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An efficient, transition-metal-free procedure for tRearylation of amines, sulfonamides, and carbamates
andO-arylation of phenols and carboxylic acids has been achieved by allowing these substrates to react
with a variety ofo-silylaryl triflates in the presence of CsF. Good to excellent yields of arylated products
are obtained under very mild reaction conditions. This chemistry readily tolerates a variety of functional

groups.

Introduction

Establishing an efficient, reliable method for tNearylation
of amines, sulfonamides, and carbamates andCHaeylation
of phenols and carboxylic acids is currently a very active area

of research in organic synthesis. Such aryl subunits are

commonly found in a variety of biologically active and natural
compounds, agrochemicald,HIV-1 protease inhibitor$,and
compounds of interest in material scierfcéraditionally, the
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International Surey), 7th ed.; Akademie Verlag GmbH: Berlin, Germany,
1994. (b) Czarnik, A. WAcc. Chem. Re4996 29, 112-113. (c) Hong,
Y.; Senanayake, C. H.; Xiang, T.; Vandenbossche, C. P.; Tanoury, G. J.;
Bakale, R. P.; Wald, S. ATetrahedron Lett1998 39, 3121-3124. (d)
Romero, D. L.; Morge, R. A.; Genin, M. J.; Biles, C.; Busso, M.; Resnick,
L.; Althaus, I. W.; Reusser, F.; Thomas, R. C.; Tarpley, W.JGMed.
Chem. 1993 36, 1505-1508. (e) Evans, D. A.; DeVries, K. M. In
Glycopeptide AntibioticsDrugs and the Pharmaceutical Sciencéiaga-
rajan, R., Ed.; Marcel Decker, Inc.: New York, 1994; Vol. 63, pp—63
104. (f) Pettit, G. R.; Singh, S. B.; Niven, M. b. Am. Chem. Sod 988
110 8539-8540. (g) Jung, M. E.; Rohloff, J. Q. Org. Chem1985 50,
4909-4913. (h) Atkinson, D. C.; Godfrey, K. E.; Myers, P. L.; Philips, N.
C.; Stillings, M. R.; Welbourn, A. PJ. Med. Chem1983 26, 1361-1364.

(i) Nicolaou, K. C.; Christopher, N. C. Bl. Am. Chem. So@002 124
10451-10455.

(2) CRC Handbook of PesticideMilne, G. W. A., Ed.; CRC Press:
Boca Raton, FL, 1994.

(3) Turner, S. R.; Strohbach, J. W.; Tommasi, R. A.; Aristoff, P. A,;
Johnson, P. D.; Skulnick, H. I.; Dolak, L. A.; Seest, E. P.; Tomich, P. K.;
Bohanon, M. J.; Horng, M. M.; Lynn, J. C.; Chong, K.-T.; Hinshaw, R. R.;
Watenpaugh, K. D.; Janakiraman, M. N.; Thaisrivongs).9Ved. Chem.
1998 41, 3467-3476.

(4) (a) Goodson, F. E.; Hartwig, J. Mlacromolecule4998 31, 1700-
1703. (b) Goodson, F. E.; Hauck, S. I.; Hartwig, JJFAm. Chem. Soc
1999 121, 7527-7530. (c) Singer, R. A.; Sadighi, J. P.; Buchwald, S. L.
J. Am. Chem. S0d 998 120, 213-214.
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N-arylation of amines an@®-arylation of phenols have been
carried out under copper-mediated Ullmann-type conditions
involving the coupling of amines and phenols with aryl haligles.
Although these copper-promoted reactions are useful, they
usually require harsh reaction conditions and stoichiometric
amounts of copper, and the yields are not very reprodugible.
Recently, a number of valuable new methods have been
developed for th&-arylation of amines and sulfonamides, and
the O-arylation of phenols and carboxylic acii®uchwald

and Hartwid have demonstrated that the Cu- or Pd-catalyzed
N-arylation of a variety of amines ar@-arylation of phenols

(5) (@) Ulimann, F.Ber. Dtsch. Chem. Ge4903 36, 2382-2384. (b)
Goodbrand, H. B.; Hu, N.-XJ. Org. Chem.1999 64, 670-674. (c)
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1359-1370.
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Kwong, F. Y.; Klapars, A.; Buchwald. S. [Org. Lett 2003 5, 581—-584.
(c) He, H.; Wu, Y.-JTetrahedron Lett2003 44,3385-3386. For a recent
review, see: (d) Sawyer, J. Betrahedror200Q 56, 5045-5065. (e) Theil,
F. Angew. Chemlnt. Ed 1999 38, 2345-2347.
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2415. (c) Harris, M. C.; Huang, X.; Buchwald, S. Org. Lett 2002 4,
2885-2888. (d) Wolfe, J. P.; Tomori, H.; Sadighi, J. P.; Yin, J.; Buchwald,
S. L. J. Org. Chem200Q 65, 1158-1174. (e) Aranyos, A.; Old, D. W.;
Kiyomori, A.; Wolfe, J. P.; Sadighi, J. P.; Buchwald, S.L.Am. Chem.
Soc 1999 121, 4369-4378. (f) Marcoux, J.; Doye, S.; Buchwald, S.1.
Am. Chem. Sod 997 119 10539-10540. (g) Kuwabe, S.-I.; Torraca, K.
E.; Buchwald, S. LJ. Am. Chem. So@001, 123 12202-12206.
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J. F.Angew. Chemlint. Ed 1998 37, 2046-2067. (c) Mann, G.; Incarvito,
C.; Rheingold, A. L.; Hartwig, J. FJ. Am. Chem. S0d.999 121, 3224~
3225.
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by aryl halides is a powerful method for the synthesis of provides excellent yields of arylated products, while tolerating
arylamines and diaryl ethers. Evahand Chai! have inde- many functional group® Herein, we wish to report the full

pendently reported the synthesis of diaryl ethers by the copper-details of this very efficient arylation procedure and our studies
(IN-promoted cross-coupling of phenols and aryl halides. on the regioselectivity of addition to a number of unsymmetrical

