J. Am. Chem. S0d.996,118, 485-486 485

Starands vs Ketonands: Ab Initio Study respectively. The distance between the plane of benzylic carbon

atoms and the triangular plane of three oxygen atoms is 0.79
Seung Joo Cho, Hong Sub Hwang, Jung Mee Park, A, in agreement with the X-ray data, 0.8 A. Starahid found
Kyung Seok Oh, and Kwang S. Kim* to be 59 kcal/mol lower in energy than ketonahd

Although the above calculation seems to explain the stability
Department of Chemistry, Center for Biofunctional difference between the ketonand and the starand as well as their
Molecules, Pohang Unersity of Science and Technology  structural difference, it is of significance to study their repre-
San 31, Hyojadong, Namgu, Pohang 790-784, Korea sentative model systems using a larger basis set for a better
Receied September 22, 1995  reliability of the calculation. For this purposes<C bonds are
substituted for aromatic carbeicarbon bonds, while the phenyl
Discovering novel compounds with unusual properties is rings are removed. First, the geometries of both model ketonand
always an exciting part of chemistry. Most known crown ethers, 3 and model starand were optimized with HF/3-21G calcula-

which have highly selective complexation abilifi@swith tions, and the energy difference between the two model systems
relevant importance in molecular recognitiohave 3-crownn is 53 kcal/mol, comparable to 59 kcal/mol in the original
or 4n-crown-n moieties, wheren is an integer greater than 3. systems. We find that the predicted geometries of the model
Recently, Leeet al*® discovered unexpectedly a-2rownn compounds3 and4, show no substantial difference from those

moiety for the first time. In oxidation of the benzylic methyl-  of the original compounds], and2 (except for the €&C bond
enes of [}]orthocyclophane, they expected to synthesize cyclic lengths in3 and 4, which should be essentially somewhat
polyketonel, but the product turned out to be cyclic polyketal different from the aromatic carbercarbon bond lengths it

2. They named this unexpected novel compound a starand andand 2). Thus, we note that the effect of the phenyl rings is
their original target product (polyketone) a ketonand. Compared rather small with little additional strain to the molecules, so
with ordinary crown ethers, a starand has more peculiar that the model compounds can be the representative systems of
characteristics. Since it forms a nearly spherical cavity with the ketonand and starand. Using the model systems, we further
an unusual topological effect on cation binding, it is expected performed Moller-Plesset second-order perturbation (MP2)
to play a very unique role in hosguest chemistry¢ In this calculations at the optimized HF/6-31G* geometries (MP2//HF/
regard, it should be of the utmost importance to understand why 6-31G*). Then4 is 44 kcal/mol lower in energy tha® Since
[Lle]starand was synthesized instead of]kgtonand in the the MP2//HF/6-31G* results should be much more reliable than
experiment. After successful synthesis afi{nd [Ig]starands, the HF/3-21G results, the following discussion will be based

Leeet al. assumed that they could synthesizgqtarand. But, on the former results.
instead, [3]ketonand was synthesiz&€dTo answer all these
intriguing questions, we have performal initio calculations =
of [14]- and [X]starands and ketonands. /—(— >
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To find the reason why Elstarand has a lower energy than
[Lg]ketonand, we calculate the energies of starand and ketonand
building units. There are some difficulties in defining the
building-unit energies due to conformational strain etc. Nev-
ertheless, the energy difference betwegrand 6 can be
considered as an approximate ketonand building-unit energy.
Likewise, the energy difference betwegand8 is approximated
to be the starand building-unit energy. The MP2//HF/6-31G*
calculations predict the building-unit energy of a starand to be
4.2 kcal/mol lower than that of a ketonand. In general, typical
dissociation energies of the=€ bond in ketone and the-€0
bond in ether are~179 and~83 kcal/mol, respectivel§.
Ignoring other factors, ketonands should be lower in energy than
the corresponding ether types (by13 kcal/mol per building
unit). However, in various ether types the charges of C atoms
vary very much {-0.2 to 0.5 &), while the charges in O atoms
do not vary significantly £0.5 to —0.4 €"). The Mulliken
charges of C in the dimethyl ether, furan, dimethoxymethane,
and model starand are-0.21, —0.04, 0.25, and 0.45%e
respectively. Therefore, the-€D bonds in the starand are

