions, several bases were testedléTa
8).

Table 8.Base and solvent screening.

OMe FeCl; (10 mol %)
O TMHD (20 mol%) A
-ome
base, DMF o]
(0]
Br

120, 24 h
53a 54a
Entry Base 54a(%)*
1 CsCOs 79
2 K3sPOy 46

199 3) Z. Liang, W. Hou, Y. Du, Y. Zhang, Y. Pan, Dab] K. ZhaoOrg. Lett.2009 11, 4978. b) X. Guo, R.
Yu, H. Li, Z. Li, J. Am. Chem. So2009 131, 17387.
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3 NaOH 7
4 KoCOs 39
5 NaHCQ traces
6 NaQBu traces
7 NaCOs traces

& After column chromatography

Interestingly, the target benzofur&dawas obtained in 79% vyield using the same condition
as during the formation of benzoxazole: F@D mol%), TMHD (20 mol%) and G8O; (2

equiv) in DMF at 120 °C. The bases play a cruaé#t.rReactions with other bases, such as
KsPOy, NaOH, KCO; NaHCQ, NaGiBu, Na&COs; under the same reaction conditions

proved counter productive.
2.2.2. Influence of Solvent
Next the influence of solvent on the reaction wealwated (Table 9). Using solvents other

than DMF, lowered the yield &4a(Table 9, entry 2—-4).

Table 9.Influence of the solvent.

OMe FeCl; (10 mol %)
O TMHD (20 mol%) A
()-om
0 Cs,COg3, solvent 0]

Br 120 T, 24 h
53a 54a
Entry Solvent 54a(%)*
1 DMF 79
2 CHCN -
3 Dioxane 49
4 DMF/MeOH (9/1) 53

#After column chromatography

2.2.3. Influence of Ligand
Modifying the diketone to a ketoest&s led to a decrease in yield. Good yields were olethi
for the cyclization reaction with modification dfe electronic properties of diketon&s gnd

59). The use of 2-acetylcyclopentanoB&)(and pentane-2,4-dion&§) as ligand lowered the
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yields. Thus, previously employed TMHD as ligandvyed to be the best ligand for the
cyclization of the substrate (Scheme 40).

Scheme 40Ligand screening.

OMe FeCl; (10 mol %)
O ligand (20 mol%) A
Or-ome
Cs,CO3, DMF o
5

Br © 120 C, 24 h
53a 4a
(@] (@] O O (@] o
MeMOEt PhMPh
55 56 57
32% 62% 63%
(@] (@] O (@] (@) O
MGM Me FchCFg, >HJ\)J\’<
58 59 60
53% 53% 79%

2.2.4. Influence of the Purity of the Catalyst

It has been shown that various reactions can lheeiméed by the presence of parts per million
(ppm) quantities of copper (present in the irom)$af’* "

FeCk (98% from Merck) was analyzed by atom absorptioecspscopy (AAS). The results
showed that palladium (13.2 ppm), nickel (190 ppropper (344 ppm) and manganese (1720
ppm) were present. Therefore a test reaction foh ed these metals was needed to check

their reactivity for the cyclization reaction.

Table 10 Effects of metal dichlorides in cyclizations®fa

OMe metal chloride
O TMHD (20 mol%) A
Orom
o Cs,CO3, DMF (1 mL) o
Br

120, 24 h
53a 54a
Entry Metal ppm Mol% 55&" (%)
1 FeC} (98%) 10 79
2 . - . 8
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3 CuCb 344 0.0088 60
4 MnCk-4H,0 1720 0.0510
5 PdC} 13.2 0.0002
6 NiCl,-6H0 190 0.0053

2 Yield of the isolated product after flash chrongasphy.

2-(2-bromophenyl)-1-(4-methoxyphenyl)-ethanoB8d) was chosen as test substrate for this
study. The reaction was performed under the opécthizonditions: 10 mol% FefWith 20
mol% of 2,2,7,7-tetramethylhepta-2,5-dione (TMHDHaCsCO; (2 equiv.) in DMF at 120
°C for 24 h. 2-Arylbenzdj]furan 54awas obtained in 79% yield (Table 10, entry 1). Alzse

of a metal-catalyst yieldegdain only 8%. Next, the quantity of other metal imigies found

in FeCk (98%) by AAS were applied for the cyclization reacs. MnC}-4H,0, PdC} and
NiCl,-6H,0 did not affect the cyclization reaction. Convérs€uCk with only 0.0088 mol%
(344 ppm), gave 60% yield of benzofuran (Table éfiyy 3). This study demonstrated that
copper, even in ppm quantities, can efficientlyabate the reaction. We decided to further
examine the role of this metal in combination withn. Different mixtures of high purity of

copper chloride and iron trichloride were appliedhis cyclization reaction.

Table 11.Effect of FeC{/CuClL mixtures on the synthesis Bdastarting fromb3a

Entry Mol% of FeCf#  Mol% of CuCh*  Yield [%]°

1 10 0.0088 79
2 0.1 0.0088 68
3 0.0088 0.0088 65
4 0 0.0088 60
5 0 0.02 63
6 0 0.03 67
7 0 0.04 77
8 0 0.05 79
9 0.0088 0 8
10° 10 0 79

2 With a purity of 99.995% (Aldrich).” Yield of the isolated product after flash
chromatography’. Using a stock solution of Fegdh DMF.

The addition of 10 mol% of Fe§{99.995%) and 0.0088 mol% of Cuy®@¥hich corresponded
to the same amount present in the F€@8%) led to the same yield of 79% (Table 10,\entr

36



Result and Discussion

1 and Table 11, entry 1). Lowering the catalysding of FeC} to 0.1 and 0.0088 mol%
decreased the yield slightly 68% and 65%, respelgtii able 11, entry 2 and 3). On the other
hand, increasing Cugloading in absence of FeCprovided higher yields (Table 11, entry 4-
8). These results show that copper salts have gopri@ant impact on this reaction. Using
high purity Fed in low catalyst loading (0.0088 mol%) had no intpac the reaction (Table
11, entry 9). The catalyst loading of 10 mol% gak@% vyield (Table 11, entry 10).
Surprisingly, no differences were observed usiran(ill) chloride with 98% purity and
iron(lll) chloride with 99.995% purity. In conclusi, iron trichloride with high purity was

used and proved to be equally efficient (Tableehtry 10).

2.3. Scope of the Reaction

Finally, the scope of the intramolecul@arylation for the formation of benzofurans was
investigated. The highest yield 6#a was obtained using FeC(Merck; 98%) (Table 10,
entry 1).

Electron-donating groups in thmara-position of the carbonyl-substituted arene (Takike
entries 1-5) afforded good vyields (up to 87%). Aticipated, the presence of an electron-
withdrawing chloro group decreased the yield of pheduct to 25% (entry 6). Interestingly,
increasing the steric hinderance does not affecfdimation of the product as shown by the
cyclization of 53e which was obtained in 89% vyield (entry 5). 2,3dbstituted
benzop]furans54g and54h were isolated in 33% and 76% yields respectivehtries 7 and
8). A methoxy substituent ipara-position to the bromo grou8k—n) lowered the yield
compared to the unsubstituted aryl benzyl ketofieblé 12, entries 11-14). These results
were obtained with Feg{98%).

Table 12 Substrate scope in the berigéjran syntheses.
PO FeClz (10 mol%) or

RL R? CuCl, (0.0088 mol%),  RL R
TMHD (20 mol%) mR’z
o)
Br (0]

Cs,CO3, DMF,
53a-n 120 T, 24 h 54a-n
Entry R' R? Substrate Product Yield [95]
1 H 4-OMe-Ph 53a 54a 79 (60)
2 H 4-SMe-Ph 53b 54b 72 (67)
3 H 4-Me-Ph 53c 54c 59 (50)
4 H 44Bu-Ph 53d 54d 54 (42)
5 H Mes 53e 54e 87 (69)

37



Result and Discussion

6 H 4-CI-Ph 53f 54f 25 (16)

7 H 53¢ 549 33 (30)

8 H 53h 54h 76 (60)
Br
9 H 2,3-dihydro-1H-inden-5-yl 53i 54i 75 (45)
10 H 5,6,7,8-tetrahydronaphthalen-2-yl 53] 54j 81 (36)
11 OMe 4-OMe-Ph 53k 54k 47 (42)
12 OMe 4-SMe-Ph 53l 54 30 (10)
13 OMe 4-Me-Ph 53m 54m 36 (31)
14 OMe Mes 53n 54n 66 (59)

 Yield of the isolated product after flash chrongaphy; in parentheses, results from experiments
performed with 0.0088 mol% of Cu199.995%; Aldrich).

To investigate if 0.0088 mol% of copper had an ctffexperiments were repeated in the
presence of the appropriate amount of GU@ith 99.995% purity). Generally, with respect
to the substitution pattern, the same trend wasrebd but with significantly lower yields.
The benzdj]furans 541 and54e were obtained in 10% and 69 % vyields, respectiy€gble
12, entries 12 and 5).

In conclusion, 10 mol% iron and 0.0088 mol% coppeth show a strong activity for the

intramolecular C-O cross-coupling in the formatairbenzofurans.
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[I. Iron Salts in Click Chemistry

1. Introduction

The aim of this work was the investigation of rofeiron in reactions along with azides and
nitriles. Thus iron-catalyzed “Click-reactions” wasvestigated. According to the green
chemistry guideline, iron could be considered asietal of choice for such reactions.

“Click chemistry” was introduced by Sharpl&¥sin 2001. According to the principles of
“Click chemistry”, it has to be wide in scope, mtatyhas to generate small amounts of side
products which should be non-toxic and removablenbg-chromatographic methods like
crystallization and distillation. Additionally thesreactions should give high vyields, be
stereospecific, and present high atom economy. iGons for the process have to be simple,
the starting material and the reagents must beilyeadailable and the solvent should be
avoided or easily removable. High thermodynamiccdsr (> 20 kcal/mol) drive these
reactions. This definition fits to following classef reactions: nucleophilic substitution of
strained rings like epoxides and aziridines, caypboondensation reactions like formation of
oximes and hydrazones from aldehydes and carbamndadbm bond formation like the
cycloadditions of unsaturated molecules.

The most studied example, for the latter reactigpet is the Huisgen’'s 1,3-dipolar
cycloaddition. It is also named as the “cream efd¢hop” in “Click chemistry”. Rolf Huisgen
first reported this cycloaddition reaction in 1981A great improvement of this reaction was
achieved by K. Barry Sharpless and Morten Meldalthy use of a catalytic amount of
copper*>™3This copper(l) catalysis was a great step for ¢yidoaddition reaction in terms

of regioselectivity (Scheme 41).

Scheme 41Huisgen’s 1,3-dipolar cycloaddition by Sharpless.

CuS0O,4-5H,0 (1 mol%) N,/N\N
y Sodium ascorbate (5 mol%) \):/
0]
©/ \/ + N3 o}

/\© H,O/tBUOH 2:1, rt, 8 h
61 62 63

H0H. C. Kolb, M. G. Finn, K. B. Sharples&ngew. Chen2001, 113 2056;Angew. Chem. Int. EQ001, 40,
2004.

MR, HuisgenProceedings of the Chemical Society of Lonti®61, 357.

12y V. Rostovtsev, L. G. Green, V. V. Fokin, K. BharplessAngew. Chen2002, 114, 2708;Angew. Chem.
Int. Ed.2002 41, 2596.

13 C. W. Tornoe, C. Christensen, M. Meld&lOrg. Chem2002 67, 3057
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2. Syntheses of 1,2,3-Triazoles

The first trials were performed using phenylacetgland benzylazide in acetonitrile for 24 h.

At room temperature none of the iron catalystsetésias active. Heating the reaction mixture
at 50 °C (Table 13), a ratio of 60% @6 and 40% o066 was obtained consistently (Table 13,

entries 6-9).

Table 13.Syntheses of 1,2,3-triazoles.

Ph>
Z iron source, ligand i N N
* Ng/\Ph N//N / N
CH3CN, 24 h, temp + )N
Ph
64 62 65 66
Entry  Iron (10 mol%) Ligand temp (°C) GC Yield (%)
1 FeCk - rt SM
2 FeCk TMHD rt SM
3 FeBn - rt SM
4 Fe(OAc) - rt SM
5 - - rt SM
6 FeCk - 50 60%65, 40%66
7 FeBrp - 50 60%65, 40%66
8 Fe(OAc) - 50 60%65, 40%66
9 - - 50 60%65, 40%66
In another study on iron-catalyzed *“Click chemistrythe reaction of para

fluoroethynylbenzene with trimethylsilyl

azide wdssted. The starting material was

recovered when the reaction was performed at ra@npérature or at elevated temperature

(60 °C) even after 24 hours. Some traces of thelymoappeared in the non-catalyzed

reaction at 80 °C. This reaction was very slow. § hafter 3 days at 100 °C, 29% of product

was observed. Surprisingly, the starting
entries 1, 3, 5 and 7).

materiak wecovered using Fe(OAgrable 14,

Table 14.Cyclization of triazoles.

catalyst (10 mol%)

P

67

+ TMS-Ns
F

MeOH / DMF (1:9)

temp, t
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Entry catalyst t (h) temp (°C) Yield%F)
1 Fe(OAC) 24 rt SM
2 - 24 rt SM
3 Fe(OAC) 24 60 SM
4 - 24 60 SM
5 Fe(OAC) 24 80 SM
6 - 24 80 3%
7 Fe(OAC) 72 100 SM
8 - 72 100 29%

The formation of tetrazoles using iron-catalyzedi¢kCchemistry” was investigated next.

3. Synthesis of Tetrazoles

3.1. Introduction

Historically, tetrazoles have been synthesized reetniazoles. Their first synthesis was
reported in 1901 by Hantzsch and V&{tTetrazoles were obtained by reaction of hydrazoic
acid and hydrogen cyanide. At the end of th& @ntury, most of 5-substituted 1H-tetrazoles
were prepared by a reaction between azides anitesit Sharpless, who described the
concept of “Click chemistry”, realized that 1H-tetoles could be synthesized by metal
catalysis. The catalysis was accomplished witht® 5.0 equivalents of Zn(ll) salts. Also, the
addition of sodium azide to nitriles was possiifd_ater, Yamamoto and coworkers provided
a method to access tetrazoles by a reaction oéthiyisilyl azide (TMS-N), with nitriles, in
presence of GO (2.5 mol%), in a 9:1 mixture of DMF and MeOH &t & (Scheme 42}/

14 A, Hantzsch, A. VagiAnn.1901, 314 339.

153) V. Aureggi, G. SedelmeieAngew. Chem2007, 119, 8592;Angew. Chem. Int. EQ007, 46, 8440. b) L.
Bosch, J. Vilarrasaingew. Chem2007, 119 4000;Angew. Chem. Int. EQ007, 46, 3926. ¢) D. P. Curran, S.
Hadida, S.-Y. Kim;Tetrahedronl99, 55, 8997. d) K. Koguro, T. Oga, S. Mitsui, O. Origynthesid4998 910.
e) S. J. Wittenberger, B. G. Donnér,Org. Chem1993 58, 4139. f) B. E. Huff, M. A. StaszaK,etrahedron
Lett 1993 34, 8011. g) J. V. Duncia, M. E. Pierce, J. B. Sdatdl, J. Org. Chem1991], 56, 2395.

116 3) Z. P. Demko, K. B. Sharplesk,Org. Chem2001, 66, 7945. b) Z. P. Demko, K. B. Sharple€sg. Lett
2002 4, 2525. c¢) F. Himo, Z. P. Demko, L. Noodleman, K.Sarpless]. Am. Chem. So2002 124, 12210. d)
F. Himo, Z. P. Demko, L. Noodleman, K. B. Sharplds#Am. Chem. So2003 125, 9983.

17T Jin, F. Kitahara, S. Kamijo, Y. Yamamofetrahedron Lett2008 49, 2824.

41



Result and Discussion

Scheme 42Synthesis of tetrazoles by Yamamoto.

Cu,0 25mol%) RN
R-CN + TMSN; N
DMF/MeOH (9:1), N

80 T, 12-24 h

N

R = Alkyl, benzyl, aryl 36-96%

The reaction has wide applicability and alkyl, bgrand aryl substituted nitriles can be used.

Tetrazoles are widely spread in different domaipkBotographic agents, explosives and

pharmaceutical chemistry as bioisosteres of caidboagid groups, which are metabolically

stable!*®11°

Attempts at using iron for ‘Click chemistry” wasaauraged by the fact that several different

metals are already available for this type of reacénd the use of iron would only increase

the scope of the reaction.

3.2. Study of the Reaction
3.2.1. Influence of the Iron Source
para-Trifluorotoluonitrile 69) was chosen as the starting material

in presente o

trimethylsilyl azide. Using conditions developed Mamamoto, various iron salts were

screened in DMF/MeOH (9:1) at 80 °C (Table 15).

Table 15 Influence of the iron source.

N=N
CN [Fe] (10 mol%) — NH
+ TMS-N; N
FsC DMF/MeOH (9:1),
80 T, 24 h FaC
69a 70a
Entry Iron source Yield of0a[%)]?
1 FeCh" 76
2 FeCh-6H,0° 72

183) S. Wu, A. Fluxe, J. Sheffer, J. M. Janusz, BBEss, R. White, C. Jackson, R. Hedges, M. MugwBk
Fang, G. M. Fadayel, M. Hare, L. Djandjighidiporg. Med. Chem. LetP006 16, 6213. b) M. B. Talawar, A.
P. Agrawal, M. Anniyappan, D. S. Wani, M. K. Bansop&. M. Gore)). Hazard Mater. 2006 137, 1074. c) H.
Xue, Y. Gau, B. Twamley, J. M. Shreevehem. Mater.2005 17, 191. d) R. N. Bulter icComprehensive
Heterocyclic Chemistry, Vol. éEds.: A. R. Katritzky, C. W. Rees), Pergamon, @af&996, p. 791. e) V. A.
Ostrovskii, M. S. Pevznert, T. P. Kofmna, M. B. Barbinin, I. V. Tselinskii;Targets Heterocycl. Syst993 3,

467. f) G. |. Koldobskii, V. A. OstrovskilJsp. Khim 1994 63, 847.