Despite these significant recent improvements, there still are substituted silylaryl triflates.
limitations in preseni- andO-arylation methods. For example,
(1) it is still difficult to prepareN-arylated sulfonamidésand
preseniN-arylation methodology may not accommodate certain
organic functionality. Of the functional groups that are incom-
patible with the Cu- or Pd-catalyzedtarylation methodology,
the most important are probably halides, sulfonatds;droxy!
groupst* and probably carboncarbon triple bonds. (2) Phenols
can smoothly be converted to diaryl ethers only if no strong
electron-withdrawing group is presefit (3) Most reaction
conditions are fairly harsh, usually requiring high temperatures
(>110°C), and strong polar and often toxic solvents.

The direct coupling of aromatic carboxylic acids and aryl
halides or the carbonylation of aryl halides with a palladium
catalyst to generate the corresponding aryl esters is diffieult.
The direct esterification of phenols by aliphatic or aromatic
carboxylic acids is virtually impossible due to the poor
nucleophilicity of phenold® In the classical methods for

esterification, a strong acid, such as sulfuric acid, is needed,  n.Arylation of Aromatic Amines. Our initial studies focused
which is not suitable for acid-sensitive compounds, can be on achieving optimal reaction conditions for thearylated
corrosive, and ofter; produces side reactions, such as carbonizaggqyct using aniline and silylaryl triflatéa as the model
tion, oxidation, eté’ In this paper, we report an eff|C|_ent and system. We first allowed 2-(trimethylsilyl)pheny! triflatdd)
reliable procedure td-arylate amines and sulfonamides and {4 react with 2.0 equiv of CsF and 1.2 equiv of aniline in MeCN
O-arylate phenols and carboxylic acids under mild reaction 4 150m temperature for 20 h. Diphenylamine was obtained in
conditions, which can tolerate a wide variety of functional 5 8194 yield and only a trace of triphenylamine was isolated.
groups, including halide, ester, amide, hydroxyl, nitro, aldehyde, agter trying several reactions, we found that THF was also a
and ketone groups. . good solvent for theN-arylation of aniline and CsF can be
Recently, silylaryl triflatela'® has been employed to generate  gpjaced byn-Bu,NF (TBAF). Although the reaction time can
benzyne under very mild reaction conditions, which can easily pe gramatically decreased to 30 min when TBAF is allowed to
undergo a variety of synthetically useful nucleophfi@nd  yeact with the silylaryl triflateLato generate benzyne, the yield
cycloaddition reaction® However, the arylation of aminés, is a little lower. The optimal reaction conditions thus far
sulfonamides, phenols, and carboxylic acids by arynes has notgeyeloped employ 0.25 mmol of aniline, 1.1 equiv of silylaryl
been widely studied due to the difficulty in generating arynes yifiate 1a, and 2.0 equiv of CsF in MeCN at room temperature

under convenient reaction conditions. Very recently, we reported ¢, 10 . Diphenylamine was obtained in a 92% yield (Scheme
that the reaction of a variety of amines, sulfonamides, carbam- 1) (Taple 1, entry 1).

ates, phenols, and carboxylic acids with arynes generated from

Results and Discussion

Preparation of the Aryne Precursors. The arynesla—e
were selected as substrates for our experiments. Aryne precursor
lawas selected as the simplest and most readily available aryne
to study the scope of this chemistry. Aryne precursdysld,
andlewere selected to study the regioselectivity of the arylation
procedure. The synthesis of silylaryl triflatég,'® 1b,2% 1¢,19¢
and1d? has already been reported, and the precuts®rcan
easily be prepared by a similar three-step procedure from the

corresponding 2-bromo-4,6-dimethylphenol.
Me
/C[ow
TMS
1e

OMe
[::[fMS [i:IfMS Mij[::[fMS MeO TMS
oTf oTf Me oTf \©i
1a 1b 1c

oTf Me
1d

a variety of silylaryl triflates under very mild reaction conditions SCHEME 1
TMS H
(10) (a) Evans, D. A.; Katz, J. L.; West, T. Retrahedron Lett1998 QNHZ + 11 C{ _ZI'VIOE%%F’ @NO
39, 2937-2940. (b) Decicco, C. P.; Song, S.; Evans, DOXg. Lett 2001, ’ OTf 't

3, 1029-1032.

(11) Chan, D. M. T.; Monaco, K. L.; Wang, R.; Winters, M. P.
Tetrahedron Lett1998 39, 2933-2936.

(12) (a) Combs, A. P.; Rafalski, Ml. Comb. Chem200Q 2, 29—32.
(b) Yin, J.; Buchwald, S. LJ. Am. Chem. So@002 124, 6043-6048.

(13) Deng, B.-L.; Lepoivre, J. A.; Lemiere, Gur. J. Org. Chem1999
2683-2689.

(14) Sekar, G.; Singh, V. KJ. Org. Chem1999 64, 287-289.

(15) (a) Yamamoto, TSynth. Commurli979 9, 219-222. (b) Ramesh,
C.; Kubota, Y.; Miwa, M.; Sugi, Y Synthesi®002 2171-2173.

(16) Beyer, H.; Walter, WHandbook of Organic Chemistryrentice
Hall Europe: London, UK, 1996; p 497.

