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Although cation—s interactions commonly involve aromatic or heteroaromatic rings as the source of
m-electrons, isolated and nonconjugated olefins are equally effective donors of z-electron density.
Previous comparisons of these s-electron sources have indicated that the net energy of the binding
interactions is not a simple additive function of the number of zz-bonds involved. For instance, the
enthalpy of binding (AH®) of Li*, Na™, or K™ cations to two ethylene molecules or to one benzene
molecule is approximately the same, despite the 4:6 ratio of ;r-electrons involved. This present density func-
tional theory study indicates that geometric factors can partially account for the proportionally greater
interaction energies of olefins, but whether they are symmetrically placed around the cation or
grouped on one hemisphere has little effect on the binding energy. Instead, flexible ligands that permit
olefinic s-electrons to be oriented more favorably toward the metal than those in rigid aromatic rings
can be correlated with greater bonding. For Li* complexes, this appears to be an appreciable factor,
although it is less significant with Na™ and K complexes. For all three cations, stronger polarization
interactions with olefins compared to arenes contribute to the strength of cation—s interactions

involving olefinic s7-bonds.

Introduction

Cation—u interactions involve the largely noncovalent attrac-
tion of a cation [commonly, but not necessarily, an alkali metal
or NR,"ion (R = H or alkyl)] with a ligand’s 7r-electrons, which
are often those of an arene or heteroarene.! Such interactions,
which incorporate electrostatic, inductive, and charge transfer
effects, and in some cases dispersion forces,? appear in numerous
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supramolecular and biological contexts, including cyclophanes,’
calixarenes,*’ collarenes,® polyaromatics,”® conjugated double
bonds,® and amino acids such as tryptophan.” The interac-
tion energies can be substantial: for example, those of K* with
benzene and water in the gas phase are indistinguishable
(~17.7 £ 1.0 and ~17.9 kcal/mol, respectively).'®!" Even
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when weak, multiple cation—s(arene) interactions can criti-
cally influence ligand conformations and substrate binding.'?

Although they have been less studied than those with
arenes, > ! interactions of cations with olefinic 7z-bonds
have revealed a distinctive feature of cation—m bonding, i.e.,
the nonadditivity of the energy contributions as a function of
the number of 7-bonds in a molecule. For example, the
enthalpies of binding of Na™ to ethylene and benzene have
been determined to be —10.7 + 1.0'°and —23.2 4 1.4'7 kcal/mol,
respectively, which are not in the 1:3 ratio that would be
estimated on the basis of the number of 7-bonds. In another
instance, the binding of 1,4-cyclohexadiene to Li*, Na™, and
K™ has been computationally modeled in the context of a
study of [n]beltenes (cyclacenes),'* and the enthalpy of binding
of benzene to the same cations was found to be only 2—6%
greater than that for binding to the cyclohexadiene, not the
50% increase that might be expected. These findings appear
to be general; the binding of alkali metal cations to the double
bonds in tris(allyl)zincates, (M{Zn[1,3-(SiMe3)>C3sH3]5}),"®
has been modeled with ethylenes as substitutes for the allyl
bonds. Two ethylenes arranged in a staggered manner around
Lit,Na™, and K" were found to be roughly equal in binding
enthalpy to a benzene ring, and three ethylene units around
the metal surpassed the arene binding enthalpy by >=30%.

The reason that isolated or nonconjugated olefins should
display binding to cations proportionally stronger than that
of aromatic rings has been ascribed to general “geometri-
cal considerations”,>!'® or more specifically in the case of
1,4-cyclohexadiene, to the flexibility in the -CH,- linkages in
the ring, which can deform to strengthen the cation—olefin
interaction.'* We were interested in examining this particular
contributor to cation—s interactions in more detail, as it
might be used as a guide to improving the binding properties
of ionophores with judicious design of the z-system.>>¢1
We report here the results of a density functional theory
(DFT) study of geometric factors that could affect the
strength of cation—usm-olefin interactions.

Computational Methods

The computations were performed with the Amsterdam
Density Functional (ADF2009) program package.’’ Many
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TABLE 1. Interaction Energies (AH°, kilocalories per mole) for [M-
(CsHo)I" (Ce»)

Lit Na™* K*
Pl —41.3 —-23.6 -16.0
P2 —36.1 -22.7 -17.9
experimental —39.3+3.3'" —232+14"7 —17.7+1.0"

computational studies of cation—s interactions that include
DFT results have used the hybrid B3LYP functional®! either
alone or in combination with other functionals or theoretical
methods,?* but given that there is no one “best” DFT method for
studying cation— interactions,” a preliminary screening of
functionals was conducted with the [K(CgHg)]* cation, which
has one of the better established energies of formation for a
cation—z interaction (17.7 + 1.0 kcal/mol).'” The interaction
enthalpy (AH®;,) was calculated as the difference in the total
enthalpy of the complex and sum of the enthalpies of the parent
s-system and the metal under consideration (eq 1).

