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An efficient methodology for the indirect anti-Markovnikov hydration of unsymmetrically substituted
terminal and internal alkynes is based on Ti€atalyzed hydroamination reactions. Its application to
ortho-alkynylhaloarenes, followed by a copper-catalyzed O-arylation, provides flexible access to substituted

benzop]furans.

Introduction

The regioselective functionalization of unsymmetrically

protocol for highly selective anti-Markovnikov hydration reac-
tions of internal alkynes has proven elusive. An ovematlirect
hydratiorf of an alkyne is accomplished through a sequence

substituted alkynes is of fundamental importance in synthetic consisting of a regioselective hydroamination and the subsequent

organic chemistry. The hydration of carboncarbon triple

hydrolysis of the generated imine.

bonds provides direct access to substituted ketones and alde- pjoneering studies on zirconiumand titanium-catalyzed

hydes? Traditionally, toxic mercury(ll) compounds were em-
ployed for the addition of water to alkynes, yielding the
corresponding Markovnikov products? Similar regioselec-

hydroamination reactions of alkyrfeset the stage for the
development of more elaborate titanium-based hydroamination
catalysts%11We on the contrary felt attracted by the possibility

tivities were accomplished through the use of eXpenSiVe late of emp|0ying inexpensive T|Gbs precatalyst for preparatively

transition-metal catalysts! Hydration reactions with excellent
anti-Markovnikov selectivities were achieved faerminal
alkynes with ruthenium-based cataly3t However, a general
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TABLE 1. Indirect TiCl 4-Catalyzed Hydration of Alkynes?

Ackermann and Kaspar

a) TiCly (20 mol %), t-BuNH,

PhMe, 105 °C, + R?NH,

k|

b) + H,0, - R?NH,

O (0]
Ph—rR' +
Ph/_< R Ph>\_\ R
1 2 3
hydrolysis isolated ratio
entry FENH, R! method yield (%) 2/3°
1 t-BuNH;, Ph (1a) (8)
2 CyNH; Ph (a) A 84
3 PhMeCHNH Ph (1a) B 93
4 secBuNH, Ph (La) A 78
5 n-OctNH, Ph ((E)] A 66
6 n-BuNH, n-Hex (1b) A 84d 55/45
7 n-OctNH;, n-Hex (1b) A 804 54/46
8 secBuNH, n-Hex @b) A 86 56/44
9 PhMeCHNH n-Hex (1b) B 80 64/36
10 MesCHNH: n-Hex @b) B 94 86/14
11 PhNH n-Hex @b) A 92 91/9
12 MesNH n-Hex (1b) B 82 98/2
13 PhNH i-Pr 10 A 91 82/18
14 PhNH t-Bu (1d) A 78¢ 2/98
15 PhNH n-Hex (1b) —f

aReaction conditions: (a) (1.0 mmol), RNH; (1.0 mmol), TiCk (20 mol %), t-BuNH, (1.2 mmol), PhMe (2 mL), 22 h, 105C. (b) Hydrolysis
methods: A: SiQ, CH,Cl,, 20°C. B: aqueous HCI (2 N), 26C. Isolated yields refer to mixtures of regioisomeric products. Mels3,5-MgCgH>. ° H

NMR analysis.® GC conversiond 170 °C. € 150 °C. f Without t-BuNH,.

SCHEME 1. TiCl,-Catalyzed Anti-Markovnikov Hydroamination with Subsequent Reduction

a) TiCly (20 mol %), t-BuNH,

PhNH,, PhMe, 105 °C, 22 h

Ph—=
' b) NaBH4CN, ZnCl,, THF/MeOH
1e 20°C, 16 h
a) TiCl4 (20 mol %), t-BuNH,
o — 4 MesNH,, PhMe, 75 °C, 4 h

b) NaBH;CN, ZnCl,, THF/MeOH

1f 20°C, 16 h

HN—Ph Ph—NH

+ )\ 92% (96/4)

Ph Et Ph Et

HN—Mes Mes—NH

+ )—\ 52 % (99/1)

Ph H Ph H

Given the practical importance of efficient and economical developed protocol had thus far been only applied to intermo-
ketone synthesis, we wished to make use of our protocol for lecular hydroaminations with aniline and hydrazine derivatives
regioselective indirect hydration reactions of internal alkynes. (Table 1)1213While t-BuNH, gave only a sluggish conversion
Herein, we report on the development of an operationally simple of an internal alkyne (entry 1), we were pleased to observe that
and regioselective yet efficient indirect anti-Markovnikov hydra- other alkyl amines proved to be viable substrates for 4iCl
tion of alkynes and its application to the synthesis of belojzo[

furans.