(17) (a) Fischer, EBer. 1895 28, 3254-3257. (b) Butts, JJ. Am. Chem.
Soc 1931, 53, 3560-3561.

(18) Himeshima, Y.; Sonoda, T.; Kobayashi,Ghem. Lett1983 1211~
1214.

(19) (a) Yoshida, H.; Shirakawa, E.; Honda, Y.; Hiyama, Ahgew.
Chem, Int. Ed 2002 41, 3247-3249. (b) Yoshida, H.; Fukushima, H.;
Ohshita, J.; Kunai, AAngew. Chem.nt. Ed 2004 43, 3935-3938. (c)
Yoshida, H.; Sugiura, S.; Kunai, Arg. Lett 2002 4, 2767-2769.

(20) (a) Pén, D.; Escudero, S.;'lRez, D.; Guitia, E.; Castedo, LAngew.
Chem, Int. Ed 1998 37, 2659-2661. (b) Yoshida, H.; Watanabe, M.;
Fukushima, H.; Ohshita, J.; Kunai, Qrg. Lett 2004 6, 4049-4051.

(21) Beller, M.; Breindl, C.; Riermeier, T. H.; Tillack, Al. Org. Chem.
2001, 66, 1403-1412.

92 %

We next studied the scope of this methodology by allowing
a wide variety of aromatic amines to react with the silylaryl
triflates 1a, 1b, and1c.?® The results are summarized in Table
1. Aniline itself and aniline with electron-donating and -with-
drawing groups (Table 1, entries 1 aned&), such as nitro,
cyano, ester, ketone, amide, and methoxy groups, all react well
with silylaryl triflate 1a and CsF to afford excellent yields of
the desired phenyl-substituted products. It is noteworthy that

(22) (a) Liu, Z.; Larock, R. COrg. Lett 2003 5, 4673-4675. (b) Liu,
Z.; Larock, R. C.Org. Lett 2004 6, 99—102.

(23) Pém, D.; Peez, D.; Guitia, E.; Castedo, LJ. Am. Chem. Soc
1999 121, 5827-5828.

(24) Yoshida, H.; lkadai, J.; Shudo, M.; Ohshita, J.; Kunai, JAAm.
Chem. Soc2003 125, 6638-6639.

(25) Silylaryl triflate Llewas prepared from 2-bromo-4,6-dimethylphenol
in a manner similar to the preparation of silylaryl triflate.

(26) 4-Aminopyridine and 2-aminopyridine react with the silylaryl triflate
lato afford an unknown salt; nbl-arylated products were isolated under
our usual reaction conditions.
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TABLE 1. Facile N-Arylation of Aromatic Amines 2

Liu and Larock

silylaryl . %
entry amine triflate (ecfll;v) tgl)e product isolated
(equiv) q yield
H
1 NH ta(l.l) 20 10 N 92
O (11) O
2 { My b 20 10 QHQ 94
2
OMe
3 ozNO»NHz ta(l.l) 20 10 OQNONHPn 85
3
4 NC@NHZ 1a (]1) 2.0 10 NCONHPh 90
4
5 EtOZC@NHg 1a (1‘1) 2.0 10 EtOQC@NHPh 94
5
6l dw iy 20 10 el we o
6
7 QNHz la(l.1) 2.0 10 QNHPh 95
AcNH AcHN 7
8 MeO@NHZ 1a (1.1) 2.0 10 MeO@NHPh 89°
8
9 QNH2 ta(l.l) 20 10 QNHPh 91
| 9 |
10~ Y 1a@n 200 10 l@NHPh 92
10
1 e Y 1an 20 10 or—{_)-nen 91
1
12 QNHZ la(l.l) 20 10 QNHPh 77
t-Bu t-Bu
12
Me Me
13 MeQNHz la(l.l) 20 10 MeQNHPh 90
Me Me
13
CH,
14 NHCHs  Ta(1.1) 2.0 5 N 96
@ @ Ph
14
CH e 97
15 Hmwwens 1eqy 20010 ay @cm
15
cH OMe
1 3
O+
16 ¢ Hwow  1a@) 20 s 16 94 (1:1)

GHs
O-E o
17
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Table 1. (Continued)

silylaryl . %
entry amine triflate (eclsll':v) tl(rl?)e product isolated
(equiv) a yield

CH,
17 QNHCHs la(l.) 20 5 Q,{ 97
Ph
|

18I
18 la(l.l) 2.0 5 QN;]\/ 97
19
CD 97
N

20

1a4) 40 72 @N:P“ 98
Ph

21

O
19 @\/} ta(l.l) 20 5
N
O
O

1b(24) 40 72 @N 94

</ />—CH3
22 HaCO@NHz 1c (2.4) 4.0 72 O 93
HsCO N

CH3
Ph
23 HCO NH,  1a(24) 40 72 H,CO N 100
O ’ @‘Ph
24
24 QNHZ la24) 40 72 QNHPn 81°
t-Bu t-Bu
12
Ph d
25 O NH;  1a(24) 40 72 ON N 55
O O,
25
N=\
26 N H 1a(12) 20 24 <N Pn 76
= 26
Ph\N,Ph
27 I 1a(3.6) 60 72 “ 81
e CC
H
27
/N\
N C[\,N—Ph
28 @[‘,‘N 1a(12) 20 24 L 92
N N (1:3.5)
S,
N
29 Ph

a All reactions were run under the following reaction conditions, unless otherwise specified: 0.25 mmol of amine and the indicated amount of silylaryl
triflate and CsF were stirred in 4 mL of MeCN at room temperatfife 4% yield of the diarylated product was obtainé@®nly monoarylated product was
obtainedd A 40% yield of monoarylated product was obtained.
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SCHEME 2 nucleophilic attack at the position meta to the methoxy group
of the aryne (Scheme 3, path B)When using silylaryl triflate
1d, the steric and electronic effects are very similar in the meta

