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Hypervalent iodine reagents!!! especially cyclic iodanes and
periodanes, such as IBA (1), IBX (2), and Dess—Martin
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periodinane (DMP, 3) are much used synthetic reagents with
broad application in synthesis.’!). DMP (3) has been used
widely in the selective oxidation of alcohols to carbonyl
compounds and in cascade reactions.”! IBX (2) can mediate
many useful transformations® such as the the introduction of
an a,p double bond to carbonyl compounds,® oxidation of
benzylic methylene and methyl groups, and cyclizations by
single-electron-transfer processes.”

Unfortunately, IBX (2) has several drawbacks. It has been
reported to be explosive,” it has low solubility so it is often
limited to use in polar solvents such as DMSO,*! and the
conditions for many of the IBX-mediated reactions often
involve high temperatures. Some attempts—such as the
addition of additives to IBX (2) for its stabilization! or for
increasing the reactivity,” the functionalization of the arene
moiety to improve solubility in organic solvents® or water !
and the attachment to a solid support!'”—have solved some of
these problems but rarely all of them. Theoretical investiga-
tions to improve reactivity have also been published.''! IBA
(1) and its derivatives are seldom used in synthesis owing to
the decreased reactivity of these reagents as oxidants,
especially as hypernucleofuges.'” Inspired by the increased
solubility and reactivity of [bis(trifluoroacetoxy)iodo]penta-
fluorobenzene™ and other hypervalent iodine reagents with
fluorous side chains,'¥ we proposed that fluorination of the
arene in the parent 2-iodobenzoic acid should solve many of
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the problems associated with cyclic iodanes. In this commu-
nication, we report what we believe to be the first hypervalent
derivatives of 2,3,4,5-tetrafluoro-6-iodobenzoic acid (5) and
discuss their structures and reactivities.

The parent 2,3,4,5-tetrafluoro-6-iodobenzoic acid (5) has
been reported as a product of iodolysis of organomercury
compounds.['”! Use of toxic reagents in and the poor yield of
this procedure led us to pursue our own synthesis of this
compound. Treatment of commercial 2,3,4,5-tetrafluoroben-
zoic acid (4) with excess n-butyllithium in tetrahydrofuran at
low temperature (found to be necessary) followed by reaction
with elemental iodine gave 5 in good yield regardless of scale
(Scheme 1). Acid 5 was easily purified by trituration under
hexane.
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Scheme 1. Preparation of 5-7.

Oxidation of acid 5 to the A*-iodane 6 (FIBA) proved to be
easy using a modification of conditions previously reported
for the preparation of 1.1l Refluxing acid 5 with one
equivalent of sodium periodate in trifluoroacetic acid/water
(1:1) gave 6 in good yield and excellent purity according to
YFNMR and {“F}'*C NMR spectroscopy and by elemental
analysis (Scheme 1). Use of excess sodium periodate led to
the formation of some iodine(V) reagent that could not be
separated. This seems to be remarkable as IBA tends not to
be overoxidized under these reaction conditions. A’-Iodane 7
(FIBX) was obtained in high yield and purity (**F NMR and
{“F}"*C NMR spectroscopy and elemental analysis) by treat-
ment of the parent iodobenzoic acid 5§ with potassium
bromate in dilute sulfuric acid, as previously reported for
the preparation of IBX (2).'1 Treatment of iodide 5 with
fuming nitric acid in trifluoroacetic anhydride as described for
the oxidation of pentafluoroiodobenzene to the correspond-
ing bis(trifluoroacetoxy)iodo compound™ gave the iodine-
(IIT) reagent 6 but in lower purity. Attempts to oxidize
iodoarene 5 with either trifluoroperacetic acid!"! or dimethyl-
dioxirane were unsuccessful, and the starting material was
recovered unchanged. We were unable to convert FIBX (7) to
the fluorinated Dess—Martin periodinane analogue. Reaction
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with acetic acid/acetic anhydride led to complete reduction to
the iodine(I) compound, and reaction with trifluoroacetic
anhydride resulted in a complex mixture of compounds
judged by the ’F NMR spectrum.