193) H. A. McKie, S. Friedland, F. HoDrg. Lett 2008 10, 4653. b) R. J. HerBioorg. Med. Chen2002 10,
3379. ¢) H. Singh, A. S. Chawla, V. K. Kapoor, PR R. K. MalhotraProg. Med. Cheml98Q 17, 151.
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3 Fe(ClQ),® 80
4 FeBb® 87
5 Fe(NTf)¢ 86
6 Fe(OTf)¢ 87
7 Fe(OAc) 91
8 Fe(OAc) ¢ 87

2After column chromatographyFeCl (98%; Merck)FeCk-6H,0 (98%; Griissing
GmbH). ‘lron source prepared according the literatuifeeBr, (98%; Aldrich).
'Fe(OAc) (95%; Acros)IFe(OAc) (99.995%; Aldrich).

The difference in oxidation states of iron catalysthe counterion did not alter the outcome
of the reaction greatly. Yields were in the ran§@2% to 91% (Table 15, entries 1-8). The
click-type cycloaddition catalyzed by Fe(OAgAcros; 95%) afforded the highest yield of
tetrazole (91%). Atom absorption spectroscopy piotat neither Fe(OAg)(Acros; 95%)
nor Fe(OAc) (Aldrich; 99.995%) had any copper impurities (wikie detection sensibility at
1 ppm).

3.2.2. Influence of Azide
Other azide derivatives were also tested (Table &) neither tosylazide nor benzylazide

gave satisfactory yields.

Table 16.Cyclization of tetrazoles.

N Fe(OAc); (10 mol%) N=N
* R-Ng \N,NH
FsC

DMF/MeOH (9:1)

69a 80TC,24h F3C 70a
Entry R Yield of70a (%)
1 TMS 91
2 Ts 14
3 Bn -

éAfter column chromatography

3.2.3. Influence of Temperature
Temperature plays an important role in these reasti It is well-known that at high
temperatures the cyclization can occur withoutlgatgd> 60 °C). Lowering the temperature
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led to decreased yields (Table 17, entries 1-43t flemctions were also conducted without the
catalyst. These results showed that the cycloadditiccurred in an uncatalyzed manner
(Table 17, entries 1-5; data in parentheses). Hewselie iron-catalyzed cyclization led to

much higher yields.

Table 17. Influence of temperature.

=N
CN Fe(OAC),? (10 mol%) N\ NH
/©/ + TMS-N, N
F.C DMF/MeOH (9:1),
69a temp, 24 h FsC 70a
Entry temp (°C) Yield of70a (%)’
1 100 88 (47)
2 90 89 (42)
3 80 91 (37)
4 70 59 (15)
5 60 35 (5)

%Fe(OAc) (95%; Acros).”In parentheses, results from reactions performethén
absence of iron.

3.2.4. Influence of Solvent

The role of other solvents for the synthesis aftailes was also examinated (Table 18). The
use of pure DMF provided decreased yield76f (56%) as compared to the use of 9:1
DMF/MeOH (91%). Reactions in other solvents remainasuccessful (Table 18, entries 3—
9).

Table 18 Influence of solvent.

N=N,
CN Fe(OAc), (10 mol%) - NH
/©/ + TMS-N; N
FsC solvent, 80 T, 24 h
F5C
69a 70a
Entry Solvent Yield of70 (%)
1 DMF/MeOH (9:1) 91
2 DMF 56
3 MeOH -
4 water -
5 DME -
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6 dioxane traces
7 toluene -

8 THF -

9 THF/water (9:1) -

éAfter column chromatography

3.3. Scope of the Reaction

Finally, the scope of the reaction was investigaidtwe cyclization proceeded well and gives
high to excellent yield for a wide variety of amitriles. Electron-withdrawing groups are
benefical and permitted the formation e and 70l in 96% and >99% yields, respectively
(Table 19, entries 5 and 12). However, a nitro grat theortho-position restricted the
formation of tetrazole (Table 19, entry 10). Theneatrend was observed with amntho-
bromo-substituted tetrazol®g which was obtained in only 15% vyield (Table 19trery).
Electron-donating substituents at theeta and para-positions afforded good yields. Non-
aromatic nitriles did not give any product (Tabl@, ntries 15 and 16). The reaction
proceeded well in presence of Fe(OA€99.995% npurity), but slightly less yield of the
product was obtained in comparison to Fe(QABH% purity). We did not determine if the

difference of activity was due to metal salt cotgisies or unknown contaminants.

Table 19 Iron-catalyzed synthesis of 5-substituted 1Hatattes.
Fe(OAc), (10 mol%) N=N

R-CN + TMS-Ng _ s NH
DMF/H,0 (9:1), R N
69a-p 80 C, 24 h 70a-p
Entry Substrate R ProductYield of 70 (%)?
1 69a 4-CFs-Ph 70a 91 (87)
2 69b Ph 70b 56 (22)
3 69c 4-1-Ph 70c 68 (53)
4 69d 4-vinyl-Ph 70d 37 (11)
5 69e 4-NO,-Ph 70e 96 (86)
6 69f 4-OH-Ph 70f 41 (7)
7 699 2-Br-Ph 709 15 (11)
8 69h 4-Me-Ph 70h 57 (42)
9 69i 4-Cl-Ph 70i 70 (64)
10 69j 2-NO,-Ph 70j 67 (48)
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11 69k Naphth 70k 58 (56)
12 69l 3,4-diING,-Ph 70l >99 (>99)
13 69m Thiophen 70m 74 (43)
14 69n 2,2-diMe-2H-chromen-6-yl ~ 70n 53 (49)
15 690 4-OMe-benzyl 700 -

16 69p 5-cyclohexenyl 70p -

After column chromatographyin parentheses, results from experiments performid Fe(OAc)
(99.995%; Aldrich)

4. Conclusion

In conclusion, iron salts as catalyst for “Clickactons” have been proven effective.
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llI. lron(ll) Triflate as Catalyst for the Synthesis of Indoles by

Intramolecular C-H Amination

1. Introduction

Indole derivatives are important heterocycles bseathey display interesting biological
activities'® For decades azides have been used by chemistsefmre indoles by
intramolecular cyclization. In 1971 the first cahtrtion in this field was reported by
Hemetsberger and Knittel, who discovered that egtion ofa-azidoacrylates resulted in the

formation of indoles (Scheme 43}

Scheme 43Cyclization ofa-azidoacrylates by Hemetsberger and Knittel.

@)
Q MeONa Q
Ar—CHO + NS\)J\R Ar/\HJ\R RS R
MeOH/benzene p-xylene, reflux  /~ \\ NH

N3 '\

R = OEt, p-Tolyl, p-Chlorophenyl

The starting material was obtained by condensatferrazidocarbonyls with aldehydes n the
presence of sodium methoxide. Then, the resultandpacrylic esters were heated at reflux in
p-xylene. This thermolysis enabled the cyclizatiorfrom indoles. However, this reaction is
known to proceed via nitrenes. Reactions at higiperatures must be avoided for economic,
practical and safety reasoffé.Using a metal to catalyze the cyclization becoimgortant in
order to perform the reaction under milder condsioln this way, Driver and coworker
described the same indole-forming reaction usingdidm(ll) perfluorobutyrate as the

catalyst (Scheme 4453

120 For biological activities of indoles, see: a) R.Slindbergjndoles Academic Press: London, 1996. b) V.
Sharma, P. Kumar, J. Pathédeterocycl. Chem201Q 47, 491.

121 4. Hemetsberger, D. KnitteMonatsh. Chenl972 103 194.

122 3. Wiss, C. Fleury, U. Onkefrg. Process Res. De2006 10, 349.

1233) B. J. Stokes, H. Dong, B. E. Leslie, A. L. Pinmgy, T. G. Driver]). Am. Chem. So2007, 129, 7500. For
related work on carbazole formations, see: b) Btdkes, B. Jovanovic, H. Dong, K. J. Richert, RRiell, T.
G. Driver,J. Org. Chem2009 74, 3225. c) B. J. Stokes, K. J. Richert, T. G. Drjivle Org. Chem2009 74,
6442.
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Scheme 44Cyclization ofa-azidoacrylates with rhodium by Driver.

R 3-5 mol%
? N7 “oMe ( ‘) R, \
N3 40-60 T, toluene CO,Me
R3 y N
R; = H, OMe, Me, CI H
R, = H, CI, Br, OMe
R3 = H, OMe, Me, i-Pr, t-Bu, ClI, Br, CF3 71-98%
71 72

In the presence of the rhodium catalyst, the cgtihn of a-azidoacrylates has a lower
thermal barrier to activation, with a required tergiure range between 40 and 60 °C.
However, rhodium is a very expensive transitionaheind it would be of great interest to

find a more economical alternative.

The idea was to use environmentally friendly, noxi¢ and cheap iron as a metal of choice

for this intramolecular C-H amination.

2. Study of the Reaction

2.1. Influence of Catalyst

Methyl phenylazidoacrylate/{) was used as a starting material as representatiezido-
ester derivatives to form 2-carboxy-substitutedoird(72). Finding a suitable iron catalyst
was the critical obstacle for this reaction. Selv@&@n sources were tested. Neither iron
chlorides, Fe(acagpr FeBg gave any product when heated with. The use of iron(ll)
triflate, which had previously been proven to baghly efficient and robust catalyst superior
to other iron salts in the imination of sulfoxidé$Jed to the desired product in 46% vyield
(Table 20).

Table 20.Influence of catalyst.

O
catalyst (30 mol%
N “OMe yetl i mCOzMe
N3 80 C, 24 h, toluene H
71a 72a

Entry  Catalyst (30 mol%) Yield of2a(%)*

1 FeCh -

124 3) 0. Garcia Manchefio, J. Dallimore, A. PlantB6lm, Org. Lett.2009 11, 2429. b) O. Garcia Manchefio,
J. Dallimore, A. Plant, C. BolnAdv. Synth. CataR01Q 352 309.
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A WD

5

FeCh -
Fe(acag) -

FeBeg -
Fe(OTf) 46

& After column chromatography.

In this case, iron(ll) triflate was chosen for hiet evaluation since it was the only catalyst to

give the desired product.

2.2. Influence of Solvent

After choosing the catalyst, the solvent usedtierreaction was evaluated (Table 21).

Table 21.lron-catalyzed C-H amination of azid@a influence of solvent.

- O - Fe(OTf), (30 mol%) mCOZMe
N3 80 TC, 24 h, solvent H

7l1a 72a
Entry Solvent Yield of72a (%)

1 DMF -

2 acetonitrile -

3 EtOH -

4 water -

5 hexane 58

6 toluene 46

7 xylene 38

8 DME 63

9 dioxane 26

10 diethyl ether 16

11 MTBE 28

12 THF 78 (75)

13 chloroform 46

14 anisole 41

aafter column chromatograph§in parentheses, the result
from an experiment performed with 10 mol% of irafidte.
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Reactions performed in protic solvents such asneihand water and polar aprotic solvents
such as DMF and acetonitrile did not give any &f desired product (Table 21, entries 1-4).
Nonpolar solvents afforded moderate to good yi€lddle 21, entries 5-7). Ethereal solvents
afforded the indole ester in yields up to 78% (€aBl, entries 8-12). The best result was
obtained in THF (Table 21, entry 12). Lowering ttagalyst loading to 10 mol% in THF did

not significantly affect the yield, and under thgtimized conditions the indole was obtained
in 75% yield. Other solvents such as chloroform anidole, gave the desired product in only

moderate yields (Table 21, entries 13 and 14).

2.3. Influence of Copper
To insure that the active catalyst in the formatainindole contained iron, different test

reactions were performed (Table 22).

Table 22.Influence of catalyst.

catalyst (10 mol%
Xy oMme yst( ) mCOZMe
N3 80 C, 24 h, THF H
71a 72a

Entry  Catalyst (10 mol%) Yield (%)

1 - -
2 TfOH -
3 TfONa -
4 CuOTf -
5 Cu(OTf) -

& After column chromatography

Without catalyst, no product was observed (Tableed®y 1). Triflic acid and sodium triflate
were tested and no product was observed (Tablee2?ies 2 and 3). After considering
possible contamination of iron by traces of coppegctions with copper(l) triflate and
copper(ll) triflate were performed. Neither ledcilization (Table 22, entries 4 and 5).

2.4. Influence of Temperature

The second parameter to be screened for this mtalysis was the temperature. Having a

mild temperature is important for cost, convenienmyctical and safety reasons.
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Table 23.Influence of temperature.

o]
Fe(OTf), (10 mol%
S o R (N come
N3 temp, 24 h, THF N
71a 72a 1
Entry temp (°C) Yield (96)
1 80 75 (403
2 60 24
3 rt 0

3 After column chromatographYin parentheses, the result from
an experiment performed with 1 mol% of iron triflat

The yield dropped significantly when only 1 mol%tbe catalyst was used in the reaction
(Table 23, entry 1). Lowering the temperature td6Qecreased the yield sharply (Table 23,
entry 2). At room temperature the desired readtidnnot occur and the starting material was

recovered.

3. Scope of the Reaction
Finally, the scope of the reaction with respecthe starting azido ester was investigated.
Generally, good to excellent yields were obtainedenv substrates bearing a variety of

substituents on the aryl ring were used (Table 24).

Table 24.Synthesis of indole derivatives.

R4 o) R4
R? N “Rs Fe(OT), (10 mol%w) RS N
R2 N3 80 T, 24 h, THF R2 N RS
R? R? :
71a-q 72a-q
Entry R R? R® R* R 72 Yield (%)
1 H H H H OMe 72a 75
2 H OMe H H OMe 72b 74
3 H Me H H OMe 72c 77
4 H tBu H H OMe 72d 83
5 H Ck H H OMe 12e 60
6 H F H H OMe 72f 72
7 H Cl H H OMe 729 56
8 H Ph H H OMe 72h 80

a1
RN



Result and Discussion

9 H H H OMe OMe 72i 70
10 H OMe OMe H OMe 72j 88
11 H OBn OMe H OMe 72k 99
12 H 0O-CH-O H OMe 72l 97
13 H CH=CH-O H OMe 72m 99
14 CH=CH-CH=CH H H OMe 72n 98
15 CH=CH-CH=CH H H I()-OMethyl 720 93
16 H OMe H H OPr 72p 35

a After column chromatography.

When a substituent positiongdra to the azido ester group was such as a methokyl, al
fluoride, trifluoromethyl, halide or phenyl, theaation led to the corresponding indole in
good yields (Table 24, entries 2-8). A substitumtho to the ester did not have an effect, thus
72i was obtained in 70% vyield (Table 24, entry 9 vsyeR). Disubstituted arenes at thara
andmetapositions gave indoles in excellent yields asnglsi isomer (Table 24, entries 10-
13). As an exceptiory, 2o cyclized differently (Table 24, entry 15). To alelight, isopropy!

and menthyl esters could be successfully used €T2hl entries 14 and 16).

4. Conclusion

Various indoles can be obtained by the intramokbacrdaction of azides using iron(ll) triflate

as the catalyst. The main advantages are that#wtion is performed under mild conditions
(80 °C), and that the catalyst is environmentdilgridly and cheap. Also, an investigation of
the scope of the reaction showed that various iomak groups were tolerated and excellent

yields could be obtained.
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Summary and Outlooks

The main aim of this work was to discover new andvenient reactions using cheap and

relatively benign iron as an efficient transitioetal catalyst.

In the first part of this work, we demonstratedtttiee conditions used for the iron-catalyzed
intermolecular C-O cross-coupling could also beliadpto intramolecular reactions. Thus,
this method represents an interesting pathway e s$ynthesis of benzoxazoles and

benzofurans (Scheme 45).

Scheme 45Iron-catalyzed intramolecul&-arylation.

X
X" o FeClz (10 mol%) X0

A 3 |

R L TMHD 20 mol%) R _ Y/>—Af

Y Ar
DMF, 120 C, 24 h
X=Br, | Y =N, up to 96%
Y=CN Y =C, up to 87%
R=H, F, OMe

The most important parameter of the reaction wastémperature. To avoid nucleophilic
aromatic substitution (SNAr), the coupling had ® geerformed at 120 °C. We believe that
increasing the temperature would cause a non-roatalyzed SNAr pathway to predominate.
In this C-O intramolecular cyclization, the useTMIHD as a ligand afforded the best yield.
First, use of ligands such as DMEDA bN'-dimethylglycine gave the corresponding
product in low yield. Ligands structurally close TMHD, diketone-like moieties, were used
but none of them gave a yield as high as TMHD. Maisources of iron were tested; in all
cases, high yields were obtained. The oxidatiote sté iron did not influence the reaction,
and the use of iron(ll) and iron(lll) compoundg@ssible in this reaction. An examination of
the influence of impurities was performed. Manganepalladium and nickel had no
influence. However, copper(ll) chloride seemed a¢ohighly active in 344 ppm amounts. To
prove that iron catalyzed the reaction, iron(laride 99.995% was used and gave the best
yield. The scope of this C-O intramolecular cydi@a is quite broad with respect to
substitution on the azido-ester aryl group. Unfoatiely, alkyl or alkenyl derivatives were not

usable.
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Bromo and iodo arenes were easily converted t@dnesponding product. However chloro
derivatives did not react. An interesting goalfidure work would be C-O bond formation by

direct C-H bond activation.