AFloinl = AI-Iocomplex - (AHoparenl + AHOM*) (1)

Even though hybrid functionals incur severe performance
penalties when combined with the Slater-type orbitals used in
the ADF program,** several examples (PBEO and M06) were
studied along with a range of nonhybrid functionals (BP86,
BP86-D, BLYP, BLYP-D, PBE, mPBE, OPBE, M06L, and
TPSS). In combination with basis sets of triple-¢ quality, those
functionals that reproduced the experimental binding value of
[K(CgHg)]" within £3 kcal/mol (PBEO, M06, BP86-D, BLYP-
D, PBE, mPBE, OPBE, and TPSS) were then examined with the
[Li(C¢Hg)]" and [Na(CgHg)]" cations. The most consistent
performance was found with the PBE functional®® combined
with the TZ2P basis with added diffuse functions (i.e., AUG
TZ2P, taken from the ADF basis set library; the PBE/AUG
TZ2P combination is denoted protocol 1, or P1) and the meta-
GGA TPSS functional®® combined with the even-tempered ET
TZ1diff basis (which includes diffuse functions; the TPSS/ET
TZ1diff combination is denoted protocol 2, or P2) (see Table 1).
In some cases, P2 failed to give useful results, either because
geometries failed to converge or frequency calculations did not
reach completion; these cases are marked in the tables. Enthalpies
were derived from the results of analytical frequency calcu-
lations; there were no imaginary frequencies for the optimized
structures. Corrections for basis set superposition error (BSSE)
were not applied; such errors are smaller with the Slater-type
orbitals used in the ADF program than is the case with the more

(12) Macias, A. T.; Norton, J. E.; Evanseck, J. D. J. Am. Chem. Soc. 2003,
125, 2351-2360.

(13) Feller, D. Chem. Phys. Lett. 2000, 322, 543-548.

(14) Choi, H. S.; Kim, D.; Tarakeshwar, P.; Suh, S. B.; Kim, K. S. J. Org.
Chem. 2002, 67, 1848-1851.

(15) (a) Gokel, G. W.; De Wall, S. L.; Meadows, E. S. Eur. J. Org. Chem.
2000, 2967-2978. (b) Hu, J.; Barbour, L. J.; Gokel, G. W. Chem. Commun.
2001, 1858-1859. (c) Hu, J.; Barbour, L. J.; Gokel, G. W. J. Am. Chem. Soc.
2001, 723, 9486-9487. (d) Chmely, S. C.; Carlson, C. N.; Hanusa, T. P.;
Rheingold, A. L. J. Am. Chem. Soc. 2009, 131, 6344-6345.

(16) Armentrout, P. B.; Rodgers, M. T. J. Phys. Chem. A 2000, 104,2238—
2247.

(17) Amicangelo, J. C.; Armentrout, P. B. Int. J. Mass Spectrom. 2001,
212,301-325.

(18) Gren, C. K.; Hanusa, T. P.; Rheingold, A. L. Organometallics 2007,
26, 1643-1649.

(19) Cabarcos, O. M.; Weinheimer, C. J.; Lisy, J. M. J. Chem. Phys. 1999,
110, 8429-8435.

(20) (a) Te Velde, G.; Bickelhaupt, F. M.; Baerends, E. J.; Fonseca
Guerra, C.; Van Gisbergen, S. J. A.; Snijders, J. G.; Ziegler, T. J. Comput.
Chem. 2001, 22, 931-967. (b) Guerra, C. F.; Snijders, J. G.; Te Velde, G.;
Baerends, E. J. Theor. Chem. Acc. 1998, 99, 391-403. (c) ADF2009.01. SCM,
Theoretical Chemistry; Vrije Universiteit: Amsterdam.

(21) (a) Becke, A. D. Phys. Rev. A 1988, 38,3098-3100. (b) Lee, C.; Yang,
W.; Parr, R. G. Phys. Rev. B 1988, 37, 785-789. (c) Miehlich, B.; Savin, A_;
Stoll, H.; Preuss, H. Chem. Phys. Lett. 1989, 157, 200-206.

(22) A few examples include: (a) Zheng, X.; Wang, X.; Yi, S.; Wang, N.;
Peng, Y. J. Comput. Chem. 2010, 31, 1458-1468. (b) Yuan, X.-L.; Zhang, H.;
Xie, F.-J. THEOCHEM 2009, 900, 103-109. (c) Wang, Y.; Xu, Z.; Gao, Y.;
Zhang, L.; Li, H. J. Phys. Chem. A 2009, 113, 7097-7102. (d) Zajac, M.;
Hrobarik, P.; Magdolen, P.; Foltinova, P.; Zahradnik, P. Tetrahedron 2008,
64, 10605-10618. (¢) Wu, R.; McMahon, T. B. J. Am. Chem. Soc. 2008,
13012554-12555. (f) Polfer, N. C.; Oomens, J.; Dunbar, R. C. ChemPhysChem
2008, 9, 579-589. (g) Li, Q.; Li, W.; Cheng, J.; Gong, B.; Sun,J. THEOCHEM
2008, 867, 107-110. (h) Jover, J.; Bosque, R.; Sales, J. Dalton Trans. 2008, 6441—
6453. (i) Hallowita, N.; Carl, D. R.; Armentrout, P. B.; Rodgers, M. T. J. Phys.
Chem. A 2008, 112, 7996-8008. (j) Escudero, D.; Frontera, A.; Quinonero, D.;
Deya, P. M. Chem. Phys. Lett. 2008, 455, 325-330. (k) Morris, J. J.; Noll, B. C,;
Honeyman, G. W.; O’Hara, C. T.; Kennedy, A. R.; Mulvey, R. E.; Henderson,
K. W. Chem.—Eur. J. 2007, 13, 4418-4432.