The {"F}-decoupled C NMR spectra of 5-7 show a
downfield shift of the carbon atom attached to iodine of
23.7 ppm on oxidation from iodine(I) to iodine(III) and a
further downfield shift of 17.1 ppm on oxidation to iodine(V)
(Table 1). This compares to downfield shifts of 26.4 ppm and a
further 26.2 ppm, respectively, for the same carbon atom in
the non-fluorinated series (Table 1).2!! A similar trend of the

Table 1: *C NMR shifts [ppm] of selected carbon atoms in cyclic
iodanes.

II IIII IV

o(c=0)® 5:164.1 6:162.4 7:162.6
6(C=0) 168.11124 1: 167.7% 2:167.5%
o(C-ye! 5:77.1 6:100.8 7:117.9
8(C-) 94,0624 1: 120.4%4 2: 146.6%
A (C=0) to I'P! 0.0 -1.7 -1.5
AS(C=0) to I 0.0 0.4 -0.6
AS(C-) to I'®! 0.0 +23.7 +40.8
AS(C)) to I 0.0 +26.4 +52.6

[a] 2-lodobenzoic acid. [b] Tetrafluoro derivatives.

3C NMR shifts of the iodine-bearing carbon atom is also seen
upon oxidation of non-cyclic aryliodides to their correspond-
ing iodine(IIT) and iodine(V) derivatives.”!! This already
allows a clear distinction between the different oxidation
states of the iodine using *C NMR shift values. In contrast,
the CNMR shifts of the carbonyl carbon atom are
independent of the iodine oxidation state. The IR stretching
frequencies of the carbonyl groups were initially used to
assign the cyclic structures of IBA (1) and IBX (2).?? The C=
O frequency of 5" is 1705 cm™'; upon oxidation to iodine(I1T)
this frequency changes to 1643 cm™" (6) and after oxidation to
iodine(V) to 1661 cm™' (7). The values for 2-iodobenzoic
acid,” IBA (1),** and IBX (2)* are 1680, 1620, and
1640 cm™!, respectively. These values indicate that the
replacement of the four hydrogen atoms by fluorine lead to
a difference in the carbonyl frequencies by approximately
20 cm . IR spectra can therefore serve to quickly determine
the oxidation state of 2-iodocarboxylic acids.

The structure of FIBA (6) could be assigned unambigu-
ously by single-crystal X-ray diffraction (Figure 1).*) The
structure is very similar to that of IBA (1) except that the
C7-11-03 angle is enlarged (97° compared with 89° in 1) in
order to accommodate the intramolecular O3-H1:-F4 hydro-
gen bond. The calculated structure of 6 at the HF/6-31G(d,p)
level®? using the LANL2DZ(d,p) for iodine,”! shows a
preference for a conformation with this intramolecular
hydrogen bond, although this structure is slightly distorted
from planarity.

The acidity of FIBA (6) and FIBX (7) in comparison to
that of 1 and 2, respectively, is most likely to be increased, but
it can be assumed that this result in changes in the
mechanisms of one-step oxidation processes.”) The increased
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Figure 1. X-ray crystal structure (left) and calculated structure (right) of
FIBA (6).

acidity might, however, have an effect on acid-sensitive
subsequent reactions.’”! FIBX (7) is more soluble in water
than IBX (2), but the solubility in fluorous solvents such as
perfluorohexane is neglegible. The reactivity of FIBX (7)
seems to be increased compared to that of IBX (2), and
several reactions confirm this observation.

It is known that IBX reacts with THF in a radical pathway
at temperatures above 80°C.["l We investigated the reactivity
of FIBX (7) by monitoring the ""FNMR spectrum of a
solution of 7 in THF at different temperatures and found that
it reacts with THF at only 40°C.

