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Because of the powerful electron-withdrawing nature of the
phenyl-l3-iodanyl group,[1] ethynyl(phenyl)-l3-iodane (1)
[HCCI(Ph)X] (where X=heteroatom ligand) the parent
member of the family of alkynyl(aryl)-l3-iodanes,[2] is highly
electron deficient and hence serves as a good Michael
acceptor towards a variety of nucleophiles. Commercially
available ethynyl(phenyl)(tetrafluoroborato)-l3-iodane (1a :
X=BF4)[3] induces direct ethynylation of alkali-metal eno-

lates derived from 1,3-dicarbonyl compounds and nitroal-
kanes under mild conditions.[4] Analogous ethynyl-l3-iodane
1b (X=OTf; CF3SO3)[5] also affords ethynylation products by
the reaction with sodium p-toluenesulfinate, sodium diethyl
phosphate, and sulfonylamides.[6] These direct ethynylations
of nucleophiles with l3-iodanes 1 probably involve tandem
Michael addition/alkylidene–carbene rearrangement path-
way.[2]

Synthetic use of ethynyl-l3-iodanes 1 with these prom-
inent reactivity, however, is limited because of their relatively
low thermal stability: for instance, the iodane 1a gradually
decomposes when left to stand at room temperature. The
heteroatom ligand BF4 is weakly nucleophilic and, therefore,
its coordination (through a fluorine atom) to the iodine(iii)
center by hypervalent bonding is relatively loose,[7] which in
turn increases the positive charge on the iodine atom of 1a.
These features tend to enhance the reactivity of 1a toward
nucleophiles as well as to decrease its stability. Introduction of
more nucleophilic ligands, such as halogens, instead of BF4 is
expected to decrease the susceptibility of 1a to decomposi-
tion, because of the decreased positive charge on the
iodine(iii) center; however, the attempted ligand exchange
of ethynyl-l3-iodane 1a with halide ions results in the Michael
addition to the b carbon atom, instead of the formation of
ethynyl(phenyl)(halo)-l3-iodanes.[8] To increase the stability
of 1a, development of a new type of heteroatom ligand that
efficiently coordinates to the iodine(iii) but not undergoes
Michael additions is highly desirable.

Recently, we found that [18]crown-6 (18C6) forms a
discrete complex with diphenyl(tetrafluoroborato)-l3-iodane,
in which the iodine(iii) center forms contacts with the three
adjacent oxygen atoms of 18C6 through two hypervalent
secondary bonding and a weak interaction.[9] Herein, we
report synthesis and characterization of supramolecular
complex 2 formed between ethynyl(phenyl)-l3-iodane 1a
and 18C6. The complexation with 18C6 not only stabilizes 1a
but also maintains its high reactivity toward nucleophiles. We
also found that the presence of the ligand 18C6 in 2 makes it
possible to synthesize the highly labile (Z)-(b-alkoxyvinyl)-
phenyl-l3-iodanes as stable complexes with 18C6.

Slow evaporation of a dichloromethane/diethyl ether
solution of a 1:1 mixture of 1a and 18C6 at �20 8C afforded
an 89% yield of single crystals of a 1:1 complex 2. The
complexation with 18C6 dramatically changed the solubility
of 1a in organic solvents: thus, 1a is sparingly soluble in
dichloromethane and chloroform, while the complex 2 is
highly soluble in these solvents. More importantly, the
stability of 1a was much improved by the complexation and
almost no decomposition of 2 was observed when it was left
standing under ambient conditions over one month.

The X-ray crystal structure (Figure 1)[10] illustrates that, in
the 1:1 complex 2, the ethynyl(phenyl)-l3-iodanyl group
protrudes above one face of 18C6. The iodine(iii) center has
contacts with three adjacent oxygen atoms (O2, O3, and O4)
of 18C6 and the complex 2 adopts a distorted pentagonal-
planar geometry about the iodine, with root-mean-square
deviation of 0.355(9) ? for I1, C2, C3, O2, O3, and O4 from
their least-squares plane and the sum of the iodine-centered
bond angles S8I= 363.0(4)8.
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The I1···O2 and I1···O4 separations (2.918(3) and
2.923(3) ?) are considerably longer than the average covalent
bond length (2.14 ?)[11] but shorter than the van der Waals
distance (3.50 ?).[12] Both C2-I1···O2 and C3-I1···O4 are near-
linear and therefore these close contacts are indicative of
hypervalent secondary interactions, in which each oxygen
atom donates an electron pair into an I�C s* orbital. The
other I1···O3 contact is weak and considerably deviates from
the linearity of three-center, four-electron (3c–4e) s bond-
ing.[13] The symmetry of the crown ether approximates toD3d,
the most frequently observed conformation in supramolec-
ular complexes of 18C6.[14]