(23) Sousa, S. F.; Fernandes, P. A.; Ramos, M. J. J. Phys. Chem. A 2007,
111,10439-10452.

(24) As an example, geometry optimization (ADF2009) of [K(CsHe)]™
under Cg, symmetry with the TZ2P basis set on an eight-processor 2.8 GHz
machine required 38 s with the PBE functional. Starting from the same
geometry, we found optimization with the B3LYP functional required
56 min 32 s.

(25) Perdew, J. P.; Burke, K.; Ernzerhof, M. Phys. Rev. Lett. 1996, 77,
3865-3868.

(26) (a) Tao, J.; Perdew, J. P.; Staroverov, V. N.; Scuseria, G. E. Phys.
Rev. Lett. 2003, 91, 146401. (b) Staroverov, V. N.; Scuseria, G. E.; Tao, J.;
Perdew, J. P. J. Chem. Phys. 2003, 119, 12129-12137.

J. Org. Chem. Vol. 76, No. 1,2011 43



JOC Article

Na

Na

[M(CHQ)I* (Cyy) (2-M)

Engerer and Hanusa

m2

Na

m1

Li-m =2.247 [M(C;Hy)2]* (D2a) (22-M)
[M(CgHg)I* (Dgp) (1-M) Na—m = 2.639 Li-m=2285 [M(C3Hy)31* (23-M) [M(C2Hp)T* (Cay) (3-M)
Li-m =2.178 K- m =3.095 Na-— m = 2.667 . » Li-m =2212
Na—m =2.668 Kem=3.153 Li-m =2.332 (D3);” Na-ml = Na—m =2.612
Kem = 3.043 2.710; Na-m2 = 2.733 (Cy); K- K—m =3.044
ml =3.167; K-m2 =3.169 (Cy)
m2
/
Na

[M(C2H2),]* (D2y) (32-M)

[M(cyclohexa-14-diene]* (C3,)

[M(cycloocta-1,5-diene)]* (C;)  [M(cycloocta-1,5-diene)*

Li-m=2217 [M(CzHp 3l (C) GyM) (M) (5-M) (@6
Na—m =2.640 i - SLi- - Li-m=2217
Kem=3.101 Li-ml = 2.303; Li-m2 = 2.266; Li- m =2.221 Li-m1 =2.183; Li - m2 =
-m=3. ol - ; 2.239; Na- m1 = 2.685; Na- m2 Na- m =2.639
Na-ml = 2.696; Na-m2 = 2.672; Na- m = 2.657 i K 0% ey Ko m e 3057
K-ml =3.134; K-m2 = 3.108 K- m=3.053 To s R ml = So7e e

[M(cis-1,3-butadiene)I* (8-M)  [M(x3;5-1,4,7-

=2.662

[M(x2n4-1,4,7-cyclo- Li-ml =2215; Li -m2=2200;  cyclononatriene)]* (C3,) (9-M) [M(he"ame‘hly lbﬁ‘ze“em [M(benzotricyclobuta-
nonatriene)[* (Cy) (T-M)  Na-m| = 2.722; Na-m2 = 2.649; Liom = 2281 ~(G3y) (10-M) diene)[* (C3,) (11-M)
Li-m=2201 K-m1 =3.101; K-m2 = 3.064 Na- m = 2.683 Li-m=2.141 Li-m=2.194
Na- m = 2.631 K- m = 3.080 Eam”f > 345%97 Na-m = 2.640
K-m=3.042 =2.94: K-m = 2.960

FIGURE 1. Optimized geometries of the cation—z complexes. m is the midpoint of a 7-bond. In the fourth strucure in the first row, the Li™

complex optimized to a structure (not shown) with the ethylenes in a symmetrical, canted arrangement.

commonly used Gaussian-type orbitals, and in conjunction with
basis sets of polarized triple-§ quality or better (as used in this
study), BSSE is typically on the order of <1 kcal/mol.?’

The interaction energies (AE;,,) of representative systems
(the Lit, Na*t, and K" cations with benzene, 1,3-ethylenes,
1,4-cyclohexadiene, and 1,4,7-cyclononatriene) were decom-
posed with a Morokuma-type scheme?® into electrostatic inter-
action, exchange (or Pauli) repulsion, and (attractive) orbital
interactions (eq 2).