Simple oxidation reactions can be performed as efficiently
with 7 as with IBX with the advantage of not having to use
DMSO as a solvent. The oxidation of 2-indanol (8) to
indanone 9 can be performed at room temperature in water/
acetonitrile (1:1) and is complete within 4 h (Scheme 2). No
further oxidation to the a,B-unsaturated indanone 10 is
observed in this solvent. The reaction is faster (30 min) in
DMSO, and even at room temperature the formation of 10
can be detected. Owing to the reactivity of FIBA (6)
generated in this oxidation (see Scheme 3), side reactions at
the a position of 9 are observed as well. Other solvents can be
used for oxidation reactions as well: sulfoxide 11 can be
prepared in 90% yield by oxidation of thioanisole in
acetonitrile. There is no need to add a quarternary ammoni-
um salt to increase the solubility and reactivity,”! and the
corresponding sulfone is not detected. In contrast to IBX,*
FIBX (7) is able to cleave diols such as 12; benzoin 13 and

7 (1 equiv) 7,40°C O
C j< H,O/CH5CN C j\< DMSO ‘ l
OH (1:1),RT ¢} 0
8 (1), 9 (89%) 10
7 (1 equiv) Cu)
PhSMe ph/S‘Me
CH4CN, RT 1 (90%)
OH 7 (1 equiv) Q oh
Ph Ph ————— pp + PhCHO
O CH4CN, RT OH
12 13 (64%) (20%)
H 7 (1 equiv)
PR TpsorTHE \@
o (1:19), 50 °C Ph O
14 15 (27%)

Scheme 2. Reactions performed with FIBX (7).
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benzaldehyde were obtained in a reaction in acetonitrile at
room temperature. FIBX can also serve as a reagent to induce
the radical cyclization of unsaturated amides such as 14. The
cyclization is slightly faster than with IBX and produces the
lactam 15. After 6 h reaction at 90°C the conversion with
FIBX was 35% and 30% with IBX. However, the oxidation
of THF by FIBX is a significant pathway.

Many new reactions described in recent literature are
mediated by IBX. For example, oa-hydroxylation of a-
alkynylketones,® synthesis of Z-enediones,* aromatization
of dihydropyridines,** oxidative Passerini reactions,*® cleav-
age of diols,”” coupling of alkynes,* and oxidation of
aldehydes to nitriles.® The effect on some of these reactions
of using FIBX instead of IBX might be very interesting.

Reactions with IBA (1) are much less common in organic
synthesis owing to its low reactivity.*” FIBA (6), however, can
be used advantageously. The diphenyl diselenide catalyzed
cyclization of 16 to the butenolide 17 can be achieved with
FIBA (6) (Scheme 3),! while IBA (1) is not reactive in this
system. The same is true for a-functionalizations: indanone 9
can be oxytosylated in the a position using FIBA (6) to give 18
in moderate yields while IBA leads to much lower conver-
sions.

A highly attractive feature of all these oxidation reactions
is the possibility to directly measure the composition of
oxidant in the reaction mixture by ’F NMR spectroscopy. As
deuterated solvents are not necessary for these measure-
ments, the reaction mixtures can be analyzed directly. It is
interesting to note that in many oxidation reactions using
FIBX, the “FNMR spectrum shows the presence of only
iodine(V) and iodine(I) compounds. This contrasts with IBX
and the Dess—Martin periodane where IBA (1) and its
derivatives can be isolated as products.

The novel reagents FIBA (6) and FIBX (7) offer
advantages for some of these processes which now can be
performed in common organic solvents. As a result of the
increased reactivity of these reagents new transformations or
catalytic reactions may be possible.“?! Derivatives of 6 might
also provide an alternative route to tetrafluorobenzyne.'*!
Studies into comparative reactivities (experimentally and
computationally) are in progress.

5 mol% (PhSe),

: o
1 or 6 (1.05 equiv) Ph (0]
Ph” " Co,H U
16 CH3CN, RT 17
1: traces
6: 50%
p-TsOH
1 or 6 (1 equiv)
_ OTs
CH,CN, RT
e} (e}
9 18

1: 22% conversion (72 h)
6: 54% conversion (24 h)

Scheme 3. Reactions performed with FIBA (6).

