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Abstract: Reported here for the first time are the synthesis and characterization of supramolecular
complexes between diaryl-A3-iodanes and 18-crown-6 (18C6). Slow evaporation of solvents afforded 1:1
and 2:1 complexes between Ph;IBF, and 18C6 as stable crystals, depending on the conditions. X-ray
crystal structures of these complexes indicated that each iodine atom contacts with the three adjacent
oxygen atoms of 18C6 through two hypervalent secondary bonding and a weak interaction. *H NMR analyses
and CSI-MS spectra showed that, in dichloromethane solution, Ph,IBF, exclusively forms the 1:1 complex
with 18C6 (binding constant K, 1.02 x 10% M™1). The binding constants decrease with the increased solvent
donor ability (Gutmann’s DN). Changing the heteroatom ligand from BF, to the less nucleophilic PFs and
AsFs increased the binding constant by about six times. Substitution of an electron-withdrawing group
onto the para position of Ph;IBF, tends to increase in the complex stability. A linear Hammett relationship
(o = 0.59) between log K, and o," values of substituents indicates that the diaryl-13-iodanes with
electropositive iodine(Ill) interact more efficiently with 18C6. Decreased binding magnitude was measured
with 15C5, dibenzo-18C6, dibenzo-21C7, and dibenzo-30C10.

Introduction iodanes with crown ethers. The result provides us with a new
class of interaction in supramolecular chemistry of crown ethers.

Molecular iodine forms 1:1 complexes with crown ethers,
but the interaction is moderaté.The binding of iodine does
not involve the cavity of the macrocyclic polyethers but rather
involves a single oxygeniodine interaction with a linear
orientation of the halogen molecule with the donor atom. Diaryl-
A3-iodanes (diaryliodonium salts) are generally tetra- or penta-
coordinated in the solid statésyhich suggested to us that these
A%-iodanes might form discrete complexes with crown ethers
through cooperative interactions between iodine(lll) and oxygen
atoms of crown ethers, in marked contrast to a simple interaction
in iodinecrown ether complexés.

Metal ions form crystalline complexes with crown ethers
through ion-dipole electrostatic interactions, the oxygen lone
pairs being attracted to the cation positive chdrdevariety
of organic molecules with acidic hydrogens bind to crown
ethers via hydrogen bondirfgi-or instance, alkylonium ions
such as alkylammoniurd#,alkylsulfonium? and alkylphospho-
nium ionsc as well as hydronium idid with acidic hydrogens
bind crown ether hosts via XH---O (X = C, N, and O)
hydrogen bonding in a perching arrangement. Solid complexes
of certain neutral molecules such as MeCN, MeNe,SO,,
and DMSO with polar &H bonds with 18-crown-6 (18C6)
showed CG-H---O interactions. In this paper, we show that

intermolecular hypervalent I(11)-O interactions, secondary
bonding® play an essential role in complexation of diady+
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Figure 1. X-ray crystal structure of RIBF4-18C61.5 H,O complex2a.

Secondary interactions are shown in dashed lines. The 08, iodine with lower

probability, and BE were omitted for clarity. Selected bond lengths (A)
and angles (deg): I(H)C(13), 2.101(3); I(1)C(19), 2.107(3); I(2)O(1),
2.949(2); 1(1)-0(2), 3.201(2); I1(1O(3), 3.143(2); O(5yH(70), 2.045;
0O(2)-H(70), 2.116; C(13y1(1)-C(19), 91.6(1); C(19)1(1)-O(1), 163.7-
(1); C(13)-1(1)-0O(3), 167.6(1).

Results and Discussion

Synthesis and Solid-State Structure of Crown Ether
Complexes of Diphenyli3-iodane. Slow evaporation of a
dichloromethanediethyl ether (5:3) solution of a 1:2 mixture
of diphenylA3-iodane PHBF, (1a) and 18C6 in a refrigerator
(ca. 4°C) afforded a 92% yield of colorless single crystals of
1:1 PhIBF418C6 complex2a that were suitable for X-ray
crystallography (Figure 1). The iodine atom2ais disordered

at the two locations in a probability of 0.756:0.244. On the other

hand, when the solvent was changed to dichloromethane
hexane (1:2) and twice as mut&h relative to 18C6 was used,
colorless single crystals of the 2:1 #BF4-18C6 complexX2b
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Figure 2. X-ray crystal structure of (RIBF,),-18C6 complex2b. Selected
bond lengths (A) and angles (deg): KAG(7), 2.119(2); I(1}-C(13), 2.096-
(2); 1(1)—0(2%), 2.949(2); I(1y-0O(1), 3.042(2); 1(1}-O(3*), 3.088(2);
C(7)—1(1)-C(13), 92.18(7); C(#1(1)-O(1), 162.4(1); C(13y1(1)-0(2%),