Results and Discussion
At the outset of our studies, we explored Tichtalyzed

hydroamination reactions with alkyl amines, as our previously
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L. Org. Lett.2003 5, 4733-4736. (h) Lorber, C.; Choukroun, R.; Vendier,
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catalyzed intermolecular hydroamination reactions (entrie$) 2
Notably, challengingr-alkyl-substituted aminé& could be
converted in high yields as well (entries-3). However, more
selective anti-Markovnikov hydrations of internal and terminal
alkynes were accomplished when using more sterically hindered
amines (entries612). Hence, synthetically useful regioselec-
tivities could be obtained with aniline derivatives, giving rise
to anti-Markovnikov hydration products (entries 11 and 12) or,
after reduction, to the corresponding secondary amines (Scheme
1). Alkynes bearing a primary or secondary alkyl substituent
yielded the anti-Markovnikov indirect hydration products with
high regioselectivities (entries £1.3). On the contrary, alkyne
1d with a tertiary alkyl substituent required harsher reaction
conditions and gave, likely because of steric interactions, the
Markovnikov product predominantly (entry 14). Importantly,
no conversion of alkyndb was achieved in the absence of
t-BuNH; (entry 15), highlighting its importance as precursor to
an amido ligand as well as for the formation of catalytically
active titanium imido speci€$2 The amines can be potentially

(13) Abbiati, G.; Casoni, A.; Canevari, V.; Nava, D.; Rossi(¥g. Lett.
2006 8, 4839-4842.
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TABLE 2. Indirect Hydration of ortho-Alkynylhaloarenes 12
a) TiCls (20 mol %), t-BuNH,

R o 3
= PhMe, 105 °C, + R°NH,
L Z b) + H,0, - R®NH, —<\| O R?
R'—r R~
1 2
entry R’ product isolated yield  ratio 2/3
1 Oct -Hex 65 %" 53/47
2 Ph @f;f 95 % 96/4
r
3 Mes 2a 90 % 99/1
-Bu
4 Ph ©f;0r 92 % 92/8
2b
n-Hex
5 Ph @[;or 95 % 92/8
2¢
N n-Hex
6 p-Tol | NS 75 % 99/1
2d
N n-Hex
7 p-Tol W 90 % 99/1
N Cl
2e
F3C n-Hex
8 Ph m 87 % 99/1
2f
9 Ph Ph 77 % 47/53
Ly
Br a
10 Mes 2g 78 % 80/20
11 Ph th 86 % 54/46
(¢]] o
12 Mes 2h 79 %7 86/14
13 Ph Ph 90 % 67/33
Cl 0
14 Mes Cl g 91 % 97/3
15 Ph m"h 88 % 60/40
Cl Cl o
16 Mes 2j 86 %" 97/3

aReaction conditions: (&) (1.0 mmol), RNH; (1.0—-1.3 mmol), TiCk (20 mol %),t-BuNH, (1.2 mmol), PhMe (2 mL), 22 h, 10%C. (b) Hydrolysis:
aqueous HCI (2 N), 20C. Isolated yields refer to mixtures of regioisomeric products. Mek,3,5-MeCsH2. ° 'H NMR analysis.c 170°C. 9 (a) 1 (1.0
mmol), RBNH; (1.0 mmol), TiCl (20 mol %),t-BuNH; (1.2 mmol), PhMe (2 mL), 22 h, 128C. (b) Aqueous HCI (2 N), 100C.

recovered through an acidic workup procedure (entries 3, 9, and therefore it continues to induce extensive synthetic effbrts.
10, and 12), rendering the overall approach atom economical. Recently, intramolecular copper-catalyzed-arylations of