The heteroatom ligand BF4 shows a close contact with the
acetylenic hydrogen atom. The H1···F2 distance 2.34(5) ? is
shorter than their combined contact radii (2.67 ?)[12] and the
C1-H1···F2 bond shows a nearly linear conformation with an
angle of 160(5)8. Hydrogen bonding reduces the thermal
vibrations of the engaged residues. The ratio of isotropic
displacement parameters (U(C1)/U(C2)= 1.23) is close to 1,
which probably reflects H1···F2 hydrogen bonding.[15] Small
isotropic displacement parameter of F2 (U= 0.0377(8))
compared to those of the other fluorine atoms (U(F1),
0.068(1); U(F3), 0.047(1); U(F4), 0.084(1)) also indicates
reduction of the acceptor vibration through the hydrogen
bonding.[16]

In general, Csp�H groups act as good donors in hydrogen
bonding, a directional interaction with a preference for linear
geometry.[17] The highly acidic nature of H1 in 2 is responsible
for the C�H···F hydrogen bonding.[18] The Csp�H stretching
frequency of 2 provides spectroscopic evidence for this
interaction: it appears as a single sharp band at ñ=

3208 cm�1 (Nujol), whereas that of 1a appears at higher
frequency of ñ= 3242 cm�1.

In solution, ethynyl-l3-iodane 1a forms 1:1 complex with
18C6. 1H NMR spectroscopic analyses showed that a solution
of 18C6 in CDCl3 (0.01m) dissolve 0.9 equivalents of solid l3-
iodane 1a at 23 8C, and the methylene singlet is shifted upfield
by 0.06 ppm on complexation with 1a, as observed in the

Ph2IBF4·18C6 complex.[9] Irradiation of the methylene pro-
tons of 18C6 gives rise to nuclear Overhauser effects (NOEs)
for the ortho protons of 1a, but not for the meta and para
protons. The cold-spray ionization (CSI) MS spectrum for the
complex 2 in dichloromethane showed the most prominent
ion peak of 1:1 complex [2�BF4]+ at m/z 493 (Figure 2).[19]
The binding constant was measured by 1H NMR spectro-
scopic titrations of CDCl3 solutions of 18C6 with 1a at 23 8C.
The resulting binding curve gave an excellent fit with a 1:1
binding model and was analyzed by nonlinear least-squares
method to give a binding constant (Ka) value of 1.92 E 103m�1

(correlation coefficient 0.99).

The 1:1 complex 2 has the desired high reactivity towards
attack of nucleophiles and serves as a good Michael acceptor.
Thus, on exposure to sodium benzenesulfinate in dichloro-
methane, 2 undergoes tandem Michael addition/alkylidene–
carbene rearrangement to give the ethynyl sulfone 3 in a high
yield under mild conditions (Scheme 1).[6a,20] Very interest-
ingly, it is possible to synthesize the highly labile (Z)-(b-
methoxyvinyl)-l3-iodane as a crown-ether complex 4, directly
from the complex 2 (Scheme 1):[21] thus, reaction of 2 with
methanol at room temperature results in anti Michael
addition yielding the 2:1 complex 4, with a small vicinal
coupling constant 3.7 Hz between vinylic protons, stereo-
selectively in 82% yield. Ethanol and tert-butanol similarly
undergo the Michael addition to give the analogous 2:1
complexes. In these reactions, 18C6 functions as a stabilizing
ligand not only for the reactant ethynyl-l3-iodane 1a but also

Figure 1. ORTEP drawing of 2. Selected interatomic distances [=] and
angles [8]:I1-C2 2.009(4), I1-C3 2.116(4), I1···O2 2.918(3), I1···O3
3.120(3), I1···O4 2.923(3), H1···F2 2.34(5), C2-I1-C3 91.0(2), C2-I1···O2
164.0(5), C3-I1···O4 167.8(2), C1-H1···F2 160(5).