Q + |© - (N; + |© [4+2] and para positions to the methoxy group of the aryne.
" v
\ /

SCHEME 3
A OMe
Ph Ph. .Ph ©/NuH
NoH |© N OMe A
A~ OMe -
Iy — @iTMS CsF TN less stable carbanion
o ) ove
B 81% 1b — -
B
haloanilines also react with silylaryl triflatka to generate the NuH
desired halo-substituted products in excellent yields (Table 1, more stable carbanion
entries 9-11). Halides, which are unlikely to survive under the
Pd-mediated amination reaction conditidfsare readily ac- In summary, from Table 1, one can see that almost all

commodated by our reaction conditions. When sterically aromatic amines react well with silylaryl triflates and CsF under
hindered amines are used as the starting materials (Table 1Yery mild reaction conditions to afford good to excellent yields
entries 12 and 13), good yields of thearylated products are of the desired products. Furthermore, one can selectively prepare

still obtained. secondary or tertiary arylamines by simply changing the ratio
Secondary amines usually react faster than primary amines©f the reactants (compare entries 1 and 21, and 8 and 23).
with the silylaryl triflates plus CsF (Table 1, entries 14 ane-16 N-Arylation of Alkylamines. Alkylamines also react well

19), except when S||y|ary| triflatécis emp|oyed (Tab|e 1, entry with the SIIyIaryI triflates and CsF to afford mono- or diarylated

15), and excellent yields are generally obtained. It appears thatalkylamines in good to excellent yields under very mild reaction
generation of the aryne is Significantly slower with use of the conditions. The results are summarized in Table 2. The mono-

silylaryl triflate 1¢.27 N-arylation of primary alkylamines is accomplished in fairly

Diarylation products are also readily obtained in excellent good yield when allowing an excess of the primary alkylamine
yields when an excess of the silylaryl triflate is employed with to react with the silylaryl triflate and CsF, although about 10%
primary aromatic amines (Table 1, entries—ZB and 25). of the diarylated product is also usually obtained (Table 2,
However, the sterically hindered anilinetert-butylaniline ~ €ntries -4). When an excess of the silylaryl triflate and CsF
afforded only the monoarylated product, even when an excessiS €mployed with primary amines or secondary amines, tertiary
of the silylaryl triflate 1a was employed (Table 1, entry 24). amines can be o_btainec_i in excellent yields (Table 2, entries
While imidazole affords a high yield of thé-arylated product ~ 5—13). Even sterically hinderedBuNH, affords an excellent
(entry 26), 1-(diphenylamino)naphthalene is obtained in an 81% Yield of the diarylated product. The silylaryl triflafe can also
yield, when pyrrole is allowed to react with 3.3 equiv of silylaryl ~Selectively react with an amino group in the presence of an
triflate 1a (Table 1, entry 27%8 This unexpected product can  @lcohol group to afford the correspondihgarylation product
be explained by the mechanism shown in Scheme 2. Firstin an 83% yield, although 8% of th@-arylation produci-(2-
pyrrole reacts with benzyne to generateltharylated compound ~ Phenoxyethyl)N-phenylaniline was isolated as a side product
A, which then undergoes 4] cycloaddition to afford com- (entry 7). An amino ester has also proven to be a good substrate
pound B, which can apparently react further with one more for N-arylation (Table 2, entry 14). Alcohols and carbararbon
equivalent of benzyne to afford the 1-(diphenylamino)naphtha- double and triple bonds are readily accommodated by this
lene in an 81% yield. Thi-arylation of benzotriazole proceeded ~ Process. It should be pointed out that a variety of other functional
in high yield, but afforded a 1:3.5 mixture df2-and N1- groups, including halide and ester groups, should be readily
arylation products, respectively. This result is similar to results tolerated under our reaction conditions. _
obtained with Pd-catalyzed amination chemistry (Table 1, entry ~N-Arylation of Sulfonamides and Carbamates While some
28)29 effort has been devoted recently to tRearylation of sulfona-

The regiochemistry of the substitution reaction with unsym- Mmides?! the scope of this chemistry with respect to either the
metrical arynes has proven quite interesting. The methoxy- _sulfonamide or _the aryl halide is still very limited. A_s shown
substituted silylary! triflatelb reacts cleanly with aniline to ~ in Table 3, entries 113, alkane- and arenesulfonamides both
generate a single regioisomer of either the monoarylation or efficiently undergoN-arylation under our reaction conditions.
diarylation products in good yields (Table 1, entries 2 and 21). Using primary sulfonamides and an excess of silylary! triflate,
When methoxy-substituted silylary! triflafidl is employed with ~ One obtains the corresponding diarylation product in high yield
N-methylaniline, two isomers were obtained in almost equal N a fairly short reaction time compared with the times required
amounts (Table 1, entry 16). The very different regioselectivity for the N-arylation of amines. Again, a variety of functional
observed with these two arynes can be readily explained by 9roups, including iodine, chloride, and ester groups, are tolerated

steric and electronic effects. The use of silylaryl triflatefavors ~ under our reaction conditions. Both electron-donating and
electron-withdrawing groups on the arene moiety of the arene-