In the second part of this thesis, an iron-catalyz€lick reaction” for the synthesis of
triazoles and tetrazoles was reported. The formatiotetrazoles is possible using iron(ll)

acetate (Scheme 46).

Scheme 46lron-catalyzed synthesis of tetrazoles.

Fe(OAc), (10 mol%) N=N
Ar-CN + TMS-Ng /k\ NH
DMF/MeOH (9:1), Ar N
80 C,24h

up to 99%

Various iron salts were tested in this Click reactiThe oxidation state of iron could be Il or
lll. In both cases, the yields of tetrazoles weppraximately equal. Our optimal choice
catalyst was iron(ll) acetate, since it gave anelant yield and no traces of copper were
found in it. Different azides were examined. Trimdsilylazide gave the best yield. Both the
temperature and the solvent were important. Sunglis reactions in a mixture of
DMF/MeOH (9:1) afforded the best result. In the meoof the reaction, various aryl
derivatives have been employed. The main drawlatiat alkyl derivates did not lead to any
product. To solve this problem, it might be intéirgg to switch to an aryl azide compound
since the iron chemistry seems to be dependentybsudbstrates.

A number of conditions for the cyclization of tr@es were tested, but none were satisfying.
Iron did not provide a better yield than the mdtaé conditions. A subject of further

investigation for this iron “Click chemistry” woullde the use of internal alkynes.

In the last part of the present work, an improvegdtisesis of indoles by iron-catalyzed

intramolecular C-H amination was described (Schéif)e
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Scheme 47Iron-catalyzed C-H amination of azide.

4 R*
3 1 i Fe(OT, 30 mols) .~~~ R 0
,”- R XX RS 2 ! \
. N 80 T, 24 h, THF S R2 N RS
\\;/ “ Rl
" ,Rl Rl =H, Aryl RN
R2 =H, Aryl up to 99%
R3=H, OMe
R*=H, OMe

R® = OMe, OiPr, (L)-OMethyl

Several iron sources were tested and surprisimglly, iron(ll) triflate catalyzed the reaction
efficiently. Since traces of copper were detectedhie iron salt, some test reactions were
performed with different copper sources. Neitheppmr(l) nor copper(ll) were active. The
scope of this iron-catalyzed C-H amination is quitead. The main drawback is that the
presence of an ester group is necessary. Furtbdy $6 certainly needed to perform an

intermolecular version of the reaction.

Another critical point is that copper is presenta@ry small quantities in almost all iron salts.
Nevertheless, we proved throughout this work tivaef its presence increases the yield in

some cases, iron is the main species responsibél these reactions.

Since the first example of iron catalysis describgdochi, organic chemistry has entered in
the Iron Age. Industrial chemists are always seaagciior cheap, environmentally benign,
selective and high turn-over frequency catalystsniore efficient processes. For these kinds
of applications, iron is probably the most promgsialternative. Its low price, moderate
toxicity and ready availability lead it during tleekast decades on the phase of a significant
growth. The reactions developed in this thesisbairegging new information on iron behavior.
However, the use of iron remains less developed tiable metals such as palladium. As
soon as the mechanisms are understood, iron’simabeganic synthesis will become much

more important.

55



Experimental Part

Experimental Part

1. General Techniques

All the synthetic operations described in the pnésxperimental part including reactions,
work-ups and chromatographic separations were echraut in a well ventilated hood
according to the current safety dispositions.

Air and moisture sensitive reactions were conduatetker an inert atmosphere of argon using
Schlenk techniques. All glass was oven dried goarse, then filled with argon. The addition
of liquid (reagents and solvents) was performedhaisyringe through a septum or dropping

funnel. Solids were added under gentle streamgufrar

2. Solvents

Solvents for anhydrous reactions were dried anifipdraccording to standard techniqudés.

CHCly: Simple destillation, followed by destillatiorofn calcium hydride.
Toluene: Destillation from sodium-benzophenonglketdical.
THF: Pre-drying on KOH/AD; followed by destillation from sodium-

benzophenone ketyl radical.
Ethyl acetate (EtOAc), diethyl ether ¢B), andn-pentane for flash column chromatography
were distilled before use. DMF, MeOH, 1,2-dichldi@me, DMSO and acetonitrile were

HPLC- or reagent grade and were used as received.

3. Determination of the Physical Properties of th&ynthesized Compounds
3.1.'"H NMR Spectroscopy

'H NMR spectra were recorded either odaian Gemini 300 spectrometer (300 MHz) or on
a Varian Inova 400 spectrometer (400 MHz). Chemical shifes given in ppm relative to
tetramethylsilane (TMS, 0.00 ppm). Solvent residymdaks (chloroform, 7.26 ppm;
dimethylsulfoxide 2.50 ppm) were used as intertehdard. Coupling patterns are described
by the following abbreviations: s (singlet), d (tat), t (triplet), g (quartet), m (multiplet).

Coupling costants)f are given in Herz (Hz).

15 W. L. F. Armarego, D. D. PerrirRurification of Laboratory ChemicalButterworth-Heinemann, Oxford,
1996
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3.2.1*C NMR Spectroscopy

13C NMR spectra were recorded either oviaian Gemini 300 spectrometer (75 MHz) or on
a Varian Inova 400 spectrometer (100 MHz). Chemical shifis given in ppm and were
determined by comparison with solvent residual peafchloroform, 7.26 ppm;

dimethylsulfoxide 2.50 ppm).

3.3.2F NMR Spectroscopy
% NMR spectra were recorded either oviaaian Gemini 300 spectrometer (282 MHz) or on

aVarian Inova 400 spectrometer (376 MHz).

3.4. Mass Spectroscopy

Mass spectra were recorded oWaian MAT 212 or on aFinnigan MAT 95 spectrometer
with El (electronic impact) ionization, at a 70 ab¥hization potential. Peaks are listed
according to theim/z value. High resolution mass spectra (HRMS) wereond®d on a

FinniganMAT 95 spectrometer.

3.5. GC-MS Measurements

GC-MS measurements were conducted with the follgumstrument: GC (HP 6890 Series),
MSD 5973, column: HP-5 MS (30 m x 0.25 mm x Qu2B); carrier gas: He, constant flow,
200 °C.

3.6. Elemental Analysis

Elemental analyses were performed usitpeaeusCHN-O-Rapid instrument.

3.7. Melting Point
Melting points were measured in open glass capBawith aBuchi B-540 apparatus and

were uncorrected.

4. Chromatographic Methods

4.1. Preparative Column Chromatography

Purifications by Flash Column Chromatography wergied out in glass columns (10-50 mm
diameter) according to STILL320 usingMerck silica gel 60, particle size 0.040-0.063 mm
(230-400 mesh).
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4.2. Thin Layer Chromatography (TLC)
Support: TLC aluminum sheets silica gel 6@8:;fMercK) with a fluorescent indicator.
Detection:
1) Exposition to UV-lightX = 254 nm).
2) Treatment with an acidic aqueous solution of amiomm molybdate tetrahydrate
[(NH4)6M070.4]-4H,0 and cerium sulfate tetrahydrate [Ce(B@H,O (Mostain).

3) Treatment with a basic aqueous solution of atas permanganate (KMnp

5. Synthesis of 2-Aryl Benzoxazoles

General Procedure for Amidation:

To a solution ofortho-haloaniline (9.16 mmol, 1.0 equiv) in dry @&, (20 mL) at room
temperature acyl chloride was added (10.01 mmdl, ehuiv). The reaction mixture was
stirred overnight then diluted with GBI, (50 mL). The organic layer was washed with 5%
NaHCG; (2 x 50 mL), dried over MgS£and the solvent was removiedvacuo

The product was carried on to next step without &nyher purification in most cases.
However, if necessary, a silica gel column chromitphy was performed.

N-(2-bromophenyl)benzamide (52a)

@Bro
Following the general procedure, the product waainbd as a white solid in 85% yield.
'H NMR (400 MHz, CDCls): & = 8.60 (dd, 1H,) = 8.2 Hz,J = 1.5 Hz), 8.54 (br s, 1H), 7.94-
8.02 (m, 2H), 7.52-7.67 (m, 4H), 7.42 (td, 1H; 8.0 Hz,J = 1.4 Hz), 7.06 (td, 1H] = 8.2
Hz,J= 1.5 Hz).
13C NMR (100 MHz, CDCly): & = 165.3, 135.9, 134.6, 132.3, 132.2, 129.0, 128%,1,
125.3,121.8, 113.8.
M. p. =107.2-107.9 °C.

All spectral data correspond to those given inliteeature?°

126D, A. Ames, A. OpalkoTetrahedron 984 40, 1919.
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N-(2-iodophenyl)benzamide (52b)

CL 8
H
Following the general procedure, the product waainbd as a yellowish solid in 89% vyield.

1H NMR (300 MHz, CDCl5): & = 8.46 (dd, 1HJ = 8.2 Hz,J = 1.5 Hz), 8.30 (br s, 1H), 7.98-
8.01 (m, 2H), 7.82 (dd, 1H,= 8.0 Hz,J = 1.5 Hz), 7.48-7.63 (m, 3H), 7.40 (td, 1H= 8.2
Hz,J= 1.5 Hz), 6.88 (td, 1H] = 8.0 Hz,J = 1.5 Hz).

3¢ NMR (75 MHz, CDCl3): & = 165.4, 138.9, 138.3, 134.5, 132.3, 129.5, 12927,.2,
126.1, 121.8, 90.3.

M. p. = 133.4-134.3 °C.

All spectral data correspond to those given inliteeature?’

N-(2-chlorophenyl)benzamide (52c)

@CIO
Following the general procedure, the product waainbd as a white solid in 95% yield.
'H NMR (300 MHz, CDCl3): & = 8.56 (dd, 1HJ = 8.2 Hz,J = 1.5 Hz), 8.45 (br s, 1H), 7.87-
7.95 (m, 2H), 7.45-7.61 (m, 3H), 7.40 (dd, 1Hs 8.0 Hz,J = 1.4 Hz), 7.32 (td, 1H]) = 8.0
Hz,J= 1.4 Hz), 7.07 (td, 1H] = 8.2 Hz,J = 1.5 Hz).
13C NMR (75 MHz, CDCl3): & = 165.3, 134.8, 134.6, 132.2, 129.1, 129.0, 127X.1,
124.8, 123.1, 121.6.
M. p. =97.8-98.5 °C.
All spectral data correspond to those given inliteeature?®

N-(2-bromophenyl)-4-chlorobenzamide (52d)

Br
L%
N)K@\
H
Cl

Following the general procedure, the product waainbd as a white solid in 92% yield.

1278, S, Thyagarajan, N. Kharasch, H. B. Lewis, W.IiM8hem. Comm. (LondoAp67, 13, 614.
128p, A, S. Smith). Am. Chem. Sot954 76, 431.

59



Experimental Part

'H NMR (300 MHz, CDCls): & = 8.56 (dd, 1H,) = 8.2 Hz,J = 1.5 Hz), 8.43 (br s, 1H), 7.88-
7.95 (m, 2H), 7.63 (dd, 1H,= 8.1 Hz,J = 1.4 Hz), 7.51-7.58 (m, 2H), 7.42 (td, 1H= 8.5
Hz,J=1.4 Hz), 7.07 (td, 1H] = 7.8 Hz,J = 1.5 Hz).

13C NMR (75 MHz, CDCl3): & = 164.2, 138.6, 135.6, 133.0, 132.3, 129.3, 12828.6,
125.5, 121.8, 113.8.

M. p. = 134.2-135.5 °C.

All spectral data correspond to those given inliteeature?°

N-(2-bromophenyl)-4-methoxybenzamide (52e)

Br
L8
NJJ\©\
H
OMe

Following the general procedure, the product waslaied by silica gel column
chromatography (C¥Cl,) as a white solid in 97% vyield.

'H NMR (300 MHz, CDCls): & =8.59 (dd, 1H,) = 8.2Hz,J = 1.4 Hz), 8.43 (br s, 1H), 7.91-
7.98 (m, 2H), 7.61 (dd, 1H, = 8.2 Hz,J = 1.5 Hz), 7.40 (td, 1H) = 8.0 Hz,J = 1.4 Hz),
7.00-7.08 (m, 3H).

13C NMR (75 MHz, CDCl3): & = 164.8, 162.8, 136.0, 132.2, 129.0, 128.5, 126250,
121.7,114.2, 113.7, 55.5.

M. p. = 147-148°C.

All spectral data correspond to those given inliteeature*°

N-(2-bromophenyl)-3,4-dichlorobenzamide (52f)

Br
o}
@ J\@CI
N
H
cl
Following the general procedure, the product waaiobd as a yellowish solid in 94% vyield.
'H NMR (400 MHz, CDCls): & = 8.49 (dd, 1H,) = 8.0 Hz,J = 1.5 Hz), 8.38 (br s, 1H), 8.06

(d, 1H,J= 8.2 Hz), 7.76 (dd, 1Hl = 8.2 Hz,J = 1.5 Hz), 7.58-7.66 (m, 2H), 7.41 (td, 1
8.0 Hz,J= 1.5 Hz), 7.07 (td, 1H) = 8.2 Hz,J = 1.5 Hz).

1293.1. G. Cadogan, D. M. Smith, J. B. Thomsa&rChem. Soc., Perkin Transl 272 11, 1296.
130N. Itoh, T. Sakamoto, E. Miyazawa, Y. KikugawaOrg. Chem2002 67, 7424.
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13C NMR (100 MHz, CDCly): & = 163.1, 136.8, 135.3, 134.3, 133.6, 132.4, 131295,
128.6, 126.0, 125.8, 122.0, 114.0.
M. p. = 127 °C.

All spectral data correspond to those given inliteeature**

4-bromo-N-(2-bromophenyl)benzamide (529)

Br
L3
N)‘\©\
H
Br

Following the general procedure, the product waaiobd as a yellowish solid in 87% vyield.
'H NMR (300 MHz, CDCls): & = 8.55 (dd, 1H,) = 8.2 Hz,J = 1.5 Hz), 8.43 (br s, 1H), 7.81-
7.87 (m, 2H), 7.62-7.74 (m, 2H), 7.62 (dd, 1H 8.1 Hz,J = 1.5 Hz), 7.40 (td, 1H]) = 8.0
Hz,J= 1.5 Hz), 7.07 (td, 1H] = 8.2 Hz,J = 1.5 Hz).

13C NMR (75 MHz, CDCl3): & = 164.3, 135.6, 133.4, 132.3, 132.2, 128.7, 128%.1,
125.5,121.8, 113.8.

M. p. = 138.5-139.5 °C.

All spectral data correspond to those given inliteeature®*

N-(2-bromophenyl)-2,4,6-trimethylbenzamide (52h)

s

Following the general procedure, the product waaiobd as a yellowish solid in 64% vyield.
'H NMR (400 MHz, CDCl3): 5 = 8.55 (dd, 1HJ = 8.3 Hz,J = 1.5 Hz), 7.72 (br s, 1H), 7.55
(dd, 1H,J = 8.1 Hz,J = 1.5 Hz), 7.40-7.34 (m, 1H), 7.04-6.99 (m, 1HQGB(s, 1H), 2.36 (s,
6H), 2.32 (s, 3H).

13C NMR (100 MHz, CDCls): & = 168.7, 139.1, 135.6, 134.6, 134.3, 132.3, 128284,
125.5, 122.4, 133.7, 21.1, 19.3.

M. p. = 100.2-100.6 °C.

HRMS (ESI): m/zcalculated for GH1cON"*BrNa 340.0308, found 340.0305.

131G, Evindar, R. A. Batey]. Org. Chem2006 71, 1802.
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N-(2-bromophenyl)-2-fluorobenzamide (52i)

Br

L d
Nk@
H

Following the general procedure, the product waainbd as a yellowish solid in 79% vyield.
'H NMR (400 MHz, CDCls): 8 =9.08 (dJ = 15,2 Hz, 1H), 8.55 (dfl = 5.9 Hz,J = 11.8 Hz,
1H), 8.21-8.14 (m, 1H), 7.57-7.45 (m, 2H), 7.3647(n, 2H), 7.20-7.12 (m, 1H), 7.02-6.96
(m, 1H).

3C NMR (100 MHz, CDCly): 6 = 162.1, 161.1, 158.8, 136.1, 134.0, 132.4, 1328, 9 {
=217 Hz), 125.1, 122.4, 121.0, 116.3, 113.7.

M. p. =94.3-94.8 °C.

HRMS (ESI): m/zcalculated for GHsON"*BrFNa 315.9744, found 315.9748.

N-(2-bromophenyl)-3-methoxybenzamide (52))

B
"o
[I J\©/0Me
N
H

Following the general procedure, the product waaiobd as a yellowish solid in 86% yield.
'H NMR (300 MHz, CDCls): & = 8.57-8.51 (m, 1H), 8.45 (s, 1H), 7.57 (dd, I 8.0 Hz,J
= 1.3 Hz), 7.53-7.33 (m, 6H), 7.13-7.08 (m, 1HN56.97 (m, 1H), 3.88 (s, 3H).

13C NMR (75 MHz, CDCl3): & = 165.1, 160.1, 136.1, 135.8, 132.3, 129.9, 128253,
121.7,118.7, 118.4, 113.7, 112.6, 55.5

M. p. = 93.9-94.6 °C.

HRMS (ESI): m/zcalculated for GH1,0.N"BrK 343.9683, found 343.9684.

N-(2-bromo-4-fluorophenyl)benzamide (52k)

F Br
TS
N)‘\©
H
Following the general procedure, the product waslaied by silica gel column
chromatography (C¥Cl./pentane 1:1) as a white solid in 68% yield.