Experimental Section
Synthesis of 5: n-Butyllithium (68 mL, 2.5M in hexanes, 170 mmol)
was added to a solution of 4 (15g, 77 mmol) in anhydrous
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tetrahydrofuran (250 mL) at —78°C. The resulting suspension was
stirred for 3 h at —78°C. Then a solution of iodine (23 g, 90 mmol) in
anhydrous tetrahydrofuran (50 mL) was added slowly until the brown
color of the iodine persisted in the solution. The resulting solution was
warmed to room temperature and more of the iodine solution could
be added if the brown color disappeared. The reaction was quenched
by dropwise addition of saturated aqueous sodium hydrogen sulfite
solution until the brown color faded, and the reaction mixture was
concentrated under reduced pressure. The crude product was
triturated under hexane (100 mL) for 4 h, and solid acid 5 (18.2 g,
57 mmol, 74 %) was collected by filtration as a powder, washed with
hexane (30 mL), and dried under reduced pressure. Concentration of
the filtrate under reduced pressure and trituration under hexane
(20 mL) gave further acid 5 (3.2 g, 10 mmol, 13 % total yield: 21.4 g,
67 mmol, 87 %). M.p. 125-126°C; ’F NMR (283 MHz, [D;]DMSO):
Op=—116.0 (1F, dd, J=24.3, 6.9 Hz, ICCF), —140.5 (1F, dd, /=20.8
10.4 Hz, HO,CCCF), —-1524 (1F, t, J=20.8Hz, CFCFCFCF),
—1542ppm (1F, t, J=243Hz, CFCFCFCF); ({“F}”"CNMR
(76 MHz, [D¢]DMSO) 6 =164.1 (C=0), 149.7 (CC=0), 147.2 (CF),
143.7 (CF), 139.8 (CF), 125.6 (CF), 77.1 ppm (CI).

Synthesis of FIBA (6): Following a modification of a published
procedure,'®! a solution of acid 5 (1.60 g, S5mmol) and sodium
periodate (1.1 g, 5.1 mmol) in trifluoroacetic acid (10 mL) and
distilled water (10 mL) was heated at reflux for 3 h, then cooled to
room temperature. The resulting suspension was concentrated under
reduced pressure, poured into ice-cold water (5mL), and 6 (1.40 g,
4.17 mmol, 83 %) was collected by filtration, washed with ice-cold
water (5 mL) and hexane (10 mL), and dried under reduced pressure.
A sample for X-ray crystallography and elemental analysis was
recrystallized from MeCN/DMSO (approx. 4:1) as prisms. M.p. 179-
180°C; IR: 7= 3060, 1643, 1619, 1596, 1496, 1349, 1055, 597; ’F NMR
(283 MHz, [D4]DMSO): 0p=-140.0 (1F, dd, J=24.3, 10.4 Hz,
CFCFCFCF), —140.1 to —140.5 (1F, m, CFCFCFCF), 148.0 (1F, td,
J=243, 104Hz, CFCFCFCF), —151.1ppm (1F, t, J=24.3 Hz,
CFCFCFCF); {“F}*C NMR (76 MHz, [D¢]DMSO) 0p=162.4 (C=
0), 148.5 (CF), 148.7 (CF), 144.0 (CC=0), 141.8 (CF), 118.5 (CF),
100.8 (CI) ppm; MS (EI) m/z (%): 320(8), 376 (28), 177 (18), 148 (23),
127 (36), 99 (53), 44 (100); Elemental analysis for C;HF,10;: calcd. C
25.01, H 0.3; found C 24.93, H 0.25.