AEim = AVelstat + AEl’uuli + AEoi (2)
The term AV, represents the classical electrostatic interac-
tion between the unperturbed charge distributions of the mo-
lecular fragments and is usually attractive. The Pauli repulsion
(AEp,.;) encompasses the destabilizing interactions between
occupied orbitals of molecular fragments and is the source of
steric repulsion. The orbital interaction (AE,;) represents elec-
tron pair bonding, charge transfer, and polarization effects.
It can be decomposed into kinetic, Coulombic, and exchange
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transfer” represents the interactions between the occupied molecular orbitals
of one fragment and the unoccupied molecular orbitals of the other fragment.
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interaction terms; the sum of the kinetic and Coulombic terms
expresses the polarization and charge transfer, which cannot
be rigorously partitioned.?® The electron density distribution
was analyzed with the Voronoi deformation density (VDD)
approach and the Hirshfeld method for computing atomic
charges.®

In subsequent discussions, the cation—sm species (Figure 1)
will be numbered as L,-M, where L refers to a specific hydro-
carbon (benzene, ethylene, etc.; numbers given below), M is the
metal involved (Li, Na, or K), and # is the number of hydro-
carbons associated with the metal (1, 2, or 3; n =1 is usually
not explicitly shown, unless to prevent confusion). The follow-
ing ligands were used: benzene (1), ethylene (2), acetylene (3),
cyclohexa-1,4-diene (4), cycloocta-1,5-diene (Cy) (5), cycloocta-
1,5-diene (C») (6), «*n*-cyclonona-1,4,7-triene (7), buta-1,3-
diene (8), «*,y%-cyclonona-1,4,7-triene (9), hexamethylbenzene
(10), and benzotricyclobutadiene (11). Hence, for example, 2-Na
and 3,-K refer to [Na(C,H4)]" and [K(C,H,),]*, respectively.

Results and Discussion

The discussion of cation—s bonding effects is divided into
several parts, starting with isolated double and triple bonds,
then double bonds constrained in a framework, followed
by a brief examination of some substituent effects on bond
strength, and finally a description of a geometric model of

(30) Fonseca Guerra, C.; Handgraaf, J. W.; Baerends, E. J.; Bickelhaupt,
F. M. J. Comput. Chem. 2004, 25, 189-210.
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TABLE 2.  Calculated Energies (kilocalories per mole) for 2,-M
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complex energy protocol ref
2-Li —18.99 MP2/6-31+G//MP2/6-314+G(d) 2
—19.7 MP2(FULL)/6-3114+4+G(d,p)//MP2(FULL)/6-31G(d) 8
—22.3 PBEIPBE/aug-cc-pVTZ(C,H); cc-pCVTZ(Li)" 18
—21.0 P1 this work
—20.9 P2
2,-Li —40.6 PBE1PBE/aug-cc-pVTZ(C,H); cc-pCVTZ(Li)* 18
—=39.0 P1 this work
—38.6 P2
23-Li —51.8 PBE1PBE/aug-cc-pVTZ(C,H); cc-pCVTZ(Li)* 18
—51.1 P1 this work
—50.6 P2
2-Na —12.36 MP2/6-31+G//MP2/6-314+G(d) 2
—12.7 MP2/6-3114G(2d,2p)//MP2/6-31G(d) 31
—14.9 HF/6-31G(d) 32
—14.6+£0.2 CCSD(T)/CBS(est.)//MP2(FC)/CBS 13
—14.9 PBEIPBE/aug-cc-pVTZ(C,H); cc-pCVTZ(Na)* 18
—13.9 P1 this work
—13.5 P2
—10.7+ 1.0 experimental (CID) 16
2,-Na —27.4 PBEIPBE/aug-cc-pVTZ(C,H); cc-pCVTZ(Na)“ 18
—26.4 P1 this work
—26.8 P2
23-Na b BP86/TZVPP 33
—37.5 PBE1PBE/aug-cc-pVTZ(C,H); cc-pCVTZ(Na)* 18
—36.4 PI1¢ this work
2-K —7.05 MP2/6-31+G//MP2/6-314+G(d) 2
—8.02 MP2/aug-cc-pVDZ//MP2/aug-cc-pVDZ 2
—8.29 B3LYP/6-311+G(3df,2p)//B3LYP/6-31G(d) 34
-8.9 PBE1PBE/aug-cc-pVTZ(C,H); cc-pCVTZ(K)“ 18
—8.0 Pl this work
—6.8 P2
2,-K —17.1 PBE1PBE/aug-cc-pVTZ(C,H); cc-pCVTZ(K)“ 18
—16.8 P1 this work
—14.9 P2
2;-K —23.8 PBEI1PBE/aug-cc-pVTZ(C,H); cc-pCVTZ(K)“ 18
—234 PI1¢ this work

“The same functional/basis set combination was used for both geometry optimization and frequency calculation. *The binding energy was not

reported; Na—C bond length of 2.852 A. “The P2 job failed to complete.

cation—u interactions and an examination of their bonding
energetics.