In this first theoretical study on starands and ketonands, we
investigate their relative stability. We have performed Hartree
Fock (HF) calculations of and?2, using the STO-3G basis set
for the outer phenyl group and the 3-21G basis set for the inner
part to ensure modest reliability of calculation for the oxygen
oxygen repulsion$. Geometries were fully optimized, and both
1 (S symmetry) and2 (Dsg symmetry) have all positive
frequencies, indicating that both geometries are at the local
minima of the energy hypersurfaces. The predicted geometry
of 2is in good agreement with the X-ray datatandard error
deviations for bond lengths and angles are 0.01 A and, 0.5
respectively). The deviations of all the predicted bond lengths
and angles are within 0.02 A and 1.6om the X-ray data,

8 (Ptgdf_rssn, GC.k»‘Blci%nci'l%S 281l 536.E h JLAM Ch expected to be much stronger than those in normal ethers. In
a) LI, Y.; Gokel, G.; Aernandez, J.; echegoyen, m em i i
Soc 1994 1163087, (b) Sawada, Met al Ibid. 1963 115 7381. () e starand, each C atom is between two adjacent O atoms, so
Lehn, J.-M.Acc Chem Res 1978 11, 49. that the charge of the C atom is highly positive, inducing the
Esg Lehn, J.-M.Angkew Chem, Int. Ed. Eng:.] 1988 27, 89. ionic bond character in the - €O bond. This ionic bond
4) Lee, W. Y.; Park, C. H.; Kim, SI. Am Chem Soc 1993 115 1184. icti i i i
(5) (a) Lee. W. - Park, C. HJ. Org, Chem 1993 56, 7149, (b) Lee. character distinguishes the stara_md f_rom ord_mary et_hers. In thls
W. Y.; Park, C. H.; Kim, H.-J.; Kim, Slbid. 1994 59, 878. (c) Lee, W. sense, the starand should be quite different in chemical behavior
Y. Synlett1994 10, 765. from ordinary crown ethers. The charges of O and C in the

(6) Private communication from W. Y. Lee.
(7) All calculations were performed with a suite of Gaussian 92 programs ~ (8) Streitwieser, A.; Heathcock, C. H.; Kosower, E. Mtroduction to
(Frischet al. Gaussian 92; Gaussian Inc.: Pittsburgh, 1992). Organic Chemistry4th ed.; Macmillan Publ.: New York, 1994.
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E( [1,]ketonand ) 0). Since the electrostatic energy and non-Coulombic strain
energy are the dominating components for the energy increment
E(non-coul) 24 Keal/eiol of Fhe model systems relativg to the gorresponding si.x building
37 keal/mol units, the non-Coulombic strain energies3@fnd4 are estimated
49 kcal/mol to be 37 and 33 kcal/mol, respectively. Therefore, the relative

stability of the starand over the ketonand comes mainly from

Bt Dlstarand the building-unit energy difference and the reduced Coulombic

E(coul)

12 kcal/mol repu|si0n_
eXE (ket‘on.and . ) 3'53“]‘(2:1/‘;‘;;’ 30 keal/mol We turn our attention to |1 model ketonan® and [1] model
building-unit/ 25 keal/mol starand10. Based on the MP2//HF/6-31G* results) is 77
kcal/mol higher in energy tha®, in contrast to the [§ systems,

-3 kcal/mol starandl10 is found to have a very high non-Coulombic strain

) . ) energy of 135 kcal/mol, and it is 120 kcal/mol higher in total
Figure 1. Schematic of the energies of the modefketonand and apergy than four starand building units. Owing to very large
[16]s_tarand s_ystems and their Coulombic energies and non'COUIomb'crepulsions between four neighboring oxygens, the carbonyl
strain energies. oxygens in9 are flipped over (outward from the molecular
center) to reduce the Coulombic repulsions drastically, while
such a structural change 1@ is not feasible topologically. This
makes [4] model starand much less stable than] [thodel
ketonand.