Synthesis of FIBX (7): Following a modification of the procedure
of Mullins,"” acid 5 (1.92 g, 6 mmol) was added portionwise to a
solution of potassium bromate (2.2g, 13.2mmol, 2.1 equiv) in
aqueous sulfuric acid (20 mL, 2m) at 65°C over 15 min. The resulting
suspension was then stirred at 75°C for 3 h (Caution! Bromine vapor
is liberated) during which the reaction mixture turned orange, then
returned to a white suspension in a colorless solution. The reaction
mixture was cooled in ice/salt mixture until the internal temperature
was below —5°C. The solution was filtered, and the filtrate washed
with ice-cold water (2 x 10 mL) and ethanol (10 mL), and dried under
reduced pressure to yield 7 (1.81 g, 5.14 mmol, 86%) as a powder.
M.p. 203-204°C (decomp.); IR: 7=3425, 1660, 1637, 1501, 1472,
1360, 1061, 797 cm™"; ’F NMR (283 MHz, [D{]DMSO): 6y = —137.8
to —1383 (1F, m, CFCFCFCF), -138.6 to —139.0 (1F, m,
CFCFCFCF), —1472 (1F, td, J=24.3, 84Hz, CFCFCFCF),
—151.1 ppm (1F, td, J=24.3, 8.6 Hz, CFCFCFCF); {“F}*C NMR
(76 MHz, [D¢]DMSO): 6r=162.6 (C=0), 147.6 (CF), 145.4 (CF),
143.6 (CC=0), 143.0 (CF), 131.6 (CF), 117.9 ppm (CI); MS (EI) m/z
(%): 320 (5), 303 (8), 176 (16), 148 (27), 127 (32), 99 (34), 84 (44), 49
(100); Elemental analysis for C;HF,10,-H,O: calcd. C22.72, H0.81, 1
34.3; found C 22.66, H 0.23, 1 34.52.

Received: May 25, 2007
Published online: July 23, 2007

Keywords: fluorine - hypervalent compounds - IBX - iodine -
oxidation

www.angewandte.org

Chemie

6531


http://www.angewandte.org

Communications

6532

[1] a) V. V. Zhdankin, P. J. Stang, Chem. Rev. 2002, 102, 2523 —-2584;

b) Top. Curr. Chem. (Ed.: T. Wirth), 2003, 224; c)R. M.

Moriarty, J. Org. Chem. 2005, 70, 2893-2903; d) T. Wirth,

Angew. Chem. 2005, 117, 3722-3731; Angew. Chem. Int. Ed.

2005, 44, 3656 —3665.

a) T. Wirth, Angew. Chem. 2001, 113,2893-2895; Angew. Chem.

Int. Ed. 2001, 40, 2812-2814; b) T. Wirth in Organic Synthesis

Highlights V (Eds.: H.-G. Schmalz, T. Wirth), Wiley-VCH,

Weinheim, 2003, pp. 144—-150; c) U. Ladziata, V. V. Zhdankin,

Synlett 2007, 527 -537.

[3] a) K. C. Nicolaou, P. S. Baran, Y.-L. Zhong, K. Sugita, J. Am.
Chem. Soc. 2002, 124, 2212-2220; b) K. C. Nicolaou, K. Sugita,
P. S. Baran, Y.-L. Zhong, J. Am. Chem. Soc. 2002, 124,2221-2232.

[4] K. C. Nicolaou, T. Montagnon, P. S. Baran, Angew. Chem. 2002,
114,993-996; Angew. Chem. Int. Ed. 2002, 41, 1035-1038.

[5] a) K. C. Nicolaou, P. S. Baran, Y.-L. Zhong, S. Barluenga, K. W.
Hunt, R. Kranich, J. A. Vega, J. Am. Chem. Soc. 2002, 124,2233 -
2244;b) K. C. Nicolaou, T. Montagnon, P. S. Baran, Y.-L. Zhong,
J. Am. Chem. Soc. 2002, 124, 2245-2258.

[6] Caution! IBX (2) and DMP (3) are explosive upon impact or
heating >200°C: J. B. Plumb, D. J. Harper, Chem. Eng. News
1990, 68, 3.

[7] a) A. Ozanne, L. Pouysegu, D. Depernet, B. Francois, S.
Quideau, Org. Lert. 2003, 5, 2903-2906; b) A. Ozanne-Beau-
denon, S. Quideau, Tetrahedron Lett. 2006, 47, 5869 —5873.

[8] A.R. Katritzky, B. L. Duell, H. D. Durst, B. L. Knier, J. Org.
Chem. 1988, 53, 3972 -3978.

[9] A.P Thottumkara, T. K. Vinod, Tetrahedron Lett. 2002, 43, 569 —
572.