177.9(1).
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were obtained in an 86% yield (Figure 2). These crystals are C13—11:--O3 triads are near-linear (163.7{1gnd 167.6(1)),
highly stable, and no decomposition was observed on standingthese close contacts are indicative of hypervalent interactions,
at room temperature for over 2 months. This is the first example in which the oxygen donates an electron pair into-&Clo*

of complexation betweefs-iodanes and crown ethers.
Figures 1 and 2 indicate that for both complexzghe
diphenylA3-iodanyl groups protrude above one face (8a)
and both faces (fo2b) of the host to provide a perching type
of host-guest relationshig? As observed in the crystal structure
of (diacetoxyiodo)benzeri€ both complexe® adopt a distorted

orbital. The other 13:-O2 contact is weak (3.201(2) A) and
considerably deviates from the linearity of 3c-déonding?®

The symmetry of the crown ether approximatesCio In the
crystalline complex, a molecule of water appears to be hydrogen
bonded via H7®-05 (2.045 A) and H70G--02 (2.116 A) to
18C6 from the side opposite tféiodane and helps to fill voids

pentagonal planar coordination about the iodines, in which eachin the structure. The structure &h reminds us of a free and
iodine atom contacts with the three adjacent oxygen atoms of easy scene in which a butterfly with wings spread is resting on

18C6: O1-03 for I1 of 2a; O1, O2*, and O3* for I1 of2b.
The average deviations of the six atoms (iodine, twso

a leaf and drinking water.
Coordination at the 11 of the 2:1 comple2b similarly

carbons of phenyl groups, and three oxygens) from their leastincludes two hypervalent secondary bondingH(Q2* 2.949-

squares planes are 0.256(2p) and 0.244(2) A 2b), with the
sums of the iodine-centered bond angk$ = 359.2(1} for
2aand 362.0(2) for 2b.

The 12:--O1 and [2--O3 distances irRa are 2.949(2) and

(2) A and 11-01 3.042(2) A) with a near-linear-Q--+O triad
(177.9(1y and 162.4(19) and a weak contact (1O3*, 3.088-

(2) A). The second iodine I11* is bound to the three other
adjacent oxygen atoms at the other side of the crown plane so

3.143(2) A, respectively, being considerably longer than the that a centrosymmetric complex results.

average covalent bond between O and | (2.141A)ut

Solution Structure of Crown Ether Complexes of Diaryl-

definitively shorter than the sum of the van der Waal’s radii of 4%iodanes.In solution, the complex formation betwegaand

0O (1.52 A) and | (1.98 A). Because both the G19-:-01 and

(9) For supramolecular chemistry of diad-iodanes, see: Stang, P. J;
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18C6 is clearly evident ifH NMR experiments: a methylene
singlet of 18C6 in CBCl, (0.04 M) exhibits an upfield shift of
0.07 ppm by the addition of 1 equiv @&, probably because of
the shielding effects of the phenyl groul3sThe 13C resonance
of 18C6 até 70.7 ppm is shifted to higher field(70.2 ppm)
during the addition ofla In addition, irradiation of the
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Figure 3. CSI-MS spectra in CkCly. (a) [(PBIBF4)2-18C6]2b [0.04 M].
(b) A 10:1 mixture ofla and 18C6.

methylene protons of 18C6 gives rise to nuclear Overhauser
effects (NOESs) for thertho protons ofla, but not for themeta

and para protons. These data can only be rationalized by the
formation of a stable complex in solution, which is similar to
the solid-state structure.

Solution structures of the complex were further analyzed by
coldspray ionization (CSI) M& a variant of electrospray (ESI)
MS!4 operating at low temperature, which allows facile and
precise characterization of labile organic species in solution.
The CSI-MS spectrum for 2:1 compleb [0.04 M] in
dichloromethane showed the most prominent ion peak of 1:1
complex Ra—BF4* at m/z 545 but, interestingly, a peak
corresponding to 2:1 compleRlh—BF4]* was not detected to
a discernible extent (Figure 3a). Even in the presence of large
amounts ofi3-iodanela (10-fold excess to 18C6), the most
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Figure 4. Job plot for complexation between #BF, 1a and 18C6 in
CD.Cl; at 24°C. Concentration: 1a] + [18C6] = 0.04 M.
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Figure 5. Observed!H NMR chemical shifts of 18C6 (0.04 M) when
titrated withlain CD,Cl, at 24°C. The solid line is calculated as described
in text.

the 2:1 crystalline comple2b from a dichloromethanehexane
(1:2) solution is probably due to the limited solubility.