The benzdj]furan motif is an essential substructure in a large enolates with aryl iodides and bromides were elegantly used to
number of natural and unnatural biologically active compounds, access the benzufuran scaffold®

J. Org. ChemVol. 72, No. 16, 2007 6151
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TABLE 3. Copper-Catalyzed Benzdplfuran Synthesis®

R2
R1—:\ Cul (10 mol %) R1—:\ A R2
Z~x © L KsPO, DMF, 105 °C Z~0
2 4
entry 2 L X 4 isolated yield
1 2a Br mn_H o 4a 82 %
o
2 2b Br mn_m 4b 82 %
o
TN
3 2d Br | n-Hex 4c 80 %
N~ O
4 2¢ Br mPh 4d 65%
o
SN
5 2e - Cl | n-Hex 4¢ 56 %
N~ O
6 2f cl 4e 12 %*
7 2f L-Proline Cl FsC 4e 45%
mn-HeX
8 2f  MeNH(CH,NHMe CI o 4e 67 %
9 2f Me;NCH,CO,H cl 4e 69 %
10 2¢ Me;NCH,CO,H cl mnﬂex 4a 37%

aReaction conditions2 (0.7 mmol), KPQy (1.4 mmol), Cul (10 mol %), L (30 mol %), DMF (2 mL), 10%, 22 h; yields of isolated productsGC
conversion.

Consequently, we applied the Tiatalyzed indirect hydra-  terminal alkynes, employing both aryl and alkyl amines. With
tion protocol to ortho-alkynylhaloarenes (Table 2). Simple aryl amines highly selective anti-Markovnikov selectivities were
anilines proved valuable for regioselective indirect hydration achieved. The power of our protocol was illustrated with its
reactions of alkyl-(hetero)aryl-substituted alkynes (entries 2 and application to an efficient benzojfuran synthesis.

4—8). To achieve preparatively useful selectivities with diaryl-
substituted alkynes, the use of a sterically hindered aniline
proved beneficial (entries-916).

Finally, we used ketoneaas starting materials for a copper- Representative Procedure for the TiCj-Catalyzed Indirect
catalyzed benzb]furan synthesis (Table 3). Substrates bearing Hydration of Alkynes, 1-Phenyloctan-2-one (Table 1, Entry 12).
bromide substituents as leaving groups could be cyclized withoutt-BuNH, (0.130 mL, 1.20 mmol) was added to a solution of iCl
stabilizing ligand (entries-14). Importantly, the protocol proved  (0.022 mL, 0.20 mmol, 20 mol %) in toluene (2 mL) undes. N
not only applicable to aryl bromides, but also to less reactive Mesitylamine (0.135 g, 1.00 mmol) ari (0.186 g, 1.00 mmol)

chlorides. Here, most efficient catalysis was achieved with-Me ~Were added. The solution was stirred at 2Q5or 22 h. Atambient
NCH,CO,H7 as ligand (entries 510). temperature, aqueous HCI (2 N, 10 mL) was added, and the reaction

. - A ixture was stirred at 20C for 24 h. HO (50 mL) was added,
In conclusion, we reported on Tigtatalyzed indirect hydra- ~ ™MX
. . ’ - . . and the separated aqueous phase was extracted wdh(&E& 60
tion reactions of unsymmetrically substituted internal and mL). The combined organic layers were dried over MgS@d
. . — . _ concentrated in vacuo. The remaining residue was purified by
(14) For a recent review, see: Cacchi, S.; Fabrizi, G.; Goggiamani, A. column chromatography on silica getpentane/ED, 30/1) to yield

Curr. Org. Chem 2006 10, 1423-1455 and references therein. _ . 0 ity 041
(15) For related palladium-catalyzed transformations, see: (a) Watanabe 1-phenyloctan-2-one (167 mg, 82%, purity: 98%ByNMR and

Experimental Section

M.; Yamamoto, T.; Nishiyama, MAngew. Chem., Int. EQ00Q 39, 2501~
2504. (b) Willis, M. C.; Taylor, D.; Gillmore, A. TOrg. Lett 2004 6,
4755-4757. (c) Willis, M. C.; Taylor, D.; Gillmore, A. TTetrahedron

2006 62, 11513-11520. (d) Anderson, K. W.; lkawa, T.; Tundel, R. E,;

Buchwald, S. LJ. Am. Chem. SoQ006 128 10694-10695.