'H NMR (300 MHz, CDCl3): & = 8.55 (dd, 1HJ = 9.2 Hz,J = 5.6 Hz), 8.36 (br s, 1H), 7.93-
8.00 (m, 2H), 7.52-7.67 (m, 3H), 7.38 (dd, IH; 7.8 Hz,J = 2.9 Hz), 7.11-7.20 (m, 1H).
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3C NMR (75 MHz, CDCls): 8 = 165.3, 158.6 (dJ = 248.5 Hz), 134.4, 132.4, 132.3, 129.0,
127.1, 122.9 (dJ = 8.1 Hz), 119.4 (d) = 25.6 Hz), 115.4 (d) = 21.6 Hz), 113.8 (d] = 9.8
Hz).

M. p. =140.8-141.4 °C.

All spectral data correspond to those given inliteeature®*

N-(2-bromophenyl)propionamide (52I)

BrO

o
Following the general procedure, the product waaiobd as a yellowish solid in 92% vyield.
'H NMR (300 MHz, CDCls): 8 = 8.41 (d, 1H,) = 8.0 Hz), 7.67 (br s, 1H), 7.56 (dd, 1Hs
8.0 Hz,J = 1.4 Hz), 7.35 (td, 1H) = 8.0 Hz,J = 1.5 Hz), 7.00 (td, 1H)=8.0 Hz,J= 1.5
Hz), 2.51 (q, 2HJ = 7.5 Hz), 1.32 (t, 3H) = 7.5 Hz).
C NMR (75 MHz, CDCly): 8 = 171.9, 135.7, 132.2, 128.4, 125.0, 121.9, 112L.3), 9.6.

M. p. = 89-91 °C.
All spectral data correspond to those given inliteeature®*

(2)-N-(2-bromophenyl)but-2-enamide (52m)

(jBro

e

Following the general procedure, the product waainbd as a white solid in 94% yield.
'H NMR (300 MHz, CDCls): 8 = 8.44 (d, 1H,) = 8.2 Hz), 7.67 (br s, 1H), 7.55 (dd, 1Hs
8.0 Hz,J=1.4 Hz), 7.28-7.37 (m, 1H), 6.94-7.08 (m, 2HR&6.08 (m, 1H), 1.95 (dd, 3H,
=6.9 Hz,J=1.6 H2).
3C NMR (75 MHz, CDCls): & = 163.8, 142.2, 135.9, 132.2, 128.4, 125.4, 1252P.0,
113.5, 17.9.

M. p. = 80-82 °C.
All spectral data correspond to those given inliteeature*

132K. Jones, M. Thompson, C. Wright, Chem. Soc., Chem. Cont886 2, 115.
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(2)-N-(2-iodophenyl)but-2-enamide (520)

Cr R

N
H

Following the general procedure, the product waainbd as a white solid in 92% yield.

'H NMR (300 MHz, CDCls): & = 8.29 (d, 1HJ = 8.1 Hz), 7.77-7.73 (m, 1H), 7.42 (br s,
1H), 7.35-7.29 (m, 1H), 6.99 (dd,= 6.9 Hz,J = 15.1 Hz, 1H), 6.84-6.78 (m, 1H), 5.99 (dq,
1H,J=1.7 Hz,J=15.1 Hz), 1.92 (dd] = 6.9 Hz,J= 1.7 Hz, 3H).

3¢ NMR (75 MHz, CDCl3): 6=163.8, 142.1, 138.8, 138.3, 129.3, 125.8, 1284,9, 90.0,
17.9.

M. p. = 95.2-96.1 °C.

HRMS (ESI): m/zcalculated for gH;00NINa 309.9699, found 309.9700.

General Procedure for Intramolecular O-Arylation to Give Benzoxazoles:

A sealable tube equipped with a magnetic stir baas wcharged with theN-(2-
bromophenyl)benzamide (1.0 equiv),,C8&;s (2.0 equiv) and Fegl0.1 equiv; Acros; 98%).
The aperture of the tube was then covered withbheuseptum, and an argon atmosphere
was established. 2,2,6,6-Tetramethyl-3,5- heptamed{0.2 equiv) and DMF (1 mL/mmol of
benzamide) were added by using syringe. The septasthen replaced by a teflon-coated
screw cap, and the reaction vessel was placed @il dath heated to 120 °C. After stirring at
this temperature for 20 h, the heterogeneous nexivais cooled to room temperature and
diluted with dichloromethane. The resulting solativas directly filtered through a pad of
celite and concentrated to yield the product, whigls purified by silica gel chromatography
to afford the corresponding benzoxazole. The itenéind purity of the product was

confirmed by*H and**C NMR spectroscopic analysis.

2-phenylbenzofljoxazole (51a)

O+

Following the general procedure usiNg(2-bromophenyl)benzamide (100 mg, 0.36 mmol)
provided 54 mg (75% yield) of the coupling prodast a white solid after purification by
flash chromatography (CEl,/pentane 1:1).
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'H NMR (400 MHz, CDCly): & = 7.33-7.39 (m, 2H), 7.50-7.57 (m, 2H), 7.58-7.62 (iH),
7.75-7.85 (m, 1H), 8.25-8.32 (m, 2H).

13C NMR (100 MHz, CDCl): & = 110.6, 120.1, 124.6, 125.1 127.1, 127.7, 128.9,5131
142.1, 150.7, 163.0.

All spectral data correspond to those given inliteeature®*

2-(4-chlorophenyl)benzoflloxazole (51b)

O

Following the general procedure usiNg2-bromophenyl)-4-chlorobenzamide (100 mg, 0.32
mmol) provided 55 mg (75% yield) of the couplinggg@uct as a white solid after purification
by flash chromatography (GBl./pentane 1:1).

H NMR (400 MHz, CDCls): 8 = 7.25-7.31 (m, 2H), 7.39-7.44 (m, 2H), 7.46-7.52 (),
7.66-7.71 (m, 1H), 8.08-8.12 (m, 2H).

3c NMR (100 MHz, CDCls): & = 110.6, 120.1, 124.7, 125.3, 125.6, 128.4, 128.8,012
129.2, 137.7, 142.0, 150.7, 162.0.

All spectral data correspond to those given inliteeature*?

2-(4-methoxyphenyl)benzafloxazole (51c)

O~

Following the general procedure usitg(2-bromophenyl)-4-methoxybenzamide (100 mg,
0.33 mmol) provided 70 mg (96% vyield) of the coogliproduct as a white solid after
purification by flash chromatography (@El,/pentane 1:1).

'H NMR (400 MHz, CDCls): 8 =3.87 (s, 3H), 7.01 (d, 2H, = 8,7 Hz), 7.27-7.35 (m, 2H),
7.51-7.56 (m, 1H), 7.70-7.77 (m, 1H), 8.19 (d, 2K, 8,7 Hz).

¥C NMR (100 MHz, CDClg): 6 = 55.5, 110.4, 114.3, 119.6, 119.7, 124.4, 124.6,3129
142.2, 150.6, 162.2, 163.0.

All spectral data correspond to those given inliteeature®?

1333.-Z. Zhang, Q. Zhu, X. Huang§ynth.. Commur2002, 32, 2175.
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2-(3,4-dichlorophenyl)benzofljJoxazole (51d)

0

asee
N
Cl

Following the general procedure usiNg2-bromophenyl)-3,4-dichlorobenzamide (100 mg,
0.29 mmol) provided 50 mg (65% vyield) of the coogliproduct as a white solid after
purification by flash chromatography (@El./pentane 1:1).
'H NMR (400 MHz, CDCly): & = 7.22-7.25 (m, 2H), 7.33-7.40 (m, 2H), 7.54-7.62 (H),
7.73-7.79 (m, 1H), 8.07 (dt, 1H,= 1.9, 8.5 Hz), 8.34 (t, 1H,= 1.9 Hz).
3C NMR (100 MHz, CDCl): & = 110.6, 120.1, 124.9, 125.5, 126.4, 126.9, 129.8,93
133.5, 141.8, 150.6, 160.8.

All spectral data correspond to those given inliteeature**

2-(4-bromophenyl)benzofljoxazole (51e)

(O~

Following the general procedure using 4-brei¢2-bromophenyl)benzamide (100 mg, 0.35
mmol) provided 65 mg (92% vyield) of the couplingpguct as a white solid after purification
by flash chromatography (GBl./pentane 1:1).

'H NMR (400 MHz, CDCly): & = 7.31-7.37 (m, 2H), 7.52-7.57 (m, 1H), 7.61-7.66 gH),
7.71-7.77 (m, 1H), 8.07-8.11 (m, 2H).

3C NMR (100 MHz, CDCl): & = 110.6, 120.1, 124.7, 125.4, 126.0, 126.2, 129.2,213
141.9, 150.7, 162.0.

All spectral data correspond to those given inliteeature*

gagte

134y, V. Somayajulu, N. V. Subba RaBurrent Sci. (India)l956 25, 86.
135 R. S. Pottorf,N. K. Chadha,M. Katkevics, V. Ozola, E. Suna,H. Ghane,T. Regberg, M. R. Player,
Tetrahedro. Lett2002 44, 175.

2-mesitylbenzofljoxazole (51f)
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Following the general procedure usihg(2-bromophenyl)-2,4,6-trimethylbenzamide (100
mg, 0.32 mmol) provided 12 mg (16% vyield) of thesgling product as a white solid after
purification by flash chromatography (@El./pentane 1:1).

'H NMR (400 MHz, CDCl3): & = 2.33 (s, 6H), 2.39 (s, 3H), 7.00 (s, 2H), 7.36-7(¢ 2H),
7.56-7.64 (m, 1H), 7.80-7.90 (m, 1H).

3¢ NMR (100 MHz, CDCl3): 6=20.3, 21.3110.6, 120.2, 122.4, 124.2, 124.9, 125.0, 128.6,
132.4, 138.5, 140.3, 141.7, 150.6, 163.5.

All spectral data correspond to those given inliteeature*°

2-(2-fluorophenyl)benzof]oxazole (519)

Sate

Following the general procedure usiNg2-bromophenyl)-2-fluorobenzamide (100 mg, 0.34
mmol) provided 35 mg (48% yield) of the couplinggg@uct as a white solid after purification
by flash chromatography (GBl./pentane 1:1).

% NMR (376 MHz, CDCls): = -110.2.

'H NMR (400 MHz, CDCls): 8 = 7.24-7.27 (m, 1H), 7.28-7.34 (m, 1H), 7.35-7.42 BH),
7.49-7.56 (m, 1H), 7.60-7.65 (m, 1H), 7.81-7.87 (i), 8.21-8.27 (m, 1H).

3C NMR (100 MHz, CDCly): & = 110.7, 115.5, 117.0 (37 = 21 Hz), 120.4, 124.4 (d°F

= 3.8 Hz), 124.7, 125.5, 130.5, 133.0d, = 9.1 Hz), 141.7, 150.4, 159.5, 161.0.

All spectral data correspond to those given inliteeature*’

2-(3-methoxyphenyl)benzafjoxazole (51h)

Joyss

Following the general procedure usiNg(2-bromophenyl)benzamide (100 mg, 0.33 mmol)
provided 72 mg (82% yield) of the coupling prodast a white solid after purification by
flash chromatography (CEl./pentane 1:1).

'H NMR (400 MHz, CDCl3): 8 = 3.94 (s, 3H), 7.08-7.14 (m, 1H), 7.34-7.41 (m, 2H}5
(dd, 1H,J=8.0, 8.0 Hz), 7.58-7.64 (m, 1H), 7.77-7.84 (iH),27.86-7.90 (m, 1H).

136 H.-Q. Do, O. Daugulis). Am. Chem. So2007, 129, 12404.
137 G. Altenhoff, F. GloriusAdv. Synth. CataR004 346, 1161.
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3¢ NMR (100 MHz, CDCl3): & =55.5, 110.6, 111.9, 118.4, 120.0, 124.6, 125.2,4128
130.0, 142.1, 150.8, 160.0, 163.0.
All spectral data correspond to those given inliteeature*®

6-fluoro-2-phenylbenzof]oxazole (51i)

0 F

O
Following the general procedure usiNg2-bromo-4-fluorophenyl)benzamide (100 mg, 0.34
mmol) provided 65 mg (89% vyield) of the couplingpguct as a white solid after purification
by flash chromatography (GBl./pentane 1:1).
% NMR (376 MHz, CDCls): 8 = -115.1.
'H NMR (400 MHz, CDCl3): & = 7.10 (td, 1HJ = 9.4, 2.5 Hz), 7.31 (dd, 1H,= 8.0, 2.5
Hz), 7.48-7.56 (m, 3H), 7.67-7.72 (m, 1H), 8.188(th, 2H).
13C NMR (100 MHz, CDCls): 8 =98.7 (dJ°F = 28 Hz), 112.5 (dJ°" = 24 Hz), 120.2 (dJ*"
=9.9 Hz), 126.9, 127.4, 129.0, 131.6, 138.4, 15@,.6CF: 14 Hz), 159.4, 161.8, 163.6.

All spectral data correspond to those given inliteeature**

6. Synthesis of Benzofurans

General Procedure for Synthesis of the Starting Madrials by Friedel-Crafts Acylations
of 2-Bromopheny! Acetyl Chloride™*°

OH  socCl, ©\/\H/CI ArH mm
(I:g toluene Br o AICl3 Br ©
r reflux CH,CI,

A solution of 2-bromophenyl acetic acid (1 equivQ7Lg, 5 mmol) and thionyl chloride (2
equiv, 0.85 mL, 10 mmol) in toluene (12 mL) in aind-bottomed flask was refluxed for 2
hours. Then, the mixture was evaporated under estlpeessure to dryness and the residue
re-disolved in dichloromethane (15 mL). The are&@ equiv, 11 mmol) was added and the
mixture was then cooled to 0 °C. Subsequently, A(CI2 eq, 800 mg, 6 mmol) was added

portionwise, keeping the reaction temperature bl®WC. The mixture was warmed to room

138 R. Ips, M. Lachaize, O. Albert, M. Dupohimica Therapeutica971, 6, 126.
139 A, Hari, C. Karan, W. C. Rodrigues, B. L. Millek, Org. Chem2001, 66, 991.
140c. Chen, P. G. Dormel, Org. Chen2005 70, 6964.
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temperature and stirred at this temperature forhien, it was poured into 1N HCI (15 mL),
and the CHCI, layer was separated, dried with Mgshd concentrated in vacuum to give
crude product as a solid. The product was rectigdlfrom MTBE/pentane 1:1 to afford the

correspondent bromoketone.

2-(2-bromophenyl)-1-(4-methoxyphenyl)ethanone (53a)
‘ OMe
(LS

Br
Following the general procedure to yield the tittenpound as a white solid (74%).
'H NMR (400 MHz, CDCl3): & = 8.03-7.99 (m, 2H), 7.59-7.55 (m, 1H), 7.28-7.20 gH),
7.15-7.09 (m, 1H), 6.90-6.98 (m, 2H), 4.38 (s, ZBiB6 (s, 3H).
3C NMR (100 MHz, CDCly): & = 194.8, 163.6, 135.2, 132.7, 131.6, 130.6, 129.8.612
127.5, 125.0, 113.8, 55.6, 45.5.
M. p. = 84.4 °C; lit. m. p. = 91-92 °C.
All spectral data correspond to those given inliteeature*

2-(2-bromophenyl)-1-(4-(methylthio)phenyl)ethanon€53b)

O SMe
O O
Br

Following the general procedure to yield the tittenpound as a yellow pale solid (68%).
'H NMR (400 MHz, CDCls): 8 = 7.98-7.92 (m, 2H), 7.62-7.56 (m, 1H), 7.32-7.24 &H),
7.18-7.10 (m1H), 4.41 (s, 2H), 2.52 (s, 3H).

¥C NMR (100 MHz, CDCls): & = 195.4, 146.2, 135.1, 132.8, 132.9, 132.8, 131.8,812
128.7, 127.5, 125.1, 45.5, 14.8.

M. p. = 84.2-84.8 °C; lit. m. p. = 85-87 °C.

All spectral data correspond to those given inliteeature*°
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2-(2-bromophenyl)-1p-tolylethanone (53c)

O N
O (0]
Br

Following the general procedure to yield the titenpound as a yellow oil (82%).

'H NMR (400 MHz, CDCls): & = 7.97 (m, 2H), 7.60 (d] = 8.0 Hz, 1H), 7.30-7.25 (m, 4H),
7.17-7.15 (m, 1H), 4.44 (s, 2H), 2.43 (s, 3H).

13C NMR (100 MHz, CDCl): & = 196.0, 144.2, 135.2, 134.1, 132.8, 132.7, 131.9,412
128.5,127.5, 125.1, 45.79, 21.87.

All spectral data correspond to those given inliteeature*°

2-(2-bromophenyl)-1-mesitylethanone (53d)

D@
Br

Following the general procedure (3 mmol scale) gisnesitylene (2.2 equiv, 1.5 mL) to yield
the title compound as a pale yellow solid (51%).

'H NMR (400 MHz, CDCl3): 8 =7.60 (d,J = 8.0 Hz, 1H), 7.33-7.25 (m, 2H), 7.19-7.14 (m,
1H), 6.86 (s, 2H), 4.23 (s, 2H), 2.30 (s, 3H), 2A&86H).

¥c NMR (100 MHz, CDCl): & = 205.5, 138.9, 138.6, 133.7, 132.9, 132.8, 131.8,92
128.5, 127.5, 125.4, 51.63, 21.22, 19.45.

M. p. =103.5-104.5 °C.

HRMS (El): m/zcalculated for ¢H,;0"°Br 316.0457, found 316.0457.