Isolated Double and Triple Bonds. The results of a series of
calculations on 2,-M and 3,-M cations are provided in
Tables 2 and 3 and Figure 1. These are closely equivalent to
other calculations for alkali metal—ethylene—acetylene com-
plexes in the literature, some of which are included for com-
parison. For the ethylene complexes, the results from P1 and
P2 match each other for the Li* species and 2;-Na and 2,-Na
within 0.5 kcal/mol; with 23-Na and all the potassium ethylene
complexes, the discrepancies are larger, up to 4.3 kcal/mol.
Neither protocol consistently produces greater binding en-
ergy. For the acetylene complexes, the results from P1 and P2
are always within 1.5 kcal/mol of each other; neither con-
sistently suggests a greater binding energy.

An examination of the trends in binding enthalpies for the
ethylenes is instructive. As expected, the enthalpies decrease in
the following order: Li* > Na® > K. Ifan average over both
protocols is used, there is a roughly additive increase in the
interaction energy with each additional ethylene molecule for
Na™ and K* of 12 and 9 kcal/mol, respectively. For Li*, the
second ethylene adds 18 kcal/mol to the binding energy, whereas
the third adds only 12 kcal/mol. It is also clear that, as previously
noted,'® three ethylene molecules arranged around the metal
center interact more strongly than does a single benzene mole-
cule, and two ethylene molecules arranged on either side of
the metalinteract approximately as strongly as benzene does.

TABLE 3.  Calculated Energies (kilocalories per mole) for 3,-M

complex energy protocol ref”
3-Li —21.3 P1
—21.3 P2
3,-Li —41.6 P1
—39.9 P2
35-Li —52.7 P1
—52.0 P2
3-Na —14.5  HF/6-31G(d) 32
—143  B3LYP/cc-pVTZ(C,H); AVTZ(Na)’ 35
—13.9 P1
—13.6 P2
3,-Na —26.2 P1
—=27.1 P2
33-Na —35.8 P1
—37.1 P2
3-K —8.4 P1
—8.2 P2
3,-K —17.0 P1¢
3;-K —24.3 Pl
—23.5 P2

“Reference is to this work, unless otherwise specified. “For geometry
optimization, a truncated version of the AVTZ basis set was used. “The
P2 job failed to complete.

The results for 3,-M complexes parallel those with ethyl-
ene (Figure 1 and Table 3). The binding enthalpies of the acet-
ylenes tend to be slightly higher, but all are within 2 kcal/mol
for comparable 3,-M/2,-M systems.

Constrained Double Bonds. The results of a series of cal-
culations on the 4-M, 5-M, 6-M, 7-M, and 8-M cations are
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TABLE 4. Calculated Energies (kilocalories per mole) for Complexes with Constrained Double Bonds

complex energy protocol ref’

4-Li —-35.1 MP2/6-314+G(d)//MP2/6-31+G(d) 14
—-35.1 MP2/6-3114++G(d,p)//MP2/6-311++G(d.p) 14
—37.0 Pl
—35.0 P2

5-Li —43.1 Pl
—41.7 P2

6-Li —44.8 P1?

7-Li —40.9 Pl
—41.3 P2

8-Li —26.6 MP2(FULL)/6-3114++G(d,p)//MP2(FULL)/6-31G(d) 8
-30.3 Pl
-29.9 P2

4-Na —24.0 MP2/6-31+G(d)//MP2/6-314+G(d) 14
-22.3 MP2/6-3114++G(d,p)//MP2/6-3114++G(d,p) 14
-23.6 Pl
-22.4 P2

5-Na —28.6 Pl
-27.2 P2

6-Na —29.0 p1°

7-Na —26.1 Pl
—25.2 P2

8-Na —18.4 Pl
-17.9 P2

4-K —16.6 MP2/6-31+G(d)//MP2/6-314+G(d) 14
—15.1
—13.2 P2

5K —18.1 Pl
—-16.0 P2

6-K —18.3 P1®

7-K —16.0 Pl
—14.8 P2

8-K —11.9 Pl
-10.5 P2

“Reference is to this work, unless otherwise specified. “The P2 job failed to complete.

provided in Table 4 and Figure 1. Buta-1,3-diene (8) is a con-
jugated system. Its cation—m complexes have been studied
previously in both cis and trans forms,® but the cis form
was included here for comparison, as it allows the metal
cation to interact with both double bonds. Two local minima
were found for the complexes with cycloocta-1,5-diene and
cyclonona-1,4,7-triene; for the latter, the conformation in
which only two double bonds coordinate to the metal (7-M)
is discussed in this section. In general, the results from the use
of P1 and P2 are comparable, although the discrepancy in the
binding energies is larger than in the case of the isolated
double bonds and ranges up to 5 kcal/mol. For the sake
of simplicity, only the results of the P1 calculations will be
discussed in detail here.