[10] a) M. Miilbaier, A. Giannis, Angew. Chem. 2001, 113, 4530—
4532; Angew. Chem. Int. Ed. 2001, 40, 4393-4394; b) G. Sorg,
A. Mengel, G. Jung, J. Rademann, Angew. Chem. 2001, 113,
4532 -4535; Angew. Chem. Int. Ed. 2001, 40,4395-4397;¢c) N. N.
Reed, M. Delgado, K. Hereford, B. Clapham, K. D. Janda,
Bioorg. Med. Chem. Lett. 2002, 12, 2047-2049; d) Z. Lei, C.
Denecker, S. Jegasothy, D. C. Sherrington, N. K. H. Slater, A. J.
Sutherland, Tetrahedron Lett. 2003, 44, 1635-1637; ¢) P. Lecar-
pentier, S. Crosignani, B. Linclau, Mol. Diversity 2005, 9, 341 -
351; f) Z. Q. Lei, H. C. Ma, Z. Zhang, Y. X. Yang, React. Funct.
Polym. 2006, 66, 840—844.

[11] J. T. Su, W. A. Goddard, J. Am. Chem. Soc. 2005, 127, 14146—
14147.

[12] M. Ochiai, Top. Curr. Chem. 2003, 224, 5-68.

[13] a) Y. Harayama, M. Yoshida, D. Kamimura, Y. Wada, Y. Kita,
Chem. Eur. J. 2006, 12, 4893-4899; b) R. M. Moriarty, R.
Penmasta, 1. Prakash, Tetrahedron Lett. 1987, 28, 877 —880.

[14] a) C. Rocaboy, J. A. Gladysz, Chem. Eur. J. 2003, 9,88-95;b) V.
Tesevic, J. A. Gladysz, Green Chem. 2005, 7, 833-836; c) V.
Tesevic, J. A. Gladysz, J. Org. Chem. 2006, 71, 7433 —7440.

[15] A.G. Massey, N. A. A. Al-Jabar, R.E. Humphries, G.B.
Deacon, J. Organomet. Chem. 1986, 316, 25-39.

[16] L. Kraszkiewicz, L. Skulski, ARKIVOC 2003, 6, 120-125.

[17] R. K. Boeckmann, P. Shao, J. J. Mullins, Org. Synth. Coll. 2004,
10, 696-701.

[18] M. Schmeisser, K. Dahmen, P. Satori, Chem. Ber. 1967, 100,
1633-1637.

[19] T. K. Page, T. Wirth, Synthesis 2006, 3153 -3155.

[20] V. V. Zhdankin, A.Y. Koposov, D. N. Litvinov, M. J. Ferguson,
R. McDonald, T. Luu, R. R. Tykwinski, J. Org. Chem. 2005, 70,
6484 -6491.

[21] A.R. Katritzky, J. K. Gallos, H. D. Durst, Magn. Reson. Chem.
1989, 27, 815-822.

[22] R. Bell, K. J. Morgan, J. Chem. Soc. 1960, 1209-1214.

[23] M. Frigerio, M. Santagostino, Tetrahedron Lett. 1994, 35, 8019 —
8022.

[2

—_—

www.angewandte.org

© 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

[24] A.R. Katritzky, B. L. Duell, J. K. Gallos, H. D. Durst, Magn.
Reson. Chem. 1989, 27, 1007 -1011.

[25] CCDC 641182 contains the supplementary crystallographic data
for this paper. These data can be obtained free of charge from
The Cambridge Crystallographic Data Centre via www.ccdc.ca-
m.ac.uk/data_request/cif.

[26] E. Shefter, W. Wolf, Nature 1964, 203, 512 -513.

[27] a) Calculations performed using Gaussian 98 Revision A.9, M. J.

Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scuseria, M. A. Robb,

J. R. Cheeseman, V. G. Zakrzewski, J. A. Montgomery, Jr., R. E.

Stratmann, J. C. Burant, S. Dapprich, J. M. Millam, A.D.

Daniels, K. N. Kudin, M. C. Strain, O. Farkas, J. Tomasi, V.

Barone, M. Cossi, R. Cammi, B. Mennucci, C. Pomelli, C.

Adamo, S. Clifford, J. Ochterski, G. A. Petersson, P. Y. Ayala, Q.