(27) Liu, Z.; Zhang, X.; Larock, R. CJ. Am. Chem. SoQ005 127,

15716-15717. (30) Kessar, S. V. IlComprehensie Organic SynthesisTrost, B. M.,
(28) Wittig, G.; Reichel, BBer. 1963 96, 2851-2858. Fleming, I., Eds.; Pergamon Press: Oxford, England, 1991; Vol. 4, pp 483
(29) No simpleN-arylation product from indole is isolated, when indole  515.

is allowed to react with silylaryl triflatela under our usual reaction (31) (a) He, H.; Wu, Y. JTetrahedron Lett2003 44, 3385-3386. (b)

conditions. Yin, J.; Buchwald, S. LOrg. Lett.2002 4, 1101-1104.
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TABLE 2. Facile N-Arylation of Alkylamines 2

silylaryl F . %
entry amine triflate CS. tl(rﬁl)e product isolated
(equiv) (equiv) yield
1 QCHZNHZ 1a(0.9) 2.0 5 @CHZNHPh 70°
30
2 @CHZNHZ 1b(0.9) 2.0 5 OCszHQ 71°
3 OMe
3 HC=CCH,NH, 1a(0.9) 2.0 5 “CECC:;NHP" 62¢
4 OCH&HMHZ 1a(0.9) 2.0 5 O CH,CHNHPh 66°
33
5 CHANH 1a(24) 40 72 Ph 97
Q 2NH> @*CHZN\Ph
34
6 1a(24) 4.0 72 Fh 99
@—CHchZNHZ @CHZCHZprh
35
7 HOCH,CHNH, 1a(24) 40 72 HOCH,CH N 83¢
36
8 HCECCH,NH, la(24) 40 72 I 78
37 Ph
9 tBu—NH, 1a(24) 40 72 . 96
‘Ph
38
10 NH 1a(12) 2.0 5 N—Ph 95
C E>39
11 CN” 1b(1.2) 2.0 5 CNQ 97
40 OMe
/\
12 d \wu 1a(1.2) 2.0 5 O N-Ph 81
_/ “
Bn
13 (BrzNH 1a(l2) 20 5 QN‘B,, 99
42
NH2 NHPh
14 @/Kcozﬂ 1a(12) 20 5 o 65
2
43

a All reactions were run under the following reaction conditions, unless otherwise specified: 0.25 mmol of the amine and the indicated amouyk of silyla
triflate and CsF were stirred in 4 mL of MeCN at room temperat@i@pproximately a 10% vyield of the diarylated product was obtairietl 12% vyield
of the diarylated product was obtaingdAn 8% yield of N-(2-phenoxyethylN-phenylaniline was also obtained.

sulfonamide give excellent yields (Table 3, entries8). a high yield and excellent regioselectivity (Table 3, entry3P1).
Interestingly p-aminobenzenesulfonamide reacts with 3.3 equiv  Only the product of substitution meta to the methoxy substituent
of silylaryl triflate 1ato afford a product with a monoarylated is observed. Saccharin also reacts well with silylaryl triflage
amine and the diarylated sulfonamide (Table 3, entry 9). It is to afford theN-arylated product in a 72% yield (Table 3, entry
important to point out that we cannot obtain monoarylation 14).

products of primary sulfonamides under our reaction conditions, We have also investigated the use of carboxamides to generate
even when one uses an excess of the sulfonamide. One can alshli-arylamides from the silylaryl triflatela and CsF at room
start with secondary sulfonamides and produce the correspondtemperature. Unfortunately, only a trace of the corresponding
ing N-arylated tertiary sulfonamides in excellent yields (Table N-arylamide could be obtained from benzamide (Table 3, entry
3, entries 16-13). The methoxy-substituted silylaryl triflafdn 15). Simple amides are apparently neither acidic enough to form
also reacts cleanly witN-methylp-toluenesulfonamide to afford ~ the corresponding anion nor nucleophilic enough to directly

J. Org. ChemVol. 71, No. 8, 2006 3203
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TABLE 3. Facile N-Arylation of Sulfonamides and Carbamate$

Liu and Larock

silylaryl . %
entry sulfonamides triflate CsF t1(1}111)e product isolated
(equiv) (equiv) yield
% o}
1 HsC—S—NH, 1a(24) 40 24 HaC—B-NT 80
(I)I ) Ph
44
Q O ph
2 FaC—S—NH, 1a(24) 40 24 F.C—4-N 78
o] 5 Ph
45
3 2 \H 1la24) 40 24 @9 Fh 99
no 2 : : S—N
0 Ph
46
4 @9 1a(24) 40 24 O('? Fh 100
Me SI—NH . . Me S—N
o i 47('3' Ph
. 0§
5 Me4< >7§—NH 1b(24) 4.0 24 Me4< >7§—N 92
§ " 8
48
0 O Pnh
6 S—NH, la(24) 40 24 Qg_Nf 99
O Ph
Me Me
49
Q O Ph
7 MeO s-NH, la(24) 4.0 24 MeO Y 100
AQ_(% © @6 \Ph
50
8 Fc@'cs') ni,  1a(24) 40 24 O%’ o 91
3 D NM2 . . FaC S—N
0 ’ o Ph
51
Q O ph
9 HN S-nH,  1a(33) 20 24 PhHN 1\ 75
g O,
52
Q O cH
10 Me4< >*S—NHCH 1a(12) 20 24 M N 87
0 ’ e©;5 Ph
N O CH,
11 we S-nHeH;  1b(1.2) 2.0 12 Iy 91
Ras Sas
54 OMe
? O CH,Ph
12 Me §_NHCH Ph 1a (12) 2.0 12 M g—NI 2 94
‘< >7(';') 2 e‘< >~(5 -
55
| |
Ph
13 MeOZCGNHMs 1a (1 _2) 2.0 12 MeOﬂ*Qi}*NWIs 98
56
Q
A0 O\xs\/,o
14 @[(NH la12) 20 12 ©:‘<N—Ph 7
© 57 0
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Table 3. (Continued)