Regardless of the metal, the bonding energy of 4-M is only
ca. 2—3 kcal/mol lower than that of 2,-M and, as previously
noted, is similar to that of 1-M."* This is true even though the
m-electron density of cyclohexa-1,4-diene and benzene is
confined to one hemisphere of the metal cation, rather than
being distributed around the metal as with the ethylenes. The
two local minima of the 5-M and 6-M complexes have very
similar energies (< 0.5 kcal/mol difference for the Na* and

(31) Hoyau, S.; Norrman, K.; McMahon, T. B.; Ohanessian, G. J. Am.
Chem. Soc. 1999, 121, 8864-8875.

(32) Curutchet, C.; Bofill, J. M.; Herndndez, B.; Orozco, M.; Luque, F.J.
J. Comput. Chem. 2003, 24, 1263-1275.

(33) Krossing, I.; Reisinger, A. Angew. Chem., Int. Ed. 2003, 42, 5725—
5728.

(34) Lau,J. K.-C.; Wong, C. H.S.; Ng, P.S.; Siu, F. M.; Ma, N. L.; Tsang,
C. W. Chem.—Eur. J. 2003, 9, 3383-3396.

(35) Dunbar, R. C.; Petrie, S. Astrophys. J. 2002, 564, 792-802.
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TABLE 5. Calculated Energies (AH°®, kilocalories per mole) for 9-M

protocol 9-Li 9-Na 9-K
Pl —49.9 —32.8 —20.9
P2 —46.3 —30.5 —16.0

K™ systems). Their bonding energy surpasses that for the
2,-M complexes (in the case of 6-K, by only 1.5 kcal/mol, but
for 6-Li, by 6.2 kcal/mol). 7-M displays bonding energies
roughly comparable to those of the ethylenes (2.3 kcal/mol
greater for 7-Li and 0.8 kcal/mol less for 7-K).

Noticeably different in this regard is the bonding energy of
8-M, which ranges from 4.9 to 8.3 kcal/mol less than in the
2,-M complexes; in the case of 8-Na, the 8 kcal/mol decrease
represents a 30% drop in energy. Given the results with the
ring systems described above, the discrepancy is probably
not principally the result of the confinement of the r-electron
density to one hemisphere of the metal; this is discussed in
more detail below.

Constrained Bonds in the [M(Ic3 ,176-1,4,7—Cyclon0natriene)]+
Cations (9-M). The results of calculations on the 9-M cations
are provided in Table 5 and Figure 1. The P1 results indicate
that the bonding to the cations is weaker than in the com-
parable 25-M systems by an average of 2.4 kcal/mol, but this
is still considerably stronger than in the benzene systems. As
the m-bonds are concentrated on one face of the metal ion,
these results corroborate the minimal importance of the
uniform distribution of z-electron density around the metal
center for optimal bonding. The results with P2 are less easily
interpreted, as they indicate a progressive decrease in the
binding energy from Li" to K* relative to the benzene
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TABLE 6. Calculated Energies (AH°, kilocalories per mole) for Substituted
Systems

Mt complex energy protocol
Li 10-Li —52.9 P1
—51.8 P2
11-Li —42.7 P1
—40.8 P2
Na 10-Na —31.8 P1
—-32.1 P2
11-Na —=30.1 P1
—29.8 P2
K 10-K —23.1 P1
—22.1 P2
11-K —19.6 P1
—-17.9 P2

systems. The 9-Li complex is 10.2 kcal/mol more stable than
the 1-Li cation (cf. the 8.6 kcal/mol difference with P1), but
with P2, the 9-K complex underbinds the comparable ben-
zene system by 2 kcal/mol.

Substituted Arenes. Previous studies comparing the bond-
ing of ethylene and 2,3-dimethylbut-2-ene (i.e., tetramethyl-
ethylene) have indicated that the enhanced electron density
provided by the methyl groups increased the binding energies
by 40—50% for the Li* complex and by ca. 30% for the Na™
complex.'* Enhancements of the binding energy are also
observed on permethylation of the benzene ring (see Figure 1
and Table 6); with both P1 and P2, the increase in the 10-M
complexes is in the following order: Li" > Na® > K*
(enhancement of 12—16 kcal/mol for 10-Li and 4—7 kcal/mol
for the 10-K counterparts).

The molecule benzotricyclobutadiene (11) was examined
as a planar analogue to benzene, but one in which the aro-
matic ring current has essentially disappeared.*® Although
current density maps indicate that the central m-system
resembles that for three isolated double bonds, interaction
between the 7-bonds of the annelated rings and those of the
central system generates new MOs that are spread over the
entire system.>” With P1, there is very little change in binding
energy with 11-Li compared to the complex with unsubsti-
tuted benzene (1-Li; 3% increase), although the sodium and
potassium analogues display increases of 28 and 23%,
respectively. As with 7-M and 9-M, the results from P2 differ
somewhat from these: the 11-Li complex shows greater
enhancement compared to 1-Li (13%), the increase in the
level of binding of 11-Na (31%) is roughly the same as with
P1, but 11-K and 1-K are equal in energy.