Cui, K. Morokuma, D. K. Malick, A. D. Rabuck, K. Raghava-

chari, J. B. Foresman, J. Cioslowski, J. V. Ortiz, A. G. Baboul,

B. B. Stefanov, G. Liu, A. Liashenko, P. Piskorz, I. Komaromi, R.

Gomperts, R. L. Martin, D. J. Fox, T. Keith, M. A. Al-Laham,

C.Y. Peng, A. Nanayakkara, M. Challacombe, P. M. W. Gill, B.

Johnson, W. Chen, M. W. Wong, J. L. Andres, C. Gonzalez, M.

Head-Gordon, E.S. Replogle, J. A. Pople, Gaussian, Inc.,

Pittsburgh PA, 1998; b) A. D. Becke, J. Chem. Phys. 1993, 98,

5648-5652; c) C. Lee, W. Yang, R. G. Parr, Phys. Rev. B 1988,

37, 785-789.

The LANL2DZ(d,p) basis set was obtained from the Extensible

Computational Chemistry Environment Basis Set Database,

Version 02/02/06, as developed and distributed by the Molecular

Science Computing Facility, Environmental and Molecular

Sciences Laboratory, which is part of the Pacific Northwest

Laboratory, P.O. Box 999, Richland, WA 99352, USA, and

funded by the U.S. Department of Energy. The Pacific North-

west Laboratory is a multiprogram laboratory operated by

Battelle Memorial Institute for the U.S. Department of Energy

under contract DE-AC06-76RLO 1830. The LANL2DZ(d,p)

basis set was first described by: P. J. Hay, W. R. Wadt, J. Chem.

Phys. 1985, 82, 299-310; diffuse and polarization functions

taken from: C. E. Check, T. O. Faust, J. M. Bailey, B. J. Wright,

T. M. Gilbert, L. S. Sunderlin, J. Phys. Chem. A 2001, 105, 8111 -

8116.

[29] M. J. Gallen, R. Goumont, T. Clark, F. Terrier, C. M. Williams,
Angew. Chem. 2006, 118, 2995-3000; Angew. Chem. Int. Ed.
2006, 45, 2929-2934.

[30] M. Narender, M. S. Reddy, V.P. Kumar, Y.V.D. Nageswar,
K. R. Rao, Tetrahedron Lett. 2005, 46, 1971 -1973.

[31] H. Tohma, S. Takizawa, H. Watanabe, Y. Kita, Tetrahedron Lett.
1998, 39, 4547 -4550.

[32] S. De Munari, M. Frigerio, M. Santagostino, J. Org. Chem. 1996,
61, 9272-9279.

[33] S. F. Kirsch, J. Org. Chem. 2005, 70, 10210-10212.

[34] B. Crone, S. F. Kirsch, Chem. Commun. 2006, 764 -766.

[35] J.S. Yadav, B. V.S. Reddy, A.K. Basak, G. Baishya, A.V.
Narsaiah, Synthesis 2006, 451 —454.

[36] T. Ngouansavanh, J. Zhu, Angew. Chem. 2006, 118, 34953497,
Angew. Chem. Int. Ed. 2006, 45, 3575-35717.

[37] J. N. Moorthy, N. Singhal, K. Senapati, Org. Biomol. Chem. 2007,
5,767-771.

[38] J. Yan, F. Lin, Z. Yang, Synthesis 2007, 1301 —1303.

[39] N. D. Arote, D. S. Bhalerao, K. G. Akamanchi, Tetrahedron Lett.
2007, 48, 3651 -3653.

[40] M. Ochiai, A. Nakanishi, T. Suefuji, Org. Lett. 2000, 2,2923-2926.

[41] D. M. Browne, O. Niyomura, T. Wirth, Org. Lett. 2007, DOI:
10.1021/01.071223y.

[42] R.D. Richardson, T. Wirth, Angew. Chem. 2006, 118, 4510—
4512; Angew. Chem. Int. Ed. 2006, 45, 4402 —4404.

[43] a) J. P.N. Brewer, H. Heaney, Tetrahedron Lett. 1965, 6, 4709 -
4712; b) H. H. Wenk, W. Sander, Chem. Eur. J. 2001, 7, 1837 -
1844.

—
[\
[e2]

[ldr}

Angew. Chem. Int. Ed. 2007, 46, 6529—6532


http://www.angewandte.org