2-(2-bromophenyl)-1-(4tert-butylphenyl)ethanone (53e)

MeMe
O O Me

Br
Following the general procedure to yield the tittenpound as a tan solid (45%).
'H NMR (400 MHz, CDCl3): & = 7.95-7.90 (m, 2H), 7.54-7.50 (m, 1H), 7.46-7.41 gH),
7.25-7.16 (m1H), 7.12-7.05 (m1H), 4.37 (s, 2H), 1.28 (s, 9H).
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3C NMR (100 MHz, CDCls): & = 195.8, 157.0, 135.1, 135.0, 132.7), 131.6, 1298,6,
128.3,127.6, 127.4, 125.6, 45.8, 31.2.

M. p. = 71.1-71.9 °C.

HRMS (ESI): m/zcalculated for GH150"*BrNa 353.0512, found 353.0511.

2-(2-bromophenyl)-1-(4-chlorophenyl)ethanone (53f)
o
(L

Br
Following the general procedure (3 mmol scale) gisinlorobenzene (2.2 equiv, 0.67 mL) to
yield the title compound as a white solid (15%).
'H NMR (400 MHz, CDCls): & =7.98 (d,J = 8.5 Hz, 2H), 7.59 (d] = 3.5 Hz, 1H), 7. 46 (d,
J=28.5Hz, 2H), 7.30-7.22 (m, 2H), 7.16 (Ids 7.8 Hz,J = 1.5 Hz, 1H), 4.41 (s, 2H).
13C NMR (100 MHz, CDCly): & = 195.1, 139.7, 134.9, 134.6, 132.8, 131.5, 129.9,112
129.0, 127.6, 125.0, 45.82.
M. p. =94.0-94.5 °C; lit. m. p. = 76-77 °C.
All spectral data correspond to those given inliteeature**

2-(2-bromophenyl)-1-(2,3-dihydro-1H-inden-5-yl)ethaone (53i)

LT
Br

Following the general procedure to yield the tittempound as a white solid (10%).

'H NMR (400 MHz, CDCls): & = 7.92-7.89 (m, 1H), 7.86-7.82 (m, 1H), 7.59-7.56 (iH),
7.33-7.21 (m, 3H), 7.16-7.10 (m, 1H), 4.42 (s, 2M98-2.92 (m, 4H), 2.14-2.06 (m, 2H).
¥C NMR (100 MHz, CDCly): & = 196.1, 150.5, 144.9, 135.3, 135.1, 132.7, 131.8,612
127.5,126.9, 125.1, 124.4, 124.2, 45.9, 33.2, 255.

M. p. = 67.0 °C.

HRMS (El): m/zcalculated for ¢H1c0"*Br 315.0379, found 315.0375.

1413, Farago, A. Kotschynthesi®009 85.
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2-(2-bromophenyl)-1-(5,6,7,8-tetrahydronaphthalen-2/l)ethanone (53))

(L1

Br
Following the general procedure to yield the tittenpound as a white solid (11%).
'H NMR (400 MHz, CDCl3): & = 7.76-7.72 (m, 2H), 7.59-7.55 (m, 1H), 7.29-7.20 gH),
7.16-7.09 (m, 2H), 4.40 (s, 2H), 2.84-2.77 (m, 4HB3-1.78 (m, 4H).
13C NMR (100 MHz, CDCly): & = 196.1, 143.4, 137.5, 135.2, 134.1, 132.7, 131.8,412
129.2, 128.6, 127.4, 125.4, 125.1, 45.7, 29.8,, 284, 22.9.
M. p. = 101.5-102.3 °C.
HRMS (ESI): m/zcalculated for GH150"*Br 329.0536, found 329.0535.

2-(2-bromo-5-methoxyphenyl)-1-(4-methoxyphenyl)eth@one (53Kk)
OMe
MeO O
(L1

Br
Following the general procedure to yield the tittenpound as a tan solid (38%).
'H NMR (300 MHz, CDCls): =8.03-7.97 (m, 2H), 7.46-7.42 (d= 8.8 Hz, 1H), 6.96-6.90
(m, 2H), 6.79-6.76 (dJ = 3.0 Hz, 1H), 6.71-6.66 (dd,= 3.0 Hz,J = 8.8 Hz, 1H), 4.33 (s,
2H), 3.87 (s, 3H), 3.73 (s, 3H).
3C NMR (75 MHz, CDCl3): & = 195.1, 163.7, 159.1, 136.3, 133.4, 130.9, 129.8,311
115.6, 114.7, 114.0, 55.7, 55.6, 45.8.
M. p. =116.9-117.7 °C.
HRMS (ESI): m/zcalculated for GH1¢05"*Br 335.0277, found 335.0275.

2-(2-bromo-5-methoxyphenyl)-1-(4-(methylthio)phenylethanone (53I)

SMe
MeO O
LY

Br
Following the general procedure to yield the tittenpound as a yellow pale solid (10%).
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'H NMR (400 MHz, CDCls): & = 7.94-7.90 (m, 2H), 7.46-7.42 (m, 1H), 7.28-7.23 (H),
6.79-6.76 (d,) = 3.0 Hz, 1H), 6.71-6.66 (dd,= 3.0 Hz,J = 8.8 Hz, 1H), 4.33 (s, 2H), 3.73 (s,
3H), 2.50 (s, 3H).

3C NMR (100 MHz, CDCly): & = 195.2, 158.8, 146.2, 135.9, 133.2, 132.8, 128.8,012
117.2, 115.4, 114.5, 55.5, 45.8, 14.9.

M. p. = 95.8-96.4 °C.

HRMS (ESI): m/zcalculated for GHis “BrO,S 351.0049, found 351.0047.

2-(2-bromo-5-methoxyphenyl)-1-p-tolylethanone (53m)
Me
MeO O
LY

Br
Following the general procedure to yield the tittenpound as a white solid (64%).
'H NMR (400 MHz, CDCls): & = 7.94-7.90 (dJ = 8.0 Hz, 2H), 7.46-7.42 (d, = 8.8 Hz,
1H), 7.28-7.24 (dJ = 8.0 Hz, 1H), 6.79-6.77 (d,= 3.0 Hz, 1H), 6.71-6.67 (dd,= 3.0 Hz,J
= 8.8 Hz, 1H), 4.36 (s, 2H), 3.74 (s, 3H), 2.403(4).
3C NMR (75 MHz, CDCls): & = 195.9, 158.9, 144.2, 136.0, 134.1, 133.2, 129.8,52
117.2,115.5, 114.5, 55.4, 45.8, 21.7.
M. p. =79.8-80.8 °C.
HRMS (ESI): m/zcalculated for GsH1s0,"°Br 341.0148, found 341.0149.

2-(2-bromo-5-methoxyphenyl)-1-mesitylethanone (53n)

Me Me
MeO O
O O Me

Br
Following the general procedure to yield the titenpound as a yellow solid (34%).
'H NMR (300 MHz, CDCly): & =7.50-7.55 (d,) = 8.8 Hz, 2H), 6.68-6.64 (m, 2H), 6.81-6.70
(m, 2H), 4.18 (s, 2H), 3.78 (s, 3H), 2.29 (s, 3MP7 (s, 6H).
13C NMR (75 MHz, CDCls): & = 205.5, 158.9, 139.0, 138.6, 134.5, 133.4, 132.8,612
117.5,115.8, 114.4,55.5, 51.7, 21.1, 19.3.
M. p. =93.1-93.5 °C.
HRMS (ESI): m/zcalculated for GH140, °BrNa 369.0461, found 369.0461.
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General Procedure for Synthesis of Starting Materits 53g and 53h bya-Arylation of
Ketones*

Under argonCs,CO;s (2.2 equiv, 4.3 g, 13.2 mmol) was added to a dii@sk charged with
Pd(dba} (0.5 mol%, 27 mg, 0.03 mmol) and XANTPHOS (1.2 %hp¥42 mg, 0.07 mmaol).
The flask was evacuated and back-filled with arfsae times. The reagents were suspended
in anhydrous dioxane and 1-bromo-2-iodobenzengive0.77 mL, 6 mmol) and the ketone
(2 equiv) were added under argon. The reaction hezded to 80 °C for 24 hours. After
cooling to room temperature the reaction mixtures wduted with diethyl ether and water.
The product was extracted with diethyl ether. Thenbined organic extracts were washed
with brine, dried with MgSQ filtered and reduced imacua The product was purified via

flash chromatography to yield the title compound.

2-(2-bromophenyl)cyclohexanone (539)

BrO
Following the general procedure using cyclohexar(@ri&4 mL), the product was purified via
flash chromatography (pentene/diethyl ether 1@3)¢ld the title compound as a white solid
(15%).
'H NMR (400 MHz, CDCl3): & = 7.48 (d,J = 7.9 Hz, 1H), 7.25-7.18 (m, 1H), 7.13 (0=
7.7 Hz, 1H), 7.04 (t) = 7.3 Hz, 1H), 4.03 (dd] = 12.8 and 5.2 Hz, 1H), 2.49-2.45 (m, 2H),
2.23-2.11 (m, 2H), 1.98-1.70 (m, 4H).
3C NMR (100 MHz, CDCls): 3 =208.7, 138.4, 132.6, 128.4, 127.4, 127.2, 125.7,,3R.6,
34.4,27.9, 25.8.
M. p. =57.0-58.0 °C; lit. m. p. = 57.0-58.3 °C.
All spectral data correspond to those given inliteeature’*?

2-(2-bromophenyl)-3,4-dihydronaphthalen-1(2H)-one%3h)

142 M. C. Willis, D. Taylor, A. T. GillmoreQrg. Lett.2004 6, 4755.
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Following the general procedure usingtetralone and sodiuntert-butoxide as the base,
heating at 100 °C for 24 hours. The product wasfipdr via flash chromatography
(pentane/diethyl ether 10:1) to yield the title gmund as a viscous yellow oil (76%).

'H NMR (400 MHz, CDCls): 3=8.00 (ddJ = 7.5 and 1.3 Hz, 1H), 7.46 (8= 7.5 and 1.3,
1H), 7.36 (tdJ = 7.5 and 1.6 Hz, 1H), 7.22-7.11 (m 3H), 7.04-6(86 2H), 4.17 (dd,) =
11.9 and 4.9 Hz, 1H), 3.09-3.01 (m, 1H), 2.90 §dt 16.6 and 4.0 Hz, 1H), 2.35-2.18 (m,
2H).

3C NMR (100 MHz, CDCl): & = 196.8, 143.9, 139.7, 133.5, 132.9, 132.8, 129.9,512
128.5, 127.8, 127.6, 126.8, 125.5, 54.5, 30.6,.29.5

All spectral data correspond to those given inliteeature’*?

General Procedure for Intermolecular O-Arylations to Give Benzop]furans

A sealed tube equipped with a magnetic stir bar wvadmrged with the 2-(2-
bromophenyl)ketone (1.0 equiv, 0.32 mmol),@©3; (2.0 equiv, 0.64 mmol) and FeCD.1
equiv, 0.03 mmol; Acros; 98%). The aperture of thiee was then covered with a rubber
septum, and an argon atmosphere was establish2d, 62T etramethyl-3,5-heptanedione
(TMHD, 0.2 equiv, 0.06 mmol) and DMF (1 mL) weredad via syringe. The septum was
replaced by a teflon-coated screw cap, and theiosagessel was heated at 120 °C. After
stirring at this temperature for 24 h, the heternegels mixture was cooled to room
temperature, diluted with dichloromethane and riétethrough a pad of celite. The solution
was concentrated to give the product, which wasfipdrby silica gel chromatography to
yield the benzdfJfuran. The identity and purity of the product wasnfirmed by'H NMR
and**C NMR spectroscopic analysis and exact mass detation.

2-(4-methoxyphenyl)benzdjJfuran (54a)

(6]

Following the general procedure using 2-(2-bromophel-(4-methoxyphenyl)ethanori@8
mg, 0.32 mmol) and Feg(Acros; 98%) provided 57 mg (79%) of the couplprgduct as a
white solid after purification by flash chromatoghy (CH.Cl./pentane 1:3).

'H NMR (400 MHz, CDCly): 8 = 7.74-7.69 (m, 2H), 7.49-7.45 (m, 1H), 7.44-7.40 (H),
7.20-7.10 (m, 2H), 6.92-6.87 (m, 2H), 6.81-6.79 (), 3.77 (s, 3H).
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3C NMR (100 MHz, CDCly): & = 159.9, 156.0, 154.6, 129.4, 126.4, 123.7, 123.2,8,2
1205, 114.2, 111.0, 99.7, 55.4.
M. p. = 146.2-147.2 °C; lit. m. p. = 154-155 °C,

All spectral data correspond to those given inliteeature*°

2-(4-(methylthio)phenyl)benzop]furan (54b)

(@]

Following the general procedure using 2-(2-bromoghel-(4-(methylthio)phenyl)ethanone
(103 mg. 0.32 mmol) and Fe{Acros; 98%) provided 55 mg (72%) of the couplprgduct
as a white solid after purification by flash chraography (CHCI./pentanel:1).

H NMR (400 MHz, CDCls): 8 = 7.78-7.74 (m, 2H), 7.57-7.46 (m, 2H), 7.32-7.17 4H),
6.96 (s, 1H), 2.51 (s, 3H).

¥c NMR (100 MHz, CDCl): & = 155.5, 154.7, 139.2, 129.2, 127.2, 126.4, 125.2,112
122.9,120.8, 111.1, 100.9, 15.7.

M. p. = 163.5-163.5 °C; lit. m. p. = 159 °C.

All spectral data correspond to those given inliteeature*°

2-p-tolylbenzofuran (54c)

(6]

Following the general procedure using 2-(2-bromoghel-p-tolylethanong92 mg, 0.32
mmol) and FeGl (Acros; 98%) provided 39 mg (59%) of the couplmpduct as a white
solid after purification by flash chromatographgifpane).

'H NMR (400 MHz, CDCls): 3 =7.66 (d,J = 8.2 Hz), 7.48-7.41 (m, 2H), 7.18-7.13 (m, 4H),
6.86 (s, 1H), 2.30 (s, 3H).

13C NMR (100 MHz, CDCly): & = 156.1, 154.7, 138.6, 129.5, 129.3, 127.7, 124.8,012
122.8,120.7, 111.1, 100.6, 21.5.

M. p. =128.3-129.1 °C.

All spectral data correspond to those given inliteeature*®

143¢. pPan, J. Yu, Y. Zhou, Z. Wang, M.-M. Zh@ynlett2006 1657.
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2-(44ert-butylphenyl)benzolb]furan (54d)

(0

o

Following the general procedure using 2-(2-bromoghel-(4-tert-butylphenyl)ethanone
(106 mg, 0.32 mmol) and Fe(JAcros; 98%) provided 43 mg (54%) of the couplprgduct
as a white solid after purification by flash chraography (pentane).

'H NMR (400 MHz, CDCls): & = 7.83-7.78 (m, 2H), 7.59-7.56 (m, 1H), 7.55-7.51 (H),
7.50-7.46 (m, 2H), 7.30-7.20 (m, 2H), 6.98-6.96 (), 1.21 (s, 9H).

13C NMR (100 MHz, CDClg): 6 = 156.1, 154.8, 151.7, 129.3, 127.7, 125.7, 124.4,(Q1.2
122.8, 120.7,111.1, 100.7, 34.9, 31.4.

M. p. =127.8-128.4 °C; lit. m. p. = 132 °C.

All spectral data correspond to those given inliteeature**

2-mesitylbenzofuran (54e)

Me
Following the general procedure using 2-(2-bromaogtel-mesitylethanoné€l00 mg, 0.32
mmol) and FeGl (Acros; 98%) provided 63 mg (87%) of the couplmpduct as a white
solid after purification by flash chromatographygifpane).
'H NMR (300 MHz, CDCl3): & = 7.53-7.51 (m, 1H), 7.42-7.41 (m, 1H), 7.21-7.12 gH),
6.87 (s, 2H), 6.54 (s, 1H), 2.25 (s, 3H), 2.146).
13C NMR (75 MHz, CDCl3): & = 155.1, 154.8, 139.0, 138.4, 128.9, 128.4, 127.B,712
122.6, 120.7, 111.2, 106.1, 21.2, 20.5.
M. p. =49.4-49.7 °C; lit. (olil).
All spectral data correspond to those given inliteeature*

2-(4-chlorophenyl)benzofuran (54f)

O

144 3. Astoin, P. Demerseman, A. Riveron, R. RoyeHet. Chem1977 14, 867.
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Following the general procedure using 2-(2-bromaoghel-(4-chlorophenyl)ethanon@®9
mg, 0.32 mmol) and Feg€(Acros; 98%) provided 18 mg (25%) of the couplprgduct as a
white solid after purification by flash chromatoghg (pentane).

'H NMR (300 MHz, CDCls): & = 7.80-7.77 (m, 2H), 7.60-7.56 (m, 1H), 7.52-7.49 (),
7.43-740 (m, 2H), 7.30-7.23 (m, 2H), 7.01 (s, 1H).

3C NMR (75 MHz, CDCl): & = 154.9, 154.8, 134.3, 129.1, 129.0, 126.3, 126.4,6,2
123.1, 121.0, 111.2, 101.8.

M. p. = 143.2-144.2 °C.

All spectral data correspond to those given inliteeature’*®

1,2,3,4-tetrahydrodibenzop,d]furan (549)

Cry

Following the general procedure using 2-(2-bromaogheyclohexanon€81 mg, 0.32 mmol)
and Fed (Acros; 98%) provided 18 mg (33%) of the couplipr@duct as a colourless oil
after purification by flash chromatography (pendane

'H NMR (300 MHz, CDCl3): & = 7.34-7.31 (m, 2H), 7.13-7.10 (m, 2H), 2.69-2.64 gH),
2.58-2.52 (m, 2H), 1.89-1.76 (m, 4H).