Evaluation of the Angular Dependence on Binding. It is clear
that on a per z-bond basis, olefinic bonds display greater
interaction energy with alkali metal cations than benzene
does."*'® What accounts for the difference? A topographical
contribution to the interaction energy was evaluated first,
given that “geometric considerations” have been previously
suggested as the source of the enhanced binding of olefins.*'®
A regularly spaced distribution of the electron density
around the metal (as in the 2,-M and 23-M systems) is not an
adequate explanation for the difference, however, as the
constrained olefinic systems (e.g., 4-M and 9-M) bind just
as well to the cations, despite having their s7-electron densities
confined to a single hemisphere of the metal. A more likely
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FIGURE 2. Definition of the angular displacement of the zz-bonds
toward the metal. The solid line is the normal to the zz-bond, which is
taken as being perpendicular to the ring plane in arenes (left) or
assumed to lie above the plane defined by the two carbons generat-
ing the z7-bond and the carbons bonded to them, as in 4-M (middle)
or 9-M (right). For 2,-M (isolated olefins), the orientation angle
equals 0°.
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FIGURE 3. Plot depicting the decrease in the binding energy as a
function of the displacement angle of the lone pairs. The best-fit
lines for each metal center are also given. Numbers refer to the X in
the X-M complexes of Table 1.

source for the greater binding interaction is the greater ligand
flexibility offered by olefins, which can optimize the orienta-
tion of the zz-bonds toward the cations.'* We tested a simple
geometric model to examine this possibility in more detail.

An angle 6 can be defined by the normal to the 7-bond and
a line drawn from the midpoint of the 7-bond to the cation; it
serves as a measure of the orientation of the m-electron
density (Figure 2). With this definition, the perpendicular
orientation of ethylene toward a cation is set at & = 0°, and
larger values of 6 reflect increasingly greater rotation of the
bonds. 0 will also vary with the distance from the cation to
the -bond, becoming smaller with longer separations. In the
case of benzene, for example, 6 (using P1) varies from 34.0°
in 1-Li (Li—z-bond midpoint of 2.178 A) to 25.5° in 1-K
(K—m-bond midpoint of 3.043 A).

Plots of the P1 interaction energies versus orientation
angle 6 for the three different metals are given in Figure 3.
The enthalpies were divided by the number of 7-bonds in
each system so that all the complexes could be considered in a
single plot. The binding energies naturally group themselves
into three areas, in the following order: Li* >Na*>K™. For
the lithium complexes, the relationship between 6 and the
binding energy proves to be quite strongly linear (slope =
0.23; r* = 0.84); there is a variation in energy of 8.6 kcal/mol
over a Af range of 36.6°.% Besides 2-M itself, the strongest
interaction energies are found for 5-M and 6-M, i.e., in the
large and flexible cycloocta-1,5-diene rings in which the

(36) Stanger, A. J. Phys. Chem. A 2008, 112, 12849-12854.
(37) Soncini, A.; Havenith, R. W. A.; Fowler, P. W.; Jenneskens, L. W_;
Steiner, E. J. Org. Chem. 2002, 67, 4753-4758.

(38) A somewhat more sophisticated model involving the cosine of the
6 angle was also explored, but it did not provide appreciably better correla-
tion with the binding energy.
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TABLE 7. Cation Charges and Decomposition of Select Calculated Energies (kilocalories per mole)

compound VDD charge Hirshfeld charge AVistat AEp,uii AE; XC AE,; pol/CT AE o
2-Li 0.62 0.73 —13.95 8.00 —6.59 —-10.29 —22.83
2,-Li 0.29 0.49 —25.56 13.92 —12.62 —17.79 —42.06
23-Li 0.17 0.34 —37.93 20.21 —13.04 —24.16 —54.92
1-Li 0.44 0.52 —16.49 12.16 —22.54 —13.27 —40.14
4-Li 0.46 0.55 —20.64 13.48 —18.64 —13.35 —39.15
9-Li 0.32 0.42 —27.17 15.53 —22.11 —18.83 —52.57
2-Na 0.69 0.79 —11.41 5.76 —0.85 —9.23 —15.74
2,-Na 0.42 0.61 —21.63 10.61 —3.18 —15.11 —29.31
23-Na 0.31 0.48 —28.46 13.06 —6.47 —17.70 —39.58
1-Na 0.62 0.68 —15.37 7.57 —13.85 —4.07 —25.71
4-Na 0.58 0.67 —18.15 9.27 =735 —10.50 —26.73
9-Na 0.47 0.58 —24.33 12.27 =9.09 —14.38 —35.55
2-K 0.70 0.85 —8.29 5.11 0.01 —6.43 —9.60
2,-K 0.43 0.72 —15.00 8.36 —0.05 —11.39 —18.07
2;-K 0.29 0.60 —21.55 12.07 0.67 —16.72 —25.53
1-K 0.61 0.74 —13.55 9.26 =7.16 —6.48 —17.93
4-K 0.57 0.75 —13.62 9.44 —4.77 —8.40 —17.36
9-K 0.47 0.67 —19.80 13.64 —4.28 —13.14 —23.58

double bonds are able to orient themselves more directly
toward the cations than in the arenes. Noticeable here is the
comparatively weak binding of 8-M; the rigidity of its con-
jugated s-system places it in the same region of the plot as the
arenes, with a less-than-optimal orientation of the s-bonds
toward the cations.