silylaryl . %
entry sulfonamides triflate CsF  time product isolated
: . (h) :
(equiv) (equiv) yield
(0] (@]
15 @6—NH2 1a(12) 20 24 <:> e 0
58
0] (0]
16 ©:§NH 1a(12) 20 12 @[I‘éN—Ph 60
o 590
7 () 2 1a(l2) 20 5 @M 9%
N—C-OEt . . N—-C-OEt
60
I |
% PhO
18 cu{}ﬁ—o—oa 1a(12) 20 5 m@ﬁ—&—oa 93
61

a All reactions were run under the following reaction conditions, unless otherwise specified: 0.25 mmol of the sulfonamide or amide and the indicated
amount of silylaryl triflate and CsF were stirred in 3 mL of MeCN at room temperature

attack the aryne. However, one can obtain a 60% vyield of corresponding diaryl ethers in high yields (Table 4, entrie8)6
N-arylation product from phthalimide (Table 3, entry 16). When ortho- or para-substituted iodophenol was employed, one
However,N-arylcarbamates react well with the silylaryl triflate  can still obtain the correspondin@-arylated phenols in over
1a, affording theN-arylation products in excellent yieldsin5h  90% yields (Table 4, entries-92). The analogous reaction
(Table 3, entries 17 and 18). Note that once again iodine andwith silylaryl triflate 1c affords two isomers, compound<
chloride groups are readily accommodated by this process. and 73, in a 1:1.5 ratio (Table 4, entry 11). This is easily
O-Arylation of Phenols. After our success with the\- explained by steric effects. Clearly, nucleophiles prefer reacting
arylation of amines, sulfonamides, and carbamates under veryat the position meta to the methyl group, rather than ortho to
mild reaction conditions, it was natural for us to investigate the the methyl groug? Interestingly, if we use 1,2-benzenediol, we
O-arylation of phenols and carboxylic acids using silylaryl obtain a 72% yield of the doubl®-arylation product (Table 4,
triflates and CsF. We first examined the reaction of phenol with entry 13). The sterically hindered phenol 2,4,6-trimethylphenol
1.2 equiv of 2-(trimethylsilyl)phenyl triflate1@ and 2 equiv also reacts smoothly with silylaryl triflatéa to afford a 68%
of CsF in MeCN at room temperature, our standard reaction yield of the desired product. With-naphthol, one can obtain
conditions for theN-arylation of amines and sulfonamides. We the O-arylated product in an 84% vyield (Table 4, entry 15).
obtained only a 66% yield of the desired diphenyl ether in 20  In general, alcohols do not react with these arynes to give
h. After optimizing this reaction system using phenol and 1.5 good yields of aryl ethers. For example, benzyl alcohol afforded
equiv of silylaryl triflate1a plus 3.0 equiv of CsF in MeCN for  only a 25% yield of the corresponding aryl ether, even when a
1 d at room temperature, we were able to obtain diphenyl ether stronger base, such as DBU, was added (Table 4, entry 16).
in a 92% isolated yield (Table 4, entry 1). o-Bromobenzyl alcohol gave a slightly better yield of 36%
With use of these optimal reaction conditions, this method (Table 4, entry 17). Consistent with these results, 4-hydroxy-
has been applied to tl@-arylation of a wide variety of phenols.  benzyl alcohol reacts with silylaryl triflatgéa to afford 4-phe-
The results are summarized in Table 4. Phenol itself and a noxybenzyl alcohol in a 75% yield (Table 4, entry 18). Arene
phenol with an electron-donating methoxy group react well with thiols also react well with silylaryl triflatela to afford the
silylaryl triflate 1a to give the corresponding diaryl ethers in  Sarylated product in a fairly good yield (Table 4, entries 19
high yields (Table 4, entries 1 and 2). If 4,5-dimethyl-2- and 20). This chemistry provides a very convenient method to
(trimethylsilyl)phenyl trifluoromethanesulfonatid is allowed prepare a wide variety of diaryl ethers and sulfides that tolerates
to react withp-methoxyphenol, we can obtain the corresponding a number of functional groups and produces very high yields
diaryl ether in a 93% yield (Table 4, entry ®}tert-Butylphenol under very mild reaction conditions.
also works well, affording the correspondi@garylated product O-Arylation of Carboxylic Acids. The O-arylation of
in an 85% vyield (Table 4, entry 4). One still can obtain a 91% carboxylic acids has also been investigated as a method to
yield of the O-arylated product from phenol bearing an generate aryl esters. One needs to use 2.0 equiv of silylaryl
acetamide group (Table 4, entry 5). This result is consistent triflate plus 4.0 equiv of CsF in the reaction with carboxylic
with our earlier observation that simple amides do not readily acids in order to obtain good yields of the corresponding
undergoN-arylation. Phenols bearing an electron-withdrawing O-arylation products. The results are summarized in Table 5.
substituent generally behave poorly or are completely inert As shown in Table 5, benzoic acid and a number of functionally
toward diaryl ether formation when using aryl halides and a Pd substituted benzoic acids react smoothly with silylaryl triflates
catalyst to effecO-arylation®ef However, under our reaction  1a, 1b, and1cto generate the corresponding aryl esters in high
conditions, phenols with an electron-withdrawing group, such yields. Benzoic acids with an electron-donating group, like a
as a nitro or aldehyde group, work quite well to generate the methoxy group (Table 5, entries4), generally afford better
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TABLE 4. Facile O-Arylation of Phenols?