Figure 2. CSI-MS spectrum of 2 in CH2Cl2.
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Scheme 1. Reaction of the 1:1 complex 2 with nucleophiles.
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for the products (Z)-(b-alkoxyvinyl)-l3-iodanes, which have
not been synthesized before. Without use of 18C6, the
isolation and the purification of (Z)-(b-alkoxyvinyl)-l3-
iodanes are very difficult, probably because of the facile
anti-b-elimination[22] of the phenyl-l3-iodanyl group with
remarkable nucleofugality.[23]

In conclusion, 18C6 was shown to be an excellent
polydentate ligand of ethynyl- and (Z)-(b-alkoxyvinyl)-l3-
iodanes. The X-ray crystal structure of the ethynyl(phenyl)-
l3-iodane 18C6 complex 2 shows that the iodine(iii) interacts
with three adjacent oxygen atoms of 18C6 with a distorted
pentagonal-planar geometry. Most importantly, the complex-
ation with 18C6 increases the stability of these labile l3-
iodanes.

Experimental Section
2 : 1a (103 mg, 0.33 mmol) and 18C6 (86 mg, 0.33 mmol) were
dissolved in dichloromethane (1 mL) and the solution was stirred
for 30 min at room temperature. After addition of diethyl ether
(0.75 mL), a slow evaporation at �20 8C of the solvent by exposure to
the atmosphere yielded 2 (169 mg, 0.29 mmol, 89%) as colorless
plates: m.p. 133–1348C; 1H NMR (300 MHz, CD2Cl2, 0.01m, 24 8C,
TMS): d= 3.48 (s, 1 H; CCH), 3.63 (s, 24 H; 18C6), 7.59 (dd,
3J(H,H)= 8.2, 7.4 Hz, 2H;m-H), 7.71 (t, 3J(H,H)= 7.4 Hz, 1H; p-H),
8.20 ppm (d, 3J(H,H)= 8.2 Hz, 2H; o-H); 13C NMR (75 MHz,
[D6]acetone, 0.09m, 24 8C, TMS): d= 30.4 (CCH), 70.7 (18C6), 98.1
(CCH), 116.6 (ipso-C), 133.2 (m-C), 134.1 (p-C), 137.0 ppm (o-C); IR
(Nujol): ñ= 746 s, 835 s, 957 s, 1053 vs, 1108 vs, 2042 w, 3208 s cm�1;
CSI-MS (CH2Cl2):m/z 493 [(M�BF4)+]; elemental analysis calcd (%)
for C20H30BF4IO6 (580.16): C 41.41, H 5.21; found: C 41.25, H 5.03.

4 : 2 (25 mg, 0.042 mmol) was dissolved in methanol (1.2 mL)
under argon and the solution was stirred for 18 h at room temper-
ature. Evaporation of the solvent under reduced pressure, followed by
repeated decantation at 0 8C with n-hexane and then with diethyl
ether, gave 4 (16.7 mg, 0.017 mmol, 82%) as colorless prisms after
recrystallization from dichloromethane/n-hexane: m.p. 92–93 8C;
1H NMR (400 MHz, CDCl3, 24 8C, TMS): d= 3.68 (s, 24H; 18C6),
4.02 (s, 6H; MeO), 6.02 (d, 3J(H,H)= 3.7 Hz, 2H; CHI), 6.96 (d,
3J(H,H)= 3.7 Hz, 2H; CHOMe), 7.49 (dd, 3J(H,H)= 7.7, 8.4 Hz, 4H;
m-H), 7.65 (t, 3J(H,H)= 7.7 Hz, 2H; p-H), 7.94 ppm (d, 3J(H,H)=
8.4 Hz, 4H; o-H); IR (Nujol): ñ= 742 w, 1054 vs, 1104 s, 1257 w, 1614 s,
3110 w cm�1; elemental analysis calcd (%) for C30H44B2F8I2O8

(960.08): C 37.53, H 4.62; found: C 37.41, H 4.50.

Received: December 30, 2002 [Z50866]

.Keywords: crown compounds · hydrogen bonds · iodine ·
Michael addition · supramolecular chemistry

[1] For Hammett substituent constant (sp= 1.37) of Ph(BF4)I—see:
A. A. Mironova, I. I. Maletina, S. V. Iksanova, V. V. Orda, L. M.
Yagupolskii, Zh. Org. Khim. 1989, 25, 306.

[2] For reviews of alkynyl(aryl)-l3-iodanes see: a) M. Ochiai in
Chemistry of Hypervalent Compounds (Ed.: K. Akiba), Wiley-
VCH, NewYork, 1999, p. 359; b) G. F. Koser inThe Chemistry of
Halides, Pseudo-halides and Azides, Supplement D2 (Eds.: S.
Patai, Z. Rappoport), Wiley, New York, 1995, p. 1173; c) P. J.
Stang, Angew. Chem. 1992, 104, 281; Angew. Chem. Int. Ed.
Engl. 1992, 31, 274; d) A. Varvoglis, The Organic Chemistry of
Polycoordinated Iodine, VCH, New York, 1992.