The binding efficacy of 18C6 tdla was evaluated by
analyzing théH NMR spectral changes that occur upon titrating
CD,ClI; solutions of 18C6 (0.04 M) witia at 24 °C (Figure

intensive peak (taken as the base peak) detected is assigned t8). The resulting binding curve gave an excellent fit with a 1:1

1:1 complexaand the peak extent of 2:1 compl2k is found

binding isotherm and was analyzed by a nonlinear least-squares

to be less than 1% (Figure 3b). These results suggest that inmethod to give a binding constari) value of 1.02x 10°

dichloromethane solutioi3-iodanela exclusively forms the
1:1 complex2a and the contribution o2b is negligibly small.
The 1:1 stoichiometry betwedraand 18C6 in CRCl; solu-
tion was further confirmed from the Job plots by & NMR
experiments3® The complexation-induced shifts of a methylene
singlet of 18C6 were small but distinct and reproducible. A plot
of complex concentration versusd)/([1a] + [18C6]) shows a
maximum at near 0.5 (Figure 4). Thus, the facile formation of

(12) A similar upfield shift of 0.04 ppm in CDglwas reported in the

M~ (correlation coefficient 0.99).

Solvent and Ligand Effects on Complexation.Solvents
have a large effect on the complexation (Table 1): use of GDCI
as a solvent decreased the binding constant to one-half of the
value in CDCl,, probably because of a competing hydrogen
bonding between CDghnd 18C6 (compare entries 1 and 2 in
Table 1)1617 Table 1 indicates that the solvent donor ability
presumably affects the binding efficacy of 18C6l@and the
binding constants decrease with the increased donor akility.

complexation of 18C6 witlp-toluenediazonium tetrafluoroborate, in which
the diazonium group deeply penetrates the hole. See ref 3a.

(13) Sakamoto, S.; Fujita, M.; Kim, K.; Yamaguchi, Ketrahedror200Q 56,
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(14) Fen.n, J. B.; Mann, M.; Meng, K.; Wong, S. F.; Whitehouse, CSMence
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(15) Job, A.Ann. Chim. (Paris)192§ 9, 113.

(16) For hydrogen bonding between CH@hd 18C6, see ref 2b.

(17) Solvent acceptor numbers: CH@23.1), CHCI, (20.4). See: Gutmann,
V. The Donor-Acceptor Approach to Molecular InteractianBlenum:
New York, 1978.

(18) For DN, see: (a) Gutmann, \Chemtechl977, 255. (b) Reichardt, C.
Sobent Effects in Organic Chemistrierlag Chemie: Weinheim, 1979.
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Table 1. Solvent Effects on Binding Constants (K;) Resulting from
1H NMR Titration between Diphenyl-13-iodane 1a and 18C6 at
24 °C

entry solvent DN# Ka (M7Y)

1 CD.Cl, o° 1.02x 108
2 CDChk o° 5.45x 107
3 CDsCOCDs 17.0 6.33x 10
4 THFdg 20.0 3.30x 10
5 CDsCN 14.1 1.92x 10
6 CDs;0OD 25.F 5.55

7 DO 33.0 2.30

aponor numbers of Gutmari§. P Estimated values. Bulk donor
numbers.

Table 2. Substituent Effects on Binding Constants (K,) between
A3-lodanes 1 and 18C6 in CD,Cl, at 24 °C

ArAr'IBF, 1
entry Ar A Ka(M~1)
1 Ph 0-MeCsHg 1b 4.79x 1(?
2 Ph p-MeCsHa 1c 6.70x 107
3 Ph p-CICgH4 1d 1.30x 10°
4 Ph p-CRsCsHa le 2.58x 10°
5 p-MeCeHa p-MeCeHa 1f 5.07 x 102

The logarithm of the binding constants correlates well with
Gutmann’s donor number (DN) of solvents with a correlation
coefficientr of 0.96. DN expects a greater binding in §IN
than in THFds, but not the case (Table 1, entries 4 and 5).
This is probably due to a competing hydrogen bonding between
CD:CN and 18C6?2 In DMSO (DN, 29.8), an efficient ligand
to iodine(lll),2° no evidence for complex formation was
observed.