Liu and Larock

silylaryl . %
entry phenol triflate CSF tl(rl?)e product isolated
(equiv)  (equiv) yield
1 ¢ H-on ta(l.5) 30 24 ¢ o) 9
62
2 vo{ Yon 1a(s) 30 24 weo{ Yo ) 98
63
Me
30 wod Yow  1a(s) 30 24 Meo@oOMe 93
64
4 el Yo 1as) 30 24 el Yol ) 85
65
5 AcNHOOH 1a (1.5) 30 24 AcHNOOPh 91
66
6 ON oH  1a(l5) 30 24  ON 0 %
- (1) 2~ o4 )
7 on—{ Hon 1ats) 30 24 mw@o@ 9%
68
OMe
8 o~ H-on  1a(ts) 30 24 owe— Ho{ ) 91
69
9 — Yon 1as) 30 24 — o) 94
70
10 —{_H-on 1al5) 30 24 'OOQ 95
n OMe
Me
Do
72
1 —_H-on le(15) 30 24 e 9
,@OO (1:1.5)
73
Me
| |
12 @ 1a(l.5) 30 24 @ O 90
OH O
74
OH OPh
13 @ 12a(3.0) 60 60 @: 7
oH oPh
75
Me Me
14 MEQOH 1la(15) 30 24 MeQO @ 68
Me Me 76
OH OPh
15 ta(ls) 30 24 84
16  Mowon  1a(1s) 30 24 ¢ N—cr,0en 25°

78
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Table 4. (Continued)

silylaryl . %
entry phenol triflate CSF t?}ge product isolated
(equiv)  (equiv) yield
Br Br
17 @cw 1a(l5) 30 24 @CHzoPh :

79

18 Mook )-oH 1a(15) 30 24 HooH;—~(_ )0 v

80
as la(l5) 30 24 { <) 70

81
20 QSH 1a(l.5) 30 24 Qs@ 66
MeO MeO 82

a All reactions were run under the following reaction conditions, unless otherwise specified: 0.25 mmol of the phenol and the indicated amount of
silylaryl triflate and CsF were stirred in 4 mL of MeCN at room temperatlis&hen 1.1 equiv of the strong base DBU was added, the yield did not improve

19

yields than benzoic acids with an electron-withdrawing group, over NaSO, and concentrated under reduced pressure. The residue
like a nitro group (Table 5, entry 2). Halogen-substituted Wwas purified by flash chromatography on silica gel to afford the
carboxylic acids also work well with silylary! triflatesa, 1b, desired product. -

andic to afford good yields of aryl esters, even when a bulky ~ Diphenylamine (Table 1, entry 1). Purification by flash

iodo group is present in thertho position (Table 5, entries chron;a(tggrapt;yi (SO:égsxapeléEtOAc) a;}ffordecﬂéhe |nd|cate°(cj:com-
7-10). Unfortunately, aliphatic carboxylic acids do not react PoUh mg) in a 92% yield as a white solid: mp-8D

well with silylaryl triflates and CsF under our reaction condi- (lit.> mp 50—22 C). The’H and **C NMR spectra match the

. : . - . literature dat&

tions. For example, phenylacetic acid reacts with 2.0 equiv of

. . : General Procedure for the MonoN-arylation of Alkylamines.
0,
silylaryl triflate 1a and 4.0 equiv of CsF to afford only a 45% To a solution of MeCN (4 mL), alkylamine (0.25 mmol), and

yield of the corresponding aryl ester (Table 5, entry 11). The gjyjary| triflate (0.225 mmol) was added CsF (0.4 mmol). The
reason for the low yields of aryl esters from aliphatic carboxylic yeaction mixture was allowed to stir at room temperature and
acids is not clear at this time. When benzenesulfonic acid was monitored by TLC to establish completion of the reaction. The
employed to react with silylaryl triflatda, only a 33% yield resulting solution was washed with brine (20 mL) and extracted
of phenyl benzenesulfonate was obtained (Table 5, entry 12).with diethyl ether (20 mL). The combined ether fractions were dried
over NaSQO, and concentrated under reduced pressure. The residue
was purified by flash chromatography on silica gel to afford the
desired product.

We have developed an efficient, mild, transition-metal-free  N-Propargylaniline (Table 2, entry 3). Purification by flash
method for theN-arylation of amines, sulfonamides, and chromatography (25:1 hexane/EtOAc) afforded the indicated com-
carbamates an@-arylation of phenols and aromatic carboxylic ~pound (19 mg) in a 62% yield as a light yellow oil. THe NMR
acids. The regioselectivity of the methoxy-substituted silylaryl SPectrum matchs the literature d&t&C NMR (75 MHz, CDC})
triflate 1b is excellent. With other silylaryl triflates, such ad 0 147.1,129.4, 118.9, 113.7, 812; 71-5; 33.9. )
andle two isomers are obtained. Monoarylated and diarylated General Procedure for the Diarylation of Amines and
amines can easily be obtained from primary amines by simply Sulfonamides. To a solution of MeCN (4 mL), the amine or

: . : . sulfonamide (0.25 mmol), and silylaryl triflate (0.6 mmol) was
controlling the ra’uo_ of thg reactants._A "a”e‘.V. of fu.nctlon.al added CsF (1.2 mmol). The reaction mixture was allowed to stir at
groups are compatible with the reaction conditions, including