13C NMR (75 MHz, CDCl3): 5 =154.3, 154.0, 128.8, 122.9, 122.1, 118.3, 112.8,7123.4,
22.9,22.7,20.4.

All spectral data correspond to those given inliteeature’*?

5,6-dihydrobenzop]naphtho[2,1-d]furan (54h)

Following the general procedure using 2-(2-bromopghe3,4-dihydronaphthalen-1(2H)-one
(96 mg, 0.32 mmol) and FefJ|Acros; 98%) provided 53 mg (76%) of the couplprgduct
as a white solid after purification by flash chraography (pentane / diethyl ether 9:1).

'H NMR (400 MHz, CDCls): & = 7.65 (d,J = 7.4Hz, 1H), 7.51-7.46 (m, 2H), 7.29-717 (m,
5H), 3.08 (tJ = 7.7 Hz, 2H), 3.00 (§ = 7.9 Hz, 2H).

¥c NMR (100 MHz, CDCly): & = 155.2, 151.7, 135.9, 128.3, 128.0, 127.8, 127268,
124.0, 122.7, 120.5, 119.1, 114.1, 111.4, 28.8§.19.
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M. p. = 51.9-52.5 °C: lit. (oil).
All spectral data correspond to those given inliteeature’*?

2-(2,3-dihydro-1H-inden-5-yl)benzoplfuran (54i)

C-Q

o ML

Following the general procedure using 2-(2-bromaogt)el-(2,3-dihydro-1H-inden-5-
yhethanoneg(101 mg, 0.32 mmol) and FeC{Acros; 98%) provided 56 mg (75%) of the
coupling product as a white solid after purificatioy flash chromatography (pentane).
'H NMR (400 MHz, CDCls): 8 = 7.75-7.72 (m, 1H), 7.67-7.63 (m, 1H), 7.58-7.54 (H),
7.53-7.49 (m, 1H), 7.31-7.19 (m, 3H), 6.95 (s, 13P0-2.91 (M, 4H), 2.32 (m, 2H).
3C NMR (100 MHz, CDCl): & = 186.5, 156.6, 154.7, 145.1, 144.8, 129.4, 128.8,6,2
123.9,123.1, 122.8, 120.9, 120.7, 111.0, 100.8,25.5.

M. p. =92.2-92.8 °C.
HRMS (El): m/zcalculated for &H140 234.1039, found 234.1034.

2-(5,6,7,8-tetrahydronaphthalen-2-yl)benzdjjfuran (54j)

(<

¢ )

Following the general procedure using 2-(2-bromoghel-(5,6,7,8-tetrahydronaphthalen-2-
yhethanoneg(105 mg, 0.32 mmol) and FeC{Acros; 98%) provided 64 mg (81%) of the
coupling product as a white solid after purificatioy flash chromatography (pentane).
H NMR (300 MHz, CDCls): 8 = 7.51-7.40 (m, 4H), 7.21-7.09 (m, 2H), 7.07-7.02 {H),
6.81 (s, 1H), 2.80-2.65 (m, 4H), 1.79-1.70 (m, 4H).
3C NMR (75 MHz, CDCl3): 6 =156.4, 154.8, 138.0, 137., 129.6, 129.4 127.7,5223.9,
122.8, 122.2,120.7, 111.7, 110.5, 29.5, 29.4,, 252 .

M. p. = 98.0-98.7 °C.
HRMS (El): m/zcalculated for gH160 248.1196; found 248.1187.

5-methoxy-2-(4-methoxyphenyl)benzdglfuran (54k)

MeO
Cry<row
(0]
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Following  the general procedure using 2-(2-brommé&thoxyphenyl)-1-(4-

methoxyphenyl)ethanor{@7 mg, 0.32 mmol) and Fe{JlAcros; 98%) provided 33 mg (47%)
of the coupling product as a white solid after ficakion by flash chromatography
(CH.Cly/pentane 1:1).

'H NMR (300 MHz, CDCls): & =7.79-7.75 (m, 2H), 7.40-7.37 (d= 8.9 Hz, 1H), 7.03-7.01
(d, J = 2.6 Hz, 2H), 6.99-6.95 (m, 1H), 6.87-6.84 (dd; 2.6 Hz,J = 8.9 Hz, 1H), 6.83 (s,

1H), 3.86 (ds, 6H).

13C NMR (75 MHz, CDCl3): & = 159.9, 156.9, 156.0, 149.7, 130.0, 126.3, 123.4,211

112.3,111.4, 103.2, 99.9, 55.9, 55.4.

M. p. = 154.8-155.6 °C; lit. m. p. = 163 °C.

All spectral data correspond to those given inliteeature*®

5-methoxy-2-(4-(methylthio)phenyl)benzdp]furan (54l)

MeO
S~
(@]

Following the  general procedure  using  2-(2-bromméthoxyphenyl)-1-(4-

(methylthio)phenyl)ethanon@12 mg, 0.32 mmol) and Fe{JlAcros; 98%) provided 26 mg
(30%) of the coupling product as a white solid aftarification by flash chromatography
(CH.Cly/pentane 1:1).

'H NMR (400 MHz, CDCl3): & =7.70-7.66 (m, 2H), 7.34-7.30 (d= 8.9 Hz, 1H), 7.20-7.15

(m, 2H), 7.25-7.21 (m, 2H), 6.96-6.94 = 2.6 Hz, 1H), 6.85-6.83 (m, 1H), 6.82-6.78 (dd,
= 2.6 Hz,J=8.9 Hz, 1H), 3.78 (s, 3H), 2.46 (s, 3H).

3C NMR (100 MHz, CDCl): & = 156.3, 156.0, 149.7, 139.1, 129.8, 127.2, 126.5,112

112.8, 111.5, 103.2, 101.0, 56.0, 15.7.

M. p. = 166.5-167.3 °C.

HRMS (El): m/zcalculated for gH150,S 271.0787, found 271.0787.

5-methoxy-2p-tolylbenzolb]furan (54m)

MeO
(e

145 A, Guy, J. P. Guette, G. Lan8ynthesid98Q 222.
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Following the general procedure using 2-(2-brommé&thoxyphenyl)-Ip-tolylethanong102
mg, 0.32 mmol) and Feg€(Acros; 98%) provided 27 mg (36%) of the couplprgduct as a
tan solid after purification by flash chromatogrggH.Cl./pentane 1:3).

'H NMR (400 MHz, CDCls): & = 7.68-7.64 (m, 2H), 7.34-7.30 (m, 1H), 7.20-7.15 2H),
6.96-6.94 (d,) = 2.6 Hz, 1H), 6.84-6.82 (m, 1H), 6.81-6.77 (dd; 2.6 Hz,J = 8.9 Hz, 2H),
3.78 (s, 3H), 2.32 (s, 3H).

3C NMR (100 MHz, CDCl): & = 156.9, 155.9, 149.7, 138.5, 129.8, 129.4, 127.8,82
112.6,111.5, 103.2, 100.7, 56.0, 21.5.

M. p. = 123.0-124.0 °C; lit. m. p. = 126.0-126.5 °C.

All spectral data correspond to those given inliteeature*°

2-mesityl-5-methoxybenzdp]furan (54n)

Me
MeO
Iy~
TR0
Me

Following the general procedure using 2-(2-bromméthoxyphenyl)-1-mesitylethanone
(111 mg, 0.32 mmol) and Fe{Acros; 98%) provided 57 mg (66%) of the couplprgduct
as a white solid after purification by flash chraography (CHCl,/pentane 1:3).

'H NMR (400 MHz, CDCls): & = 7.33-7.29 (dJ = 8.9 Hz, 1H), 7.99-7.02 (d, = 2.6 Hz,
1H), 6.89-6.87 (s, 2H), 6.84-6.79 (db>= 2.6 Hz,J = 8.9 Hz, 1H), 3.79 (s, 3H), 2.26 (s, 3H),
2.15 (s, 6H).

3C NMR (100 MHz, CDCly): & = 155.8, 155.7, 149.7, 138.9, 138.3, 129.3, 128.3,712
112.3, 111.6, 106.2, 103.2, 56.0, 21.3, 20.6.

M. p. =103.6-104.6 °C.

HRMS (El): m/zcalculated for gH190, 267.1380, found 267.1380.

7. Synthesis of 5-Substituted 1H-Tetrazoles

General Procedure for Synthesis of 5-Substituted 1Hetrazoles

A sealable tube equipped with a magnetic stir ks eharged with arylnitrile (1.0 equiv) and
Fe(OAc) (0.1 equiv; Aldrich; 95%). A rubber septum wasdise cover the aperture of the
tube, an argon atmosphere was established, andthyiailyl azide (1.5 equiv) and a 9:1

DMF-MeOH solution (1 mL) were added using a syringiben, a teflon-coated screw cap

146 A E. Siegrist, H. R. MeyeHelv. Chim. Actd 969 52, 1282.
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replaced the rubber septum, and the reaction vesseheated at 80 °C. After stirring at this
temperature for 24 h, the mixture was cooled tonrdemperature and diluted with ethyl
acetate. The resulting solution was washed with HQ, dried over anhydrous a0, and
concentrated. An aqueous solution of NaOH (0.25wid¥s added to the residue, and the
mixture was stirred for 30 min at room temperatdige resulting solution was washed with
ethyl acetate, and then 1 N HCI| was added untilptHevalue of the water layer became 1.
The aqueous layer was extracted with ethyl acatate times, and the combined organic
layers were washed with 1 N HCI. The organic layas dried over anhydrous p&0O, and
concentrated. The identity and purity of the prddwas confirmed byH and **C NMR

spectroscopic analysis.

5-(4-(trifluoromethyl)phenyl)-2H-tetrazole (70a)

'.\PN/>—©—T—F
HN~p] L
Following the general procedure using 4-(trifluoeghyl)benzonitrile (100 mg, 0.58 mmol)
provided 112.9 mg (91% yield) of the cycloadditimmeduct as a white solid after extraction.
'H NMR (400 MHz, ds-DMSO): &= 8.22 (dJ = 8.5 Hz, 2H), 7.95 (d] = 8.5 Hz, 2H).

13C NMR (100 MHz, ds-DMSO): & = 155.7, 131.3 (q) = 32.1 Hz), 128.9, 128.1, 126.6,
124.2 (qJ = 271 Hz).

M.p. = 221-222 °C; lit. m. p. = 218-219 °C.

All spectral data correspond to those given inliteeature*’

5-phenyltetrazole (70b)

'.“‘N>_<:>
/
HN\N

Following the general procedure using benzoni{ll@0 mg, 0.97 mmol) provided 79.4 mg
(56% yield) of the cycloaddition product as a whatdid after extraction.
'H NMR (400 MHz, ds-DMSO): & = 8.02-7.98 (m, 2H), 7.58-7.54 (m, 3H).
*C NMR (100 MHz, de-DMSO): & = 155.8, 131.6, 129.8, 127.3, 124.7.
M.p. = 210-211 °C; lit. m. p. = 215-216 °C.
116a

All spectral data correspond to those given inliteeature.

1473, H. Markgraf, S. H. Brown, M. W. Kaplinsky, R. Beterson). Org. Chem1964 29, 2629.
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5-(4-iodophenyl)-2H-tetrazole (70c)

N::N>*__<i:::>>__l
/)
N~y

Following the general procedure using 4-iodobenziémi(100 mg, 0.44 mmol) provided 80.8
mg (68% yield) of the cycloaddition product as ate/solid after extraction.

'H NMR (400 MHz, dg-DMSO): & = 7.98-7.94 (m, 2H), 7.80-7.76 (m, 2H).

3¢ NMR (100 MHz, ds-DMSO): 6 = 138.7, 129.1, 124.2, 98.9.

M.p. = 269-271 ° C; lit. m. p. = 270-271 °C.

All spectral data correspond to those given inliteeature*®

5-(4-vinylphenyl)-2H-tetrazole (70d)

)
HN~p

Following the general procedure using 4-vinylbenzid@ (100 mg, 0.77 mmol) provided
49.3 mg (37% vyield) of the cycloaddition produciaagellow solid after extraction.

'H NMR (400 MHz, dg-DMSO): & = 8.00-7.96 (m, 2H), 7.69-7.65 (m, 2H), 6.78 (dds
11.0, 17.7 Hz, 1H), 5.96 (d,= 17.7 Hz, 1H), 5.37 (d = 11.0 Hz, 1H).

3¢ NMR (100 MHz, ds-DMSO): 6 = 154.9, 139.6, 135.6, 127.1, 126.9, 132.2, 116.4.

M. p. = 213-215 °C.

HRMS (ESI): m/zcalculated for GHgN4 172.0744, found 172.0746.

5-(4-nitrophenyl)tetrazole (70e)

~N
N/
oy NO,
HN\N: <:>

Following the general procedure using 4-nitrobetitziben (100 mg, 0.68 mmol) provided
123.9 mg (96% vyield) of the cycloaddition produstaawhite solid after extraction.
'H NMR (400 MHz, ds-DMSO): & = 8.45-8.40 (m, 2H), 8.30-8.26 (m, 2H).
13C NMR (100 MHz, ds-DMSO): 8 = 156.1, 149.1, 131.5, 128.6, 125.0.
M. p. = 218-220 °C; lit. m. p. = 220 °C.
116a

All spectral data correspond to those given inliteeature.

1483) J. Kaczmarek, H. Smagowski, Z. GrzonkaChem. Soc. Perkin Trans1979 12, 1670. b) J. Ciarkowski,
J. Kaczmarek, Z. Grzonk@rg. Magn. Resl979 12, 631.
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5-(4-hydroxyphenyl)tetrazole (70f)

=N
N/
HN\N

Following the general procedure using 4-hydroxyloaitzile (100 mg, 0.84 mmol) provided
55.8 mg (41% yield) of the cycloaddition producteashite solid after extraction.

'H NMR (400 MHz, de-DMSO): &= 10.15 (br, 1H), 7.84-7.81 (m, 2H), 6.94-6.89 &H).

3¢ NMR (100 MHz, ds-DMSO): 6 = 160.0, 154.7, 128.7, 116.1, 114.6.

M. p. =. 238-240 °C; lit. m. p. = 234-236 °C.

All spectral data correspond to those given inliteeature*®?

5-(2-bromophenyl)-2H-tetrazole (70g)
Br

'}IC
7
HN\N: i ::

Following the general procedure using 2-bromobeitdlen(100 mg, 0.55 mmol) provided
18.5 mg (15% vyield) of the cycloaddition produciaashite solid after extraction.

'H NMR (400 MHz, de-DMSO): & = 7.85 (dd,J = 7.7, 1.5 Hz, 1H), 7.70 (dd,= 7.5, 1.9
1H), 7.61-7.51 (m, 2H).

3c NMR (100 MHz, ds-DMSO): 6 = 154.5, 133.4, 132.5, 131.9, 128.1, 126.3, 121.6.

M. p. =178-179 °C; lit. m. p. = 181-183 °C.

All spectral data correspond to those given inliteeature*°

5-p-tolyl-2H-tetrazole (70h)

N‘N>_< y
/
HN\N

Following the general procedure using 4-methylbeitate (100 mg, 0.85 mmol) provided
78.0 mg (57% vyield) of the cycloaddition producteashite solid after extraction.

'H NMR (400 MHz, d-DMSO): & = 7.91-9.87 (m, 2H), 7.40-7.36 (m, 2H), 2.35 (4).3

13C NMR (100 MHz, ds-DMSO): & = 154.9, 141.0, 129.8, 126.7, 121.2, 21.1.

M. p. = 246-248 °C; lit. m. p. = 248-249 °C.

All spectral data correspond to those given inliteeature*°

149°3) S. J. Wittember, B. G. Donnet, Org. Chem1993 58, 4139; b) J. Kaczmarek, Z. Grzonkglish J.
Chem 198(Q 54, 1297.
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5-(4-chlorophenyl)tetrazole (70i)

N=N
HN <

Following the general procedure using 4-chloroberzte (100 mg, 0.73 mmol) provided
91.9 mg (70% yield) of the cycloaddition producteashite solid after extraction.

'H NMR (400 MHz, ds-DMSO): &= 8.00 (dJ = 8.8 Hz, 2H), 7.62 (d] = 8.8 Hz, 2H).

13C NMR (100 MHz, ds-DMSO): & = 155.3, 136.3, 129.9, 129.0, 123.6.

M. p. = 252-254 °C; lit. m. p. = 252-253 °C.

All spectral data correspond to those given inliteeature X8

/N\W/Q
HN

NN NO,

5-(2-nitrophenyl)-2H-tetrazole (70j)

Following the general procedure using 2-nitrobetitziéen (100 mg, 0.68 mmol) provided 86.5
mg (67% yield) of the cycloaddition product as aygsolid after extraction.

'H NMR (400 MHz, ds-DMSO): & = 8.19-8.15 (m, 1H), 7.92-7.85 (m, 3H).

13C NMR (100 MHz, de-DMSO0): & = 154.1, 148.6, 134.1, 132.8, 131.9, 125.2, 119.7.

M. p. =158-161 °C; lit. m. p. = 159-161 °C.

All spectral data correspond to those given inliteeature>*

'I\l$ O
/> d
HN\N

Following the general procedure using 2-naphthibai{d00 mg, 0.65 mmol) provided 74.3

5-(2-naphthyl)tetrazole (70Kk)

mg (58% vyield) of the cycloaddition product as ate/solid after extraction.

150 3) N. B. Richard, C. G. Victod. Chem. Soc., Perkin Trans1981, 390. b) R. N. Butler, T. M. McEvoyl.
Chem. Soc., Perkin Trans1278 1087.
1513. M. McManus, M. R. Herbsi, Org. Chem1959 24, 1044.
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'H NMR (400 MHz, ds-DMSO): & = 8.64-8.61 (m, 1H), 8.13-8.03 (m, 3H), 8.01-7(83
1H), 7.65-7.58 (m, 2H).
13C NMR (100 MHz, de-DMSO): & = 155.5, 134.3, 133.0, 129.6, 129.0, 128.3, 12837,
127.4, 124.1, 122.0.
M. p. = 202-204 °C; lit. m. p. = 205-207 °C.