When H" is added to the center of {Jstarand, the binding
energy is—172 kcal/mol. Furthermore, the energy stability of
[Le]starand over ketonand in the presence ofisl 114 kcal/
.............. i mol, in contrast to 44 kcal/mol in the absence of.HThus,

- [ starand
6XE <building-unit

) E(coul)

starand are-0.52 and 0.45 & respectively, while the corre-
sponding charges in the ketonand ar€.36 and 0.36 &
respectively. Therefore, the formation energy of twe-@
bonds in starand can be slightly greater than that of oF©C
bond in the ketonand, giving more stability to the starand
building unit over the ketonand building unit.

. ﬁ ﬁ : ‘\/o the starand will favor the protonation over the ketonand. This
AN AN : 2O \CHZ indicates that the protonation may accelerate the interconversion
H,C=CH' CH,  H,C=CH HC:CEC CHs }\m Cl/{ from the ketonand to the starand, as suggested in the experi-

ment4 [1g]Starand is known to have a high selectivity for"I5¢
______________ The binding energy of Li with the starand is predicted to be

5 6 7 —93 kcal/mol. This strong binding energy would make possible
the utilization of the high selectivity of the starand forLi
Further quantitative analysis of starands with cations is in
progress in this laboratory, in conjunction with those of
spherands and cavitadflsis well as other previous theoretical
studies of ordinary crown ethets.

In summary, [%]starand is more stable thang]Retonand,
because the former has more stable building-unit energy and
highly reduced electrostatic repulsions. The stability of the

The lower energy of relative to3 is due partly to the energy starand over the ketonand building unit arises from unusually
difference between their building units. However, as shown in Strong ionic bond character in the-© bonds of polyketal,
Figure 1, the energies 8fand4 are 49 and 30 kcal/mol higher which are possml)_/ stronger than the carbonyl bonds. The
than those of their corresponding six building units. This energy Phenyl ring effects in both starands and ketonands are found to
difference would come mainly from the strain energies com- be_ rather sm_aII with little aqdltlonal strain to _t_he molecules.
posed of the non-Coulombic strain energies and the oxygen With protonation, [#]starand is much more stabilized thap]f1
oxygen Coulombic repulsions in the model systems. In order k€tonand, implying more feasible interconversion frorgl{1
to calculate the electrostatic energies including oxygetygen ~ Keétonand to [¢Istarand. On the other hand sJRetonand with
repulsions, we assume six dipoles in the model systems, whereSomewhat Iabllt_e carbonyl orientations is much more stable than
each dipole has a negative charge of O at the O position and[1astarand, which has very high strain energy.

the same magnitude of a positive charge at the center of the ) .
remaining charges in each unit. Then, the electrostatic energy Qcknqwled_gment. This Srt]“dy was supported in part b¥ KdOSEF
between the six dipoles in the ketonand is repulsive with 12 an Ba3|c'SC|ence Research Institute Program (Ministry of Education,
. ) : . . . 1995, Project No. BSRI-95-3436). We thank Prof. Woo Young Lee
kcal/mol, while that in the starand is surprisingly attractive with  4ng prof. Byeang Hyean Kim for critical review of this manuscript.
—3 kcal/mol? The attractive Coulombic energy is due to the
peculiar structure of the starand: one negative O charge is  Supporting Information Available: Coordinates and total energies
slightly closer to two positive charges of other dipoles than two of model compoundss, 4, 9, and 10 (4 pages). This material is
neighboring O charges. Although the dipole approximation is contained in many libraries on microfiche, immediately follows this
not accurate enough, it clearly distinguishes the starand from article in the microfilm version of the journal, can be ordered from the
the ketonand in terms of the electrostatic interactions. In the ACS, and can be downloaded from the Internet; see any current
starand, the Coulombic repulsions are minimized, or the Chargemasthead page for ordering information and Internet access instructions.
distribution in the peculiar structure turns the Coulombic Jja953242L
repulsions due to closely packed O atoms (because of the sp T D Boencd983 218 1177, (6) Graf, £ Lehn 3-M
idi i i i a) Cram, D. clenci . ral, e.; Lenn, J.-M.
hydridization of C bonded to O in the ketonand) into the , ‘R L8 167297 5655 (&) Cram, D. J; Dicker, 1. B.: Lein. G.
Coulombic attractions with alternating head-to-tail dipole . knobler, C. B.: Trueblood, K. Nibid. 1982 104, 6827.
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