The complexes with sodium display less angular depen-
dence than do those of lithium; the slope of the line (0.17) has
decreased, and the scatter is now greater (+* = 0.60). The
potassium complexes continue the trend, with an even more
nearly horizontal slope (0.08) and less correlation (> = 0.43).
The decrease in correlation with Nat and K" compared to
Li" partially reflects the greater distance from the cations to
the 7-bonds with the former two, so that the exact position-
ing of the metals relative to the ligands is not as critical as for
the smaller Li*; the more limited range of 6 values in
potassium complexes compared to those for lithium (A6 =
29.1° and 36.6°, respectively) is an indication of this.

Charge Distribution Effects. Because the stronger binding
of isolated and nonconjugated olefins relative to arenes is as
evident in the Na™ and K complexes as with the Li* counter-
parts, other factors in addition to geometric orientations must
be contributing to the relative strength of these cation—x
interactions. Charge distribution effects were examined via
calculation of Hirshfeld and Voronoi deformation density
(VDD) charges for the systems involving benzene, ethylene
(1—3), cyclohexadiene, and cyclononatriene and are listed in
Table 7. Both charge schemes involve the partitioning of
electron density distributions, rather than a population anal-
ysis of wave functions (as in Mulliken and NPA analysis).
The VDD charges, in particular, are a measure of the amount
of charge that moves out of or into the Voronoi cell of a given
atom, i.e., the region of space that is closer to the nucleus of
the atom than to any other nucleus.*

Several trends are evident in the VDD charges. One is that,
as expected, their values decrease along the series 2-M, 2,-M,
and 23-M, but also that the addition of the third ethylene
makes a smaller change to the charge compared to the
roughly comparable change made by the first two ethylenes.
For example, the VDD charges for 2-Na, 2,-Na, and 25-Na
are 0.69, 0.42, and 0.31, respectively, representing successive
decreases from an initial +1 charge of 0.31e,0.27¢,and 0.11e,
respectively. For the lithium complexes, the decreases are 0.38e,
0.33e, and 0.12e, respectively; for the potassium complexes,
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the decreases are 0.30e, 0.27¢, and 0.14e, respectively. There
may be a saturation effect functioning here. It should also
be noted that the VDD charges for the benzene complexes
(1-M) fall in every case between those of 2-M and 2,-M; for
the lithium and potassium species, the charge transfer from
benzene is in fact close to the average of the 2-M and 2,-M
values.

The Hirshfeld charges are consistently somewhat larger
than the VDD equivalent, and the values for the benzene
complexes are closer to that of 2,-M than to that of 2-M; in
the case of potassium, the Hirshfeld charge on 1-K is indis-
tinguishable from that of 23-K (0.61 and 0.60, respectively).
Mirroring the trend in bonding energies, the Hirshfeld
charges on the cations in the diethylene (2,-M) and cyclo-
hexadiene (4-M) systems are numerically close (0.49 and
0.52,0.61 and 0.67, and 0.72 and 0.75 for Li*, Na™, and K™,
respectively) and underscore the relative unimportance of the
location of the #-bonds around the metal cations. Finally,
the generally increasing charge for the systems in the order
Li < Na < K reflects the trend in the metal electronegativity.

Bond Energy Decomposition. The interaction energies
(AE;,) of the 1-M, 2,M, 4-M, and 9-M systems were
decomposed as described in Computational Methods and
are presented in Table 7. Of particular interest are the
ethylene systems and their relationship to benzene. Focus-
ing first on the electrostatic energy, we note that the suc-
cessive addition of ethylenes around the metals has a sim-
ilar effect on AV, regardless of the metal; the 2-M:
2,-M:23-M energy ratio is 1.0:1.7:2.5 for Li, 1.0:1.8:2.3 for
Na, and 1.0:1.6:2.4 for K. Given that the total binding
enthalpies are similar for the benzene and diethylene sys-
tems, it is notable that the AV, values for 1-M are all
midway between those of 2;-M and 2,-M. The larger 4-M
and 9-M systems always display smaller A V4. values than
their ethylene counterparts (2,-M and 23-M, respectively),
but the AV values for 4-M are consistently equal to or
greater than those for 1-M.

The AEp,y; term, which stems from occupied orbital inter-
actions and accounts for steric repulsion, is smaller for 1-Li
and 1-Na than for 2,-Li and 2,-Na and smaller for 9-Li and
9-Na than for 23-Li and 23-Na but is approximately the same
for 4-Li and 4-Na and 2,-Li and 2,-Na. The Pauli terms for
the 1, 4, and 9 potassium systems are larger than for the corre-
sponding ethylene systems 2,-K, 2,-K, and 23-K, respectively.
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The AE,; term includes exchange interactions and polar-
ization and charge transfer effects; although the exchange
interactions can be separated out of the term, polarization
and charge transfer, representing simultaneous intrafrag-
ment and