[3] a) M. Ochiai, T. Ito, Y. Takaoka, Y. Masaki, M. Kunishima, S.
Tani, Y. Nagao, J. Chem. Soc. Chem. Commun. 1990, 118; b) M.

Ochiai, Y. Masaki, Y. Nagao, J. Synth. Org. Chem. Jpn. 1990, 48,
970; c) T. Suzuki, Y. Uozumi, M. Shibasaki, J. Chem. Soc. Chem.
Commun. 1991, 1593.

[4] For direct ethynylation of silyl enol ethers see: M. Arisawa, R.
Amemiya, M. Yamaguchi, Org. Lett. 2002, 4, 2209.

[5] P. J. Stang, A. M. Arif, C. M. Crittell, Angew. Chem. 1990, 102,
307; Angew. Chem. Int. Ed. Engl. 1990, 29, 287.

[6] a) R. R. Tykwinski, B. L. Williamson, D. R. Fischer, P. J. Stang,
A. M. Arif, J. Org. Chem. 1993, 58, 5235; b) B. Witulski, M.
Gosmann, Chem. Commun. 1999, 1879; c) B. Witulski, T.
Stengel, Angew. Chem. 1999, 111, 2521; Angew. Chem. Int. Ed.
1999, 38, 2426; d) J. A. Nanzon, J. M. Kuo, B. W. Miles, D. R.
Fischer, P. J. Stang, F. M. Raushel, Biochemistry 1995, 34, 743.

[7] For solid-state structures of tetrafluoroborato-l3-iodanes see:
a) M. Ochiai, Y. Kitagawa, N. Takayama, Y. Takaoka, M. Shiro,
J. Am. Chem. Soc. 1999, 121, 9233; b) M. Ochiai, K. Sumi, Y.
Takaoka, M. Kunishima, Y. Nagao, M. Shiro, E. Fujita,
Tetrahedron 1988, 44, 4095.

[8] M. Ochiai, K. Uemura, Y. Masaki, J. Am. Chem. Soc. 1993, 115,
2528.

[9] M. Ochiai, T. Suefuji, K. Miyamoto, N. Tada, S. Goto, M. Shiro,
S. Sakamoto, K. Yamaguchi, J. Am. Chem. Soc. 2003, 125, 769.

[10] Crystal data for 2 : C20H30BF4IO6, colorless block of dimensions
of 0.40E 0.20E 0.10 mm3, monoclinic,P21 (No. 14), a= 8.0240(5),
b= 10.9067(7), c= 13.980(1) ?, b= 96.569(3)8, V=

1215.4(1) ?3, Z= 2, 1calcd= 1.585 gcm�3. Data collected on a
Rigaku RAXIS-RAPID Imaging Plate diffractometer with
MoKa radiation (l= 0.71069 ?) at T= 93 K, 2qmax= 59.98,
13627 reflections measured, of which 3683 unique (Rint=
0.034), m= 13.80 cm�1. Structure was solved by heavy-atom
Patterson methods[24a] and expanded using Fourier techni-
ques,[24b] R= 0.044, Rw= 0.077. Hydrogen atoms were included
but not refined. CCDC-199570 (2) contains the supplementary
crystallographic data for this paper. These data can be obtained
free of charge via www.ccdc.cam.ac.uk/conts/retrieving.html (or
from the Cambridge Crystallographic Data Centre, 12 Union
Road, Cambridge CB21EZ, UK; fax: (+ 44)1223-336-033; or
deposit@ccdc.cam.ac.uk).

[11] F. H. Allen, O. Kennard, D. G. Watson, L. Brammer, A. G.
Orpen, R. Taylor, J. Chem. Soc. Perkin Trans. 2 1987, S1.

[12] a) A. Bondi, J. Phys. Chem. 1964, 68, 441; b) R. S. Rowland, R.
Taylor, J. Phys. Chem. 1996, 100, 7384.

[13] a) N. W. Alcock, Adv. Inorg. Chem. Radiochem. 1972, 15, 1;
b) N. W. Alcock, Bonding and Structure, Ellis Horwood, Chi-
chester, 1990 ; c) J. Starbuck, N. C. Norman, A. G. Orpen,New J.
Chem. 1999, 23, 969; d) G. A. Landrum, R. Hoffmann, Angew.
Chem. 1998, 110, 1989; Angew. Chem. Int. Ed. 1998, 37, 1887.

[14] Crown ether IR frequencies (ñ= 957 cm�1 for CH2 rock and ñ=
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