. s room temperature fo3 d for N-arylated amines ah1 d for
nitro, hydroxyl, aldehyde, ketone, ester, and amide groups, asy.arylated sulfonamides. The resulting solution was washed with
well as double bonds and triple bonds. We have also shownprine (20 mL) and extracted with diethyl ether (20 mL). The
that halides, which are not compatible with Pd-mediated combined ether fractions were dried over,8&, and concentrated
arylation procedures, readily tolerate our reaction conditions. under reduced pressure. The residue was purified by flash chro-
This chemistry nicely complements classical methods for the matography on silica gel to afford the desired product.
N-arylation of amines and sulfonamides, and ®warylation Triphenylamine (Table 1, entry 20). Purification by flash

of phenols and carboxylic acids. chromatography (100:1 hexane/EtOAc) afforded the indicated
compound (60 mg) in a 98% yield as a white solid: mp 1224

°C (lit.3®* mp 125-126 °C). The!H and*C NMR spectra match
the literature dat&

General Procedure for the MonoN-arylation of Aromatic N,N-Diphenylbenzenesulfonamide (Table 3, entry 3Purifica-
Amines. To a solution of MeCN (4 mL), aromatic amine (0.25 tion by flash chromatography (100:1 hexane/EtOAc) afforded the
mmol), and silylaryl triflate (0.275 mmol) was added CsF (0.4
mmol). The reaction mixture was allowed to stir at room temper- i - ;
ature and monitored by TLC to establish completion of the reaction. 30§3§’£)3I8§Z'marets, C.; Schneider, R.; Fort, .Org. Chem2002 67,

The resulting solution was washed with brine (20 mL) and extracted  (33) Kataoka, N.; Shelby, Q.; Stambuli, J. P.; Hartwig, J1.Prg. Chem
with diethyl ether (20 mL). The combined ether fractions were dried 2002 67, 5553-5566.

Conclusions

Experimental Section
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TABLE 5. Facile O-Arylation of Carboxylic Acids 2

Liu and Larock

silylaryl CsF time %
entry carboxylic acid triflate (h) product isolated
(equiv)  (equiv) yield

COM 12 (2.0) 4.0

.

2 OoN

.

COH 1a (2.0) 4.0

COH 1a (2.0) 4.0

S &

coH  1b(2.0) 4.0

12a(20) 4.0

Q

CO,H

¢

CO,H le (2.0) 4.0

CO,H 1a (2.0) 4.0

oo
=
e

1a(2.0) 4.0
CO,H

B>

10 s Hcon 1b20) 40
1 )owcos  1a20) 40
12 )-sos 12 20) 40

a All reactions were run under the following reaction conditions, unless otherwise specified: 0.25 mmol of the carboxylic acid and the indicated amoun

24 QCOQPh 81
83

24 omOCOzPh 66
84

O h 96
85

MeO CO,P
24 MeOO—COZQ 98
86

OMe
24 ove 84
CO,Ph
87
Me
24 co, G 81
88
24 Q
|

24

Me
CO,Ph 75
89

Me
24 89
CO,Ph
| 90
24 BrOCOZQ 89
91 OMe
24 OCHgCOzPh 45
92
2 Q)-sowr 33
93

of silylaryl triflate and CsF were stirred in 4 mL of MeCN at room temperature.

indicated compound (77 mg) in a 99% yield as a white solid: mp
120-121°C; *H NMR (300 MHz, CDC}) 6 7.73-7.70 (m, 2H),
7.62-7.45 (m, 3H), 7.347.23 (m, 10H);3C NMR (75 MHz,
CDCl;) 6 141.6, 140.7, 133.0, 129.5, 129.1, 128.5, 127.9, 127.7.
HRMS vz 309.0829 (calcd GH1sNO,S, 309.0823).

General Procedure for the O-Arylation of Phenols. To a
solution of MeCN (4 mL), the phenol (0.25 mmol), and the silylaryl
triflate (0.375 mmol) was added CsF (0.75 mmol). The reaction
mixture was allowed to stir at room temperature fod and the
resulting solution was washed with brine (20 mL) and extracted
with diethyl ether (20 mL). The combined ether fractions were dried

(34) Yoshida, Y.; Tanabe, YSynthesisl997 533-535.

(35) Haga, K.; Ochashi, M.; Kaneko, Bull. Chem. Soc. Jprl984
57, 1586-1590.

(36) Shi, L.; Wang, M.; Fan, Ch.-A.; Zhang, F.-M.; Tu, Y.-Qrg. Lett
2003 5, 3515-3517.
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over NaSO, and concentrated under reduced pressure. The residue
was purified by flash chromatography on silica gel to afford the
desired product.

Diphenyl Ether (Table 4, entry 1). Purification by flash
chromatography (100:1 hexane/EtOAc) afforded the indicated
compound (39 mg) in a 92% vyield as a colorless oil. THeand
13C NMR spectra match the literature déta.

General Procedure for theO-Arylation of Carboxylic Acids.

To a solution of MeCN (4 mL), the carboxylic acid (0.25 mmol),

and the silylaryl triflate (0.5 mmol) was added CsF (1.0 mmol).
The reaction mixture was allowed to stir at room temperature for
1 d and the resulting solution was washed with brine (20 mL) and
extracted with diethyl ether (20 mL). The combined ether fractions
were dried over Ng&5O, and concentrated under reduced pressure.

(37) Ma, D.; Cai, QOrg. Lett 2003 5, 3799-3802.
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The residue was purified by flash chromatography on silica gel to  Acknowledgment. We are grateful to the National Institutes

afford the desired product. of Health (KU Chemical Methodologies and Library Develop-
Phenyl Benzoate (Table 5, entry 1)Purification by flash ment Center of Excellence, P50 GM069663) for their generous

chromatography (100:1 hexane/EtOAc) afforded the indicated financial support.

compound (40 mg) in an 81% yield as a white solid: mp-89
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