116a

All spectral data correspond to those given inliteeature.

5-(3,5-dinitrophenyl)-2H-tetrazole (70I)
NO,

HN’ ~ N02

Following the general procedure using 3,5-dinitratmitrile (100 mg, 0.52 mmol) provided
121.9 mg (>99% yield) of the cycloaddition prodasta white solid after extraction.

'H NMR (300 MHz, d-DMSO): &= 9.10 (dJ = 2.2 Hz, 2H), 7.78 (d] = 2.2 Hz, 1H).

¥3c NMR (100 MHz, ds-DMSO): 6 = 155.3, 149.1, 128.6, 127.1, 120.5.

M. p. = 176-177 °C; lit. m. p. = 178-179 °C.

All spectral data correspond to those given inliteeature??

5-(thiophen-3-yl)-2H-tetrazole (70m)

| / \
HN\N S

Following the general procedure using thiophene®anitrile (100 mg, 0.92 mmol)
provided 100.4 mg (72% yield) of the cycloadditimmeduct as a white solid after extraction.
'H NMR (400 MHz, d-DMSO): & = 8.24 (dd, = 3.0, 1.4 Hz, 1H), 7.78 (dd,= 5.2, 3.0 Hz,
1H), 7.62 (ddJ = 5.2, 1.4 Hz, 1H).

13C NMR (100 MHz, ds-DMSO): 8 = 151,8, 129.2, 127.8, 126.4, 125.4.

M. p. = 243-245 °C; lit. m. p. = 244-246 °C.

All spectral data correspond to those given inliteeature?

5-(2,2-dimethyl-2H-chromen-6-yl)-2H-tetrazole (70n)

1528 S, Jursic, B. W. Lebland, Het. Chem1998 35, 405.
153B. Elpern, F. C. Nachod, Am. Chem. So&95Q 72, 3379.
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=N o
/)
HN\I\I

Following the general procedure using 2,2-dime&tytchromene-6-carbonitrile (100 mg,
0.54 mmol) provided 65.3 mg (53% yield) of the oaxdition product as a white solid after
extraction.

'H NMR (400 MHz, de-DMSO): & = 7.36 (dd,J =8.4, 2.2 Hz, 1H), 7.23 (dd, = 2.2 Hz,
1H), 6.78 (d,J = 8.5 Hz, 1H), 6.27 (d] = 9.9 Hz, 1H), 5.68 (d] = 9.9 Hz, 1H), 1.45 (s, 6H).
13C NMR (100 MHz, dg-DMSO): & = 155.2, 132.5, 128.4, 125.5, 121.9, 121.4, 11112,0,
77.6, 28.4.

M. p. =195-197 °C.

All spectral data correspond to those given inliteeature>*

8. Synthesis of Indoles

General Procedure for the Preparation of the Aryl Azidoacrylates

The required aryl azidoacrylates were prepared ne step by condensation of methyl
azidoacetate and aromatic or heteroaromatic alag=hyollowing the method reported by

Driver and coworker$?® The yields were not optimized.

To a cooled (—20 °C) solution of NaOMe (0.70 g,01&mol, 1.52 equiv) in MeOH (20 mL)
was added a solution of the aldehyde (8.6 mmotjulv¢ and methyl azidoacetate (3.0 g, 25.9
mmol, 3 equiv) in MeOH 20mldropwise over 20 minutes. The resulting reactiortune
was warmed to —10 °C. After 4 h, the heterogeneoiMture was diluted with water (20 mL)
and diethyl ether (20 mL). The aqueous phase waaaad with diethyl ether (2 x 20 mL),
and the combined organic phases were washed vsitiledti water (2 x 20 mL) and brine (20
mL). The resulting organic phase was dried over Blg@nd the heterogeneous mixture was
filtered. The filtrate was concentrat@d vacuoto afford a light yellow oil. Purification by

flash chromatography (EtOAc/diethyl ether or LH/pentane) afforded the product.

(2)-methyl 2-azido-3-phenylacrylate (71a)

154 K. C. Nicolaou, J. A. Pfefferkorn, A. J. Roeckér,-Q. Cao, S. Barluenga, H. J. Mitchell, Am. Chem. Soc.
200Q 122, 9939.
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O

N OMe
N3
Following the general procedure, purification wi@H,Cl,/pentane 1:1 to yield the title
compound as a white solid (40%).
'H NMR (400 MHz, CDCls): 8 = 7.82 - 7.80 (m, 2H), 7.41 - 7.29 (m, 3H), 6.921(H), 3.92
(s, 3H).
13C NMR (100 MHz, CDCl): & = 164.0, 133.1, 130.6, 129.5, 128.5, 125.6, 1223

All spectral data correspond to those given inliteeature?3?

(Z2)-methyl 2-azido-3-(4-methoxyphenyl)acrylate (71)
o]

A OMe
MeO Na

Following the general procedure, purification wilid,Cl, to yield the title compound as a

light yellow oil (40%).

'H NMR (400 MHz, CDCl3): = 7.77 (d,J = 8.6 Hz, 2H), 6.91 - 6.85 (m, 3H), 3.88 (s, 3H),

3.82 (s, 3H).

13C NMR (100 MHz, CDCls): & = 164.3, 160.5, 132.4, 126.0, 125.7, 123.1, 11556%, 52.7

All spectral data correspond to those given inliteeature?3?

(Z2)-methyl 2-azido-3p-tolylacrylate (71c)
o)

A OMe
Me Na

Following the general procedure, purification wi@H,Cl,/pentane 1:1 to yield the title

compound as a yellow solid (22%).

'H NMR (400 MHz, CDCl3): & = 7.68 (d,J = 8.2 Hz, 2H), 7.18 (d] = 8.2 Hz, 2H), 6.89 (s,

1H), 3.89 (s, 3H), 2.36 (s, 3H).

13C NMR (100 MHz, CDCly): & = 164.1, 139.9, 130.6, 130.4, 129.2, 125.8, 1524, 21.6.

All spectral data correspond to those given inliteeature?3?
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(Z2)-methyl 2-azido-3-(4tert-butylphenyl)acrylate (71d)
o)

A OMe
N3

Following the general procedure, purification wi@H.Cl,/pentane 1:1 to yield the title
compound as a yellow oil (25%).
'H NMR (400 MHz, CDCl3): 8 = 7.76 — 7.70 (m, 2H), 7.42 — 7.36 (m, 2H), 6.931H),
3.90 (s, 3H), 1.35 (s, 9H).
13C NMR (100 MHz, CDCly): = 164.1, 153.0, 130.4, 130.3, 125.7, 125.5, 1526, 34.8,
31.1.

123a

All spectral data correspond to those given inliteeature.

(2)-methyl 2-azido-3-(4-(trifluoromethyl)phenyl)acylate (71e)
o)
N OMe
FsC Ns
Following the general procedure, purification wi@H.Cl,/pentane 1:1 to yield the title
compound as orange solid (21%).
% NMR (376 MHz, CDCly): = —62.9.
'H NMR (400 MHz, CDCls): & = 7.88 (d,J = 8.1 Hz, 2H), 7.61 (d] = 8.1 Hz, 2H), 6.87 (s,
1H), 3.91 (s, 3H).
13C NMR (100 MHz, CDCly): & = 163.6, 136.5, 130.8, 127.5, 125.4, 125.3, 198,97 =
270 Hz), 123.2, 53.1.
All spectral data correspond to those given inliteeature'**?

(2)-methyl 2-azido-3-(4-fluorophenyl)acrylate (71f
0
A OMe

N
= 3

Following the general procedure; purification wi@H.Cl./pentane 1:9 to yield the title
compound as a orange oil (27%).

'H NMR (400 MHz, CDClg): 8 = 7.81 - 7.75 (m, 2H), 7.07 - 7.00 (m, 2H), 7.831H), 3.88
(s, 3H).
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13C NMR (100 MHz, CDCly): & = 164.0 (d,J = 30.9 Hz), 161.7, 132.6 (d,= 8.3 Hz), 124.9
(d,J=2.6 Hz), 124.2, 115.5 (d,= 21.6 Hz), 52.9.
HRMS (ESI): (—N) m/zcalculated for gHsO.NF 193.0534, found 193.0534.

(Z2)-methyl 2-azido-3-(4-chlorophenyl)acrylate (71y

o)
N OMe
cl Ns
Following the general procedure, purification wi@H,Cl,/pentane 3:1 to yield the title
compound as a yellow solid (33%).
'H NMR (400 MHz, CDCls): & =7.73 (d,J = 8.5 Hz, 2H), 7.33 (dJ = 8.8 Hz, 2H), 6.85 (s,
1H), 3.89 (s, 3H).
3C NMR (100 MHz, CDCl): 5=163.7, 135.1, 131.7, 131.6, 128.7, 125.8, 124.01,.53

All spectral data correspond to those given inliteeature'**?

(2)-methyl 2-azido-3-(4-benzylphenyl)acrylate (71h)
0
N OMe
‘ N3

Following the general procedure, purification wi@H,Cl,/pentane 1:1 to yield the title
compound as a yellow solid (32%).

'H NMR (400 MHz, CDCl3): & = 7.89 (d,J = 8.6 Hz, 2H), 7.64 - 7.60 (m, 4H), 7.47 - 7.42
(m, 2H), 7.39 - 7.34 (m, 1H), 6.95 (s, 1H), 3.523).

13C NMR (100 MHz, CDCly): & = 164.0, 142.0, 140.2, 132.2, 131.1, 127.8, 12¥2%,0,
126.9, 125.2, 125.1, 52.9.

HRMS (ESI): m/zcalculated for gH130,N3279.1002, found 279.1008.

(2)-methyl 2-azido-3-(2-methoxyphenyl)acrylate (7i}
OMe O

X OMe
N3

Following the general procedure, purification witti,Cl, to yield the title compound as a

yellow pale solid (25%).
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'H NMR (400 MHz, CDCls): 8 = 8.17 (ddJ = 7.8 Hz,J = 1.7 Hz, 1H), 7.38 (s, 1H), 7.35 -
7.28 (m, 1H), 7.02 - 6.96 (m, 1H), 6.89 (d& 8.5 Hz,J = 0.9 Hz, 1H), 3.89 (s, 3H), 3.85 (s,
3H).
13C NMR (100 MHz, CDCly): & = 164.2, 157.6, 130.8, 130.6, 125.0, 122.0, 12013,6,
110.4, 55.6, 52.8.

123a

All spectral data correspond to those given inliteeature.

(Z2)-methyl 2-azido-3-(3,4-dimethoxyphenyl)acrylatg71j)
0

MeO
N OMe

MeO Na
Following the general procedure, purification wi@H,Cl,/pentane 1:1 to yield the title
compound as a yellow pale solid (36%).
'H NMR (400 MHz, CDCls): & = 7.49 (d,J = 2.0 Hz, 1H), 7.34 (dd] = 8.4 Hz,J = 2.0 Hz,
1H), 6.87 - 6.83 (m, 2H), 3.91 (s, 3H), 3.90 (s)38188 (s, 3H).
3C NMR (100 MHz, CDCly): & = 164.2, 150.2, 148.6, 126.2, 125.9 125.0, 12812,9,
110.7, 55.90, 55.88, 52.8.

123a

All spectral data correspond to those given inliteeature.

(Z2)-methyl 2-azido-3-[4-(benzyloxy)-3-methoxypherniacrylate (71Kk)
0

MeO
N OMe

BnO Na
Following the general procedure, purification wiEt,O/pentane 1:3 to yield the title
compound as a yellow solid (31%).

'H NMR (300 MHz, CDCls): & = 7.45 - 7.43 (m, 1H), 7.38 - 7.18 (m, 6H), 7.82.78 (m,
2H), 5.12 (s, 2H), 3.85 (s, 3H), 3.82 (s, 3H).

13C NMR (75 MHz, CDCls): & = 164.2, 149.4, 149.1, 136.6, 128.6, 128.0, 12725.5,
125.8, 124.7, 123.3, 113.5, 113.1, 70.8, 56.0,.52.8

HRMS (ESI): m/zcalculated for gH;70,N3Na 362.1111, found 362.1117.
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(Z2)-methyl 2-azido-3-(benzol[d][1,3]dioxol-5-yl)acylate (71l)

o)

<O Xy SoMe
0 N3

Following the general procedure, purification wi@H,Cl,/pentane 1:1 to yield the title
compound as a orange pale solid (36%).
'H NMR (400 MHz, CDCl3): 8= 7.54 (dJ = 1.7 Hz , 1H), 7.15 (dd] = 8.2 Hz,J = 1.7 Hz,
1H), 6.82 - 6.77 (m, 2H), 5.98 (s, 2H), 3.87 (s)3H
3C NMR (100 MHz, CDCl): & = 164.1, 148.6, 147.7, 127.5, 126.5, 125.6, 12808.8,
108.3, 101.5, 52.8.
HRMS (ESI): m/zcalculated for ¢HyO4N3274.0588, found 247.0588.

(2)-methyl 2-azido-3-(benzofuran-6-yl)acrylate (7n)
o)

O Xy oMe
\ N

Following the general procedure, purification wi@H,Cl,/pentane 1:1 to yield the title
compound as a white solid (38%).

'H NMR (400 MHz, CDCls): 8= 8.15 (dJ = 1.6 Hz, 1H), 7.68 (dd] = 1.6 Hz,J = 8.7 Hz,
1H), 7.62 (dJ = 2.2 Hz, 1H), 7.47 (dJ = 8.7 Hz, 1H), 7.00 (s, 1H), 6.77 (@= 2.2 Hz, 1H),
3.89 (s, 3H).

¥C NMR (100 MHz, CDCls): & = 164.1, 155.2, 145.9, 128.2, 127.7, 127.5, 12622.0,
123.8, 111.4, 106.9, 52.8.

HRMS (ESI): m/zcalculated for HyO3N3243.0638, found 243.0639.

(2)-methyl 2-azido-3-(naphthalen-2-yl)acrylate (7)

(@]
N OMe
N3

Following the general procedure; purification wi@H,Cl,/pentane 1:1 to yield the title
compound as a yellow pale solid (41%).

'H NMR (400 MHz, CDCls): 8= 8.26 (s, 1H), 7.92 (d,= 8.6 Hz, 1H), 7.88 - 7.78 (m, 3H),
7.52 - 7.46 (m, 2H), 7.05 (s, 1H), 3.92 (s, 3H).
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¥C NMR (100 MHz, CDCls): & = 164.0, 133.5, 133.1, 131.0, 130.7, 128.7, 12827,6,
127.3,127.2, 126.4, 125.6, 125.4, 52.9.
123a

All spectral data correspond to those given inliteeature:

General Procedure for the Transesterification

In an oven-dried three neck-flask charged with argbe alcohol (1 equiv) was dissolved in
THF (40 mL). ThemBuLi (1 equiv, 1.6 N in THF) was added slowly at®©. After 20 min,
the ester (1 equiv) dissolved in THF (2 mL) waseatidlowly while stirring vigorously. After
the addition of the ester, the reaction mixture al®ved to warm to room temperature, and
stirring was continued for 2 h. Then, water (20 migs added. The mixture was extracted
with CH,CI; (3 x 20 mL), washed several times with water angceatrated on vaccuo. The
product was purified by silica gel colunm chromagqy to yield the corresponding ester.
The identity and purity of the product was confidvig/*H and™*C NMR.

(2)-[(1R,2S,5R)-2-isopropyl-5-methylcyclohexyl]2-azido-3-(naphth&en-2-yl)acrylate

(710)
o
oY

Following the general procedure; purification wi@H.Cl./pentane 1:1 to yield the title
compound as a yellow oil (66%).

'H NMR (400 MHz, CDCl3): 5 = 8.28 (s, 1H), 7.97 (dd,= 8.7 Hz,J = 1.7 Hz, 1H), 7.89 -
7.79 (m, 3H), 7.46 - 7.53 (m, 2H), 7.06 (s, 1H¥54(td,J = 10.9 Hz,J = 4.4 Hz, 1H), 2.20 -
2.12 (m, 1H), 2.03 - 1.95 (m, 1H), 1.79 - 1.70 @hl), 1.63 — 1.50 (m, 2H), 1.21 - 1.07 (m,
2H), 1.00 - 0.92 (m, 6H), 0.85 (d= 7.0 Hz, 3H).

13C NMR (100 MHz, CDCly): & = 163.2, 133.5, 133.1, 131.0, 128.7, 128.0, 1276,4,
127.1, 126.4, 126.0, 125.1, 76.8, 47.1, 40.8, 317, 26.5, 23.6, 22.0, 20.8, 16.5.

HRMS (ESI): m/zcalculated for H»70,N3377.2098, found 377.2102.

(2)-isopropyl 2-azido-3-(4-methoxyphenyl)acrylate 71p)

i J\
WO
N
MeO 3
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Following the general procedure, purification wi@H,Cl,/pentane 1:1 to yield the title
compound as a yellow oil (44%).

'H NMR (400 MHz, CDCl3): 8 = 7.78 (dJ = 8.9 Hz, 2H), 6.89 (d] = 8.9 Hz, 2H), 6.84 (s,
1H), 5.18 (hept) = 6.2 Hz, 1H), 3.81 (s, 3H), 1.35 (@= 6.2 Hz, 6H).

3C NMR (100 MHz, CDCls): & = 163.3, 160.4, 132.3, 126.1, 125.1, 123.6, 1189), 55.3,
21.8.