(16) (a) Chen, C.-y.; Dormer, P. G. Org. Chem 2005 70, 6964
6967. (b) Carril, M.; SanMartin, R.; Tellitu, I.; Dominguez, ©rg. Lett.
2006 8, 1467~—1470.

(17) Zhang, H.; Cai, Q.; Ma, DJ. Org. Chem2005 70, 5164-5173.
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'GC analysis) as a yellow oitH NMR (300 MHz, CDC}) 6 =
7.35-7.20 (m, 5H), 3.68 (s, 2H), 2.44 @,= 7.4 Hz, 2H), 1.55 (i,
J=17.1, 7.1 Hz, 2H), 1.3%1.24 (m, 6H), 0.87 (tJ = 6.6 Hz,
3H). 13C NMR (75 MHz, DEPT, CDGJ) 6 = 209.0 (CO), 134.8
(Cy), 129.8 (CH), 129.1 (CH), 127.3 (CH), 50.5 (@H42.4 (CH),
31.9 (CH), 29.2 (CH), 24.1 (CH), 22.9 (CH), 14.4 (CH). IR
(ATR): 2955, 2928, 2858, 1709, 1496, 1454, 698 ¢nMS (EI)
m/z (relative intensity) 204 (1) [M], 113 (100), 91 (44), 85 (37),
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65 (11), 57 (17), 43 (100). HR-MS (ERvz calcd for GaHa00 1.82 (tt,J = 7.5, 7.5 Hz, 2H), 1.561.37 (m, 6H), 1.06-0.95 (m,

204.1514, found 204.1528. 3H). C NMR (75 MHz, DEPT, CDGJ)) 6 = 159.8 (G), 154.6
Representative Procedure for Cu-Catalyzed Benzoj]furan (Cy), 129.0 (@), 123.0 (CH), 122.3 (CH), 120.1 (CH), 110.7 (CH),
Synthesis, 2n-Hexylbenzop]furan (4a) (Table 3, Entry 1). 101.7 (CH), 31.6 (Ch), 28.9 (CH), 28.4 (CH), 27.7 (CH), 22.6

K3POy (0.293 g, 1.38 mmol) and Cul (0.013 g, 0.07 mmol, 10 mol (CH,), 14.0 (CH). IR (ATR): 2954, 2928, 2858, 1602, 1588, 1454,
%) were added to a solution @& (0.195 g, 0.69 mmol) in DMF 1253, 1167, 792, 749, 738 cth MS (El) n/z (relative intensity)
(2 mL) under N. The solution was stirred at 10% for 22 h. At 202 (23) [Mf], 145 (5), 131 (100), 107 (5), 95 (12), 77 (6). HR-
ambient temperature, brine (60 mL) and@{60 mL) were added MS (El) n/z calcd for G4H;50 202.1358, found 202.1335.
to the reaction mixture. The separated aqueous phase was extracted ) .
with EO (2 x 60 mL). The combined organic layers were dried _ ACknowledgment. Support by Sanofi-Aventis, the DFG, the
over MgSQ and concentrated in vacuo. The remaining residue was Fonds der Chemischen Industrie, the Dr. OttthRaGedaht-
purified by column chromatography on silica getgentane) to nisstiftung, the Rmer Foundation, and DuPont is gratefully
yield 4a (114 mg, 82%) as a colorless liquid. The spectral data are acknowledged.
in accordance Vﬂth those reported in the literattiréd NMR (300 Supporting Information Available: Additional experimental
MHz, CDCl) 0 = 7.57-7.54 (m, 1H), 7.5+7.47 (m, 1H), 7.3+ dures, characterization data, as wellttdsand 3C NMR
7.22 (m, 2H), 6.456.44 (m, 1H), 2.84 (dt) = 7.5, 0.9 Hz, 2H),  Proceaures, ! , s Wele

spectra for all products. This material is available free of charge
via the Internet at http://pubs.acs.org.
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