The magnitude of the interactions with 18C6 depends on the
nature of heteroatom ligands X in #K. Changing the ligand
from BF, to the less nucleophilic RFand Asks resulted in a
binding constant about six times larger: binding constantsi\M
in CD,Cl; at 24°C (X); 6.65 x 10° (PKs), 5.84 x 10° (AsFg),
8.13 x 1(? (ClOy), 2.83 x 1(? (OTf), and 1.47x 1(? (BPhy).

In marked contrast, diphenyf-iodanes with highly nucleophilic
ligands such as Br and | did not show any evidence of
complexation with 18C6.

Substituent Effects on Complexation. Substitution of a
methyl group onto thertho andpara position(s) of diphenyl-
A3-iodanelatends to decrease the complex stability, to a slightly
greater extent im-methyl1b than inp-methyl iodanelc (Table

[2a- BF,]*

[1a-15C5 - BF,I*

T11a-12C4 - BR,1*

i
450

1
88

568

mz

Figure 6. CSI-MS spectrum of a mixture of 18C6, 15C5, 12C4, diad
(each 0.001 M) in ChCls.

T
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Effects of Ring Size in Crown Ethers.H NMR titration
showed that the binding magnitudeiSfiodanelais dependent
on the ring size of crown ethers. The binding constant with 15C5
decreased to 1.58 10> M1 (in CD.Cl; at 24°C), while that
with 12C4 was very small. These differences in binding efficacy
were clearly confirmed by the measurements of the CSI-MS
spectrum for a mixture of an equal amount of 18C6, 15C5, and
12C4 in the presence @f, as shown in Figure 6. The ion peak
intensities of 1:1 complexe§—BF4] ", [1a-15C5-BF4]*, and
[1a-12C4-BF,4]* decrease in this order. Dibenzo-18C6 showed
a slightly decreased interactiorK{ = 7.48 x 10 M1
compared to 18C6, owing to the decreased basicity of the
oxygen atoms. Decreased binding magnitude was measured with
larger crown ethers, dibenzo-21,= 2.44 x 10? M~1) and
dibenzo-30C10K, = 9.27 x 10 M),

Acyclic podand, pentaglyme, exhibited a significantly lower
affinity for 1a (Ky = 2.07 x 10 M~1) than that of 18C6, which
is presumably due to the macrocyclic efféeAcyclic diglyme
offered similar binding withK, = 1.49 x 10 M~1. On the other
hand, a sulfur analogue of 18C6, [18]ase§ave no evidence
of interaction with 1a, probably because of the decreased
apicophilicity of sulfur ligands relative to oxygen ligands and
of the conformational restrictioft.

Conclusion

Diphenyl-13-iodanecrown ether complexes were synthesized
as stable crystals. X-ray crystal structure analysis of these
complexes indicated that cooperative hypervalent interactions

2). In the case of arenediazonium salts, the presence of stericallyyetween iodine(lll) and oxygen atoms of crown ethers is critical

demandingprtho methyl group inhibits the complexation with

to the formation. Further works are required to establish that

18C6, because the diazonium group must deeply penetrate th)ccurrence of the secondary bonding involving crown ether

hole to complex welf2 Thus, the observed smaittho methyl
effect in 1b probably reflects a perching type of hegjuest
relationship in solution. Electron-withdrawing-chloro and
p-trifluoromethyl groups increase the binding constants. These
results illustrate that the stabilities o¥iodane18C6 complexes
are dependent on both the electronic and steric effects of the
substituents. A linear Hammett relationshgp=€ 0.59) for the
substituent effects with a correlation coefficiendf 0.99 was
found between lodk, ando,™ values associated with thgara
substituents. Thus, th&-iodanes with electropositive iodine-
(1) interact more efficiently with 18C6.

(19) Gokel, G. W.; Cram, D. J.; Liotta, C. L.; Harris, H. P.; Cook, FJLOrg.
Chem.1974 39, 2445.

(20) (a) Zhu, S.-ZHeteroatom Cheml994 5, 9. (b) Ochiai, M.; Kitagawa, Y.
J. Org. Chem1999 64, 3181.
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oxygens provides a new tool for forming supramolecular
synthons in the field of crystal engineering.