HRMS (ESI): m/zcalculated for gH;503N3261.1108, found 261.1113.

General Procedures for Metal-Catalyzed Cyclizatiorof the Aryl Azidoacrylates

A sealable tube equipped with a magnetic stir bas wharged with the aryl azidoacrylates
(100 mg, 1.0 equiv) and Fe(O7T1)10 mol %; abcr; 98%). The aperture of the tubs tnen
covered with a rubber septum and an argon atmosphas established. THF (1 mL) was
added by using a syringe. The septum was thenaeglay a teflon-coated screw cap, and the
reaction vessel was placed in an oil bath (80 AGter stirring at this temperature for 24 h,
the mixture was cooled to room temperature andeatilwith dichloromethane. The resulting
solution was directly filtered through a pad ofitgl washed with water, extracted with
dichloromethane and concentrated to yield the mtdwhich was purified by silica gel
chromatography to yield the corresponding indole aghite solid. The identity and purity of

the product was confirmed Bi# and**C NMR spectroscopic analysis.

methyl 1H-indole-2-carboxylate (72a)

QR

H OMe

Following the general procedure, purification wi@iH,Clo/pentane 1:1 to yield the title
compound as a white solid (75%).
'H NMR (400 MHz, CDCl3): 6=9.29 (br s, 1H), 7.71 (dd,= 8.1 Hz,J = 1.9 Hz, 1H), 7.47
-7.43 (m, 1H), 7.38 - 7.31 (m, 1H), 7,26 - 7.24 (Hl), 7.20 - 7.14 (m, 1H), 3.98 (s, 3H).
3C NMR (100 MHz, CDCl): & = 162.7, 137.0, 127.5, 127.1, 125.4, 122.6, 12012,0,
108.8, 52.0.
M. p. = 152.5-153.0 °C; lit. m. p. = 150-151 °C.
All spectral data correspond to those given inliteeature?>**>°

155 M. Sechi, M.Derudas, R. Dallocchio, A. Dessi, Aad8hi, L. Sannia, F. Carta, M. Palomba, O. Ragab, C
Chan, R. Shoemaker, S. Sei, R. Dayam, N. Neathdfled. Chen2004 47, 5298.
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methyl 6-methoxy-1H-indole-2-carboxylate (72b)

Following the general procedure, purification wi@H,Cl,/pentane 1:1 to yield the title
compound as a white solid (74%).
'H NMR (400 MHz, CDCls): 8 =8.91 (br s, 1H), 7.55 - 7.41 (m, 1H), 7.14 - 7.0§ (H),
6.82 - 6.79 (m, 2H), 3.92 (s, 3H), 3.84 (s, 3H).
13C NMR (100 MHz, CDCly): & = 162.4, 158.9, 138.0, 126.0, 123.4, 121.8, 11908,2,
93.7, 55.5, 51.8.
M. p. =118.5-119.0 °C; lit. m. p. = 117-118 °C.

123a,156

All spectral data correspond to those given inliteeature:

methyl 6-methyl-1H-indole-2-carboxylate (72c)

Following the general procedure, purification wi@H,Cl,/pentane 1:1 to yield the title
compound as a white solid (77%).

'H NMR (400 MHz, CDCls): & = 8.81 (br s, 1H), 7.55 (d,=8.3 Hz, 1H), 7.19 - 7.15 (m,
2H), 7.00 - 6.95 (m, 1H), 3.92 (s, 3H), 2.46 (4).3

¥C NMR (100 MHz, CDCly): & = 162.5, 137.3, 135.7, 126.5, 125.3, 122.9, 127115,
108.8, 51.9, 21.9.

M. p. =128.2-128.7 °C; lit. 128-129 °C.

All spectral data correspond to those given inliteeature?3*1>’

methyl 6-tert-butyl-1H-indole-2-carboxylate (72d)

0
N

N OMe
H

Following the general procedure, purification wi@H,Cl,/pentane 1:1 to yield the title

compound as a white solid (83%).

1% K. Yamazaki, Y. Nakamura, Y. Kondd, Org. Chem2003 68, 6011.
157K. Dirk, Synthesid 985 186.
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'H NMR (400 MHz, CDCls): & = 9.05 (br s, 1H), 7.61 (d,= 8.6 Hz, 1H), 7.41 (s, 1H), 7.26
-7.23 (M, 1H), 7.18 - 7.16 (m, 1H), 3.94 (s, 3HRBS (s, OH).
13C NMR (100 MHz, CDCly): & = 162.6, 149.1, 137.3, 126.8, 125.2, 122.0, 11908.6,
107.8, 51.9, 35.0, 31.5.
M. p. = 156.2-157.0 °C.

123a

All spectral data correspond to those given inliteeature.

methyl 6-(trifluoromethyl)-1H-indole-2-carboxylate (72e)

Following the general procedure, purification wi@H.Cl,/pentane 1:1 to yield the title
compound as a white solid (60%).
% NMR (282 MHz, CDCls) 8 =, —62.0.
'H NMR (400 MHz, CDCl3): = 9.32 (br s, 1H), 7.77 (d,= 8.4 Hz, 1H), 7.72 (s, 1H), 7.37
(dd,J = 8.5 Hz,J = 1.3 Hz, 1H), 7.25 - 7.24 (m, 1H), 3.97 (s, 3H).
3C NMR (100 MHz, CDCly): & = 162.1, 135.5, 129.3 (d,= 32.1 Hz), 127.4, 127.2, 124.7
(g,J=271.9 Hz), 123.3, 117.3 (¢~ 3.24 Hz), 109.6 (q] = 4.6 Hz), 108.5, 52.4.
M. p. =169.8-170.8 °C.

123a

All spectral data correspond to those given inliteeature.

methyl 6-fluoro-1H-indole-2-carboxylate (72f)

Following the general procedure, purification wi@H,Cl,/pentane 1:1 to yield the title
compound as a white solid (72%).

'H NMR (300 MHz, CDCls): 8 = 9.18 (br s, 1H), 7.60 (dd,= 8.8 Hz,J = 5.3 Hz, 1H), 7.19
(dd,J=2.1 Hz,J=1.0 Hz, 1H), 7.10 - 7.05 (m, 1H), 6.95 - 6.87 (tH), 3.94 (s, 3H).

3C NMR (75 MHz, CDCl3): & = 162.3, 161.8 (dJ = 240.9 Hz), 137.0 (d,J =12.8 Hz),
127.7, 124.1, 123.8 (dJ = 10.4 Hz), 110.5 (dJ = 25.3 Hz), 109.0, 97.8 (dJ = 26.1 Hz),
52.1.

M. p. = 166.5-167.0 °C; lit. m. p. = 156 °C.

HRMS (El): m/zcalculated for gHgO.NF 193.0534, found 193.0534.
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All spectral data correspond to those given inliteeature®

methyl 6-chloro-1H-indole-2-carboxylate (729)

Following the general procedure, purification withd,Cl./pentane 1:1 to yield to yield the
title compound as a white solid (56%).
'H NMR (400 MHz, CDCl3): & = 9.00 (br s, 1H), 7.58 (d, = 8.6 Hz, 1H), 7.41 (m, 1H),
7.17 (m, 1H), 7.13 (ddl = 8.6 Hz,J = 1.8 Hz, 1H), 3.93 (s, 3H).
3C NMR (100 MHz, CDCl): & = 162.1, 137.0, 131.4, 127.8, 126.0, 123.5, 12119,7,
108.8, 52.1.
M. p. =176.8-178.5 °C; lit. m. p. = 180-181 °C.

123a,157

All spectral data correspond to those given inliteeature.

methyl 6-phenyl-1H-indole-2-carboxylate (72h)

Following the general procedure, purification wi@H,Cl,/pentane 1:1 to yield the title
compound as a white solid (80%).

'H NMR (400 MHz, CDCl3): & = 9.02 (s br, 1H), 7.66 (d,= 8.3 Hz, 1H), 7.59 - 7.51 (m,
3H), 7.40 - 7.21 (m, 3H), 7.30 - 7.25 (m, 1H), 7-1B15 (m, 1H), 3.88 (s, 3H).

13C NMR (100 MHz, CDCly): & = 162.4, 141.6, 138.9, 137.4, 128.8, 127.6, 12T124,2,
126.8, 122.8, 121.0, 110.1, 108.7, 52.1.

M. p. = 153.0-154.0 °C.

HRMS (El): m/zcalculated for gH1,0,N 250.0863, found: 250.0866.

methyl 4-methoxy-1H-indole-2-carboxylate (72i)
OMe

(0]
@jw
N OMe
H

158 3. B. Blair, D. Kurrasch-Orgaugh, D. Marona-LevdckM. G. Cumbay, V. J. Watts, E. L. Barker, D. E
Nichols,J. Med. Chen00Q 43, 4701.
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Following the general procedure, purification wi@H,Cl,/pentane 1:1 to yield the title
compound as a white solid (49%).

'H NMR (400 MHz, CDCls): 8 = 9.14 (br s, 1H), 7.34 (d,= 2.2 Hz, 1H), 7.25 — 7.20 (m,
1H), 7.01 (d,J = 8.3 Hz, 1H), 6.49 (d] = 7.8 Hz, 1H), 3.94 (s, 3H), 3.93 (s, 3H).

*C NMR (100 MHz, CDCly): & = 162.5, 154.6, 138.3, 126.4, 125.8, 119.0, 10808,8,
99.7, 55.3, 51.9.

M. p. = 142.3-142.8 °C; lit. m. p. = 147-148 °C.

All spectral data correspond to those given inliteeature?%®

methyl 5,6-dimethoxy-1H-indole-2-carboxylate (72))

MeO \ [e)

MeO: i :N OMe
Following the general procedure; purification wi@H.Cl./pentane 1:1 to yield the title
compound as a white solid (88%).
'H NMR (400 MHz, CDCl3): & = 8.92 (br s, 1H), 7.10 - 7.08 (m, 1H), 7.02 (d),16.83 (s,
1H), 3.90 (s, 9H).
3C NMR (100 MHz, CDCly): & = 162.3, 150.1, 146.2, 132.1, 125.5, 120.4, 10802.5,
93.8, 56.1, 55.9, 51.7.
M. p. = 169.3-170.0 °C; lit. m. p. = 164-166 °C.

123a,159

All spectral data correspond to those given inliteeature.

methyl 6-(benzoyloxy)-5-methoxy-1H-indole-2-carboxwyte (72k)

MeO (0]

T

BnO N OMe
Following the general procedure; purification wi@H,Cl./pentane 1:1 to yield the title
compound as a white solid (99%).
'H NMR (400 MHz, CDCls): 8 = 8.77 (br s, 1H), 7.36 (d, = 7.1 Hz, 2H), 7.31 - 7.25 (m,
2H), 7.24 - 7.19 (m, 1H), 7.03 - 7.01 (m, 1H), 6(891H), 6.75 (s, 1H), 5.11 (s, 2H), 3.84 (s,
3H), 3.81 (s, 3H).

13C NMR (100 MHz, CDCly): & = 162.5, 149.1, 146.7, 136.8, 132.0, 128.6, 12729,1,
125.8, 120.9, 108.7, 103.1, 96.4, 71.1, 56.3, 51.7.

1¥9R. F. Chapman, G. A. Swah, Chem. Sod97Q 865.
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M. p. = 155.3-156.1 °C.
HRMS (El): m/zcalculated for gH;70,NNa334.1050, found 334.1049.

methyl 5H-[1,3]dioxolo[4,5f]indole-6-carboxylate (72l)
oo

@] H OMe
Following the general procedure, purification wi@H.Cl,/pentane 1:1 to yield the title
compound as a white solid (97%).
'H NMR (400 MHz, CDCls): & = 8.84 (br s, 1H), 7.02 (m, 1H), 6.92 (s, 1H),5%(E, 1H),
5.94 (s, 2H), 3.84 (s, 3H).
¥C NMR (100 MHz, CDCly): & = 162.2, 148.0, 144.2, 132.8, 125.8, 121.6, 109010,
99.8, 91.8, 51.8.
M. p. = 195.8-196.6 °C; lit. m. p. = 194-195 °C.

All spectral data correspond to those given inliteeature®®

methyl 5H-furo[2,3-f]indole-6-carboxylate (72m)

o) 0

Q A\
N  OMe
H

Following the general procedure, purification wi@H.Cl,/pentane 1:1 to yield the title
compound as a white solid (99%).

'H NMR (400 MHz, CDCl3): 8= 9.5 (br s, 1H), 7.67 (d,= 2.1 Hz, 1H), 7.55 (d] = 8.9 Hz,
1H), 7.37 (dJ = 8.9 Hz, 1H), 7.33 (d] = 2.1 Hz, 1H), 7.02 - 7.00 (m, 1H), 3.97 (s, 3H).

13C NMR (100 MHz, CDCly): & = 162.6, 154.5, 143.8, 130.4, 125.6, 123.0, 11812,2,
110.3, 107.1, 103.7, 52.0.

M. p. =178.5-179.0 °C.

HRMS (El): m/zcalculated for &HgO3sN 214.0499, found 214.0504.

methyl 1H-benzop]indole-2-carboxylate (72n)
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Following the general procedure, purification wi@H,Cl,/pentane 1:1 to yield the title
compound as a white solid (98%).
'H NMR (300 MHz, CDCl3): 8= 9.94 (br s, 1H), 8.21 - 8.17 (m, 1H), 7.92 -87(1, 1H),
7.66 (d,J=8.8 Hz, 1H), 7.59 - 7.47 (m, 3H), 7.32 {d; 2.1 Hz, 1H).
13C NMR (75 MHz, CDCl3): & = 162.5, 132.9, 132.0, 128.9, 126.0, 125.6, 12523.8,
122.1,121.8, 121.3, 120.5, 110.3, 52.1.
M. p. =211.0-211.5 °C; lit. m. p. = 168-170 °C.

123a,160

All spectral data correspond to those given inliteeature:

(1R,2S,5R)-2-isopropyl-5-methylcyclohexyl 1H-benzgf]indole-2-carboxylate (720)

Following the general procedure; purification wi@H.Cl./pentane 1:1 to yield the title
compound as a tranparent oil (93%).

'H NMR (400 MHz, CDCl3): 5 = 10.20 (br s, 1H), 8.26 (d,= 8.0 Hz, 1H), 7.93 - 7.89 (m,
1H), 7.68 (dJ = 8.5 Hz, 1H), 7.58 - 7.48 (m, 3H), 7.35 (s 2.1 Hz, 1H), 7.35 (td) = 4.5
Hz, J= 10.9 Hz, 1H), 2.20 - 2.12 (m, 1H), 2.03 - 1.95 (fh), 1.79 - 1.70 (m, 2H), 1.63 -
1.45 (m, 2H), 1.21 - 1.10 (m, 2H), 1.00 - 0.84 @H).

13C NMR (100 MHz, CDCly): & = 162.0, 132.9, 132.0, 128.8, 126.2, 125.9, 125238,
122.0, 121.9, 121.2, 120.7, 110.0, 75.1, 47.3,,43413, 31.4, 26.6, 23.8, 22.0, 20.7, 16.7.
HRMS (EI): m/zcalculated for gH»c0O,N 348.1958, found 348.1967.

isopropyl 6-methoxy-1H-indole-2-carboxylate (72p)

0
I
MeO ” O‘<

Following the general procedure; purification wi@H,Cl,/pentane 1:1 to yield the title
compound as a white solid (35%).

'H NMR (400 MHz, CDCl3): 3 = 8.90 (br s, 1H), 7.52 (d,= 8.6 Hz, 1H), 7.14 (d) = 2.1
Hz, 1H), 7.83 - 7.78 (m, 2H), 5.26 (hept= 6.2 Hz, 1H), 3.86 (s, 3H), 1.37 (@= 6.2 Hz,
6H).

103 Itoh, Y. Fukui, M. Ogino, S. Haranou, M. Kamat¥. Ohshiro,J. Org. Chem.1992 57, 2788.
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Experimental Part

3C NMR (100 MHz, CDCl): & = 161.6, 158.8, 137.8, 126.8, 123.3, 121.9, 11P08.8,
93.7, 68.3, 55.4, 22.0.

M. p. = 154.0-155.0 °C.

HRMS (El): m/zcalculated forC;3H1503N 233.1047, found 233.1044.
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Appendix

List of Abbreviations

Ac
aqg.
Ar
Bn
br
Bu
tBu
Cy

dba
DCM
DMF
DMEDA
DMSO
ee

El
equiv
Et

eV
HRMS
ICP-MS

Me
Mes
mol
M. p.
MPa

acetyl

aqueous (solution)

aromatic substituent

benzyl

broad (NMR signal)

butyl
tert-butyl

cyclohexyl

chemical shift

dibenzylideneacetone

dichloromethane

N,N-dimethylformamide
N,N-dimethylethylene diamine
dimethylsulfoxide

enantiomeric excess

electronic impact (in mass spectroscopy)
equivalent

ethyl

electronvolt

high resolution mass spectroscopy
inductively coupled plasma mass spectromet
coupling constant (in NMR spectroscopy)
ligand

molar

methyl

2,4,6-trimethylphenyl (mesityl)

mole

melting point

mega pascal
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Appendix

MS
MTBE

Naphth
NMR
PMHS
ppb
ppm
iPr

rt

THF
TIPS
TMHD
TMS
Ts
XANTPHOS

mass spectroscopy

methyltert-butylether

normal (concentration)

naphthyl

nuclear magnetic resonance (spectroscopy)
polymethylhydrosiloxane

parts per billion

parts per million

iso-propyl

room temperature

tetrahydrofuran

triisopropylsilane

2,2,6,6-tetramethyl-3,5- heptanedione
trimethylsilyl

tosyl
4,5-bis(diphenylphosphino)-9,9-dimettayithene
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