In solution, it was determined byH NMR analyses and/or
CSI-MS spectra that diphenyf-iodanes (PHX: X = BF,,
PF;, Asks, ClO4, OTf, and BPhL) exclusively form a 1:1
complex with 18C6. The magnitude of the interactions with
18C6 depends on the solvent donor ability (Gutmann’s DN)
and the differences in nucleophilicity of the heteroatom ligands
X. Substitution of electron-withdrawing-chloro andp-trifluo-
romethyl groups onto theara position of PhIBF, tends to
increase in the complex stability. Hammett analysis for the
substituent effects clearly indicates that thieiodanes with

(21) For apicophilicity, see: Thatcher, G. R.; Campbell, AJSOrg. Chem.
1993 58, 2272.
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electropositive iodine(lll) interact more efficiently with 18C6. 'H NMR Titration. A solution of 18-crown-6 (0.01 or 0.04 M) was
Decreased binding magnitude was measured with 15C5, dibenzoprepared. Ten to fifteen NMR tubes were each filled with the solution
18C6, dibenzo-21C7, and dibenzo-30C10. Acyclic podand, and with an adequate amount of diadfHodanesl (i.e., 0-2.5 or
pentaglyme, exhibited only a very weak interaction with-Ph 05 equiv)."H NMR spectra of the mixtures were recorded at’24
IBF4. The sulfur analogue of 18C6, [18]ane§ave no evidence The curve fittings of the chemical shift data of a methylene singlet of

of the interaction. 18C6 were carried out by a nonlinear least-squares method (Marguardt
Levenberg Algorithm) according to the reported equa&fiavith use
Experimental Section of SigmaPlot (Jandel Scientific, San Rafael, CA).
General Methods.For general experimental details, see ref 22. CSI-  Crystallographic Data. Crystallographic data were recorded on a

MS measurements were performed with a four-sector (BE/BE) tandem Rigaku RAXIS-RAPID imaging plate diffractometer with graphite-
mass spectrometer (JMS-700T, JEOL) equipped with the CSI source. monochromated Mo & radiation. The data were corrected for Lorentz

Diaryl-13-iodanesla—1f and PhIBPh, were prepared by the silicofi- and polarization effects. The structure was solved by the direct

or boron-iodine(Ill) exchange reactiott. Diphenyl-1%-iodanes PHX method¥” and expanded using Fourier technigéfeEhe non-hydrogen

(X = PF;, AsF, ClO,, and 1) were purchased from Tokyo Kasei Kogyo atoms were refined anisotropically. Hydrogen atoms were included but

Co. not refined. Neutral atom scattering factors were taken from Cromer
Preparation of PhylBF,18-Crown-6 Complex (2a).Diphenyl- and Wabe?® The values for the mass attenuation coefficients are those

(tetrafluoroborato)*-iodane (&) (118 mg, 0.32 mmol) and 18-crown-6  of Creagh and Hubbé?. All calculations were performed using the
(170 mg, 0.64 mmol) were dissolved in dichloromethane (2.5 mL), texsard! crystallographic software package of Molecular Structure Corp.
and the solution was stirredrfd h atroom temperature. After addition  £or 25 the iodine atom is disordered at the two locations represented

of diethyl ether (1.5 mL), a slow evaporation ar@ of the solvent by the corresponding unprimed and primed numbers. One of the two
with exposure to the atmosphere yieldedIBR,-18-crown-62a (192 water molecules, 08, is disordered around an inversion center.
mg, 92%) as colorless plates: mp 143114°C; IR (KBr) 3576, 3058,
2893, 1631, 1472, 1353, 1150000, 837, 741 cn; H NMR (400 2a(PhlBF,-18C63/2 H0): CoHaBF4lO75 M = 659.26T =113
MHz, CD,Cl,, 0.04 M) 8.09 (d,J = 7.3 Hz, 4H), 7.65 (tJ = 7.3 K, monoclinic space group2:;/n (No. 14),a = 9.544(1) Ab=21.210-
Hz, 2H), 7.49 (tJ = 7.3 Hz, 4H), 3.53 (s, 24H)SC NMR (75 MHz, (@) A ¢ =14.297(2) A8 = 101.446(4), V = 2836.7(6) R, Z = 4,
CD,Cl,, 0.04 M) 6 136.2, 132.9, 132.4, 113.8, 70.2. Anal. Calcd for Dec = 1.544 g cm?, (Mo Ka) = 11.97 cm™. A total of 25918
CaHaBF4l06-3/2 H,O: C, 43.72; H, 5.66. Found: C, 43.71; H, 5.52. reflections were collected; 8141 were unigie= 0.076,R, = 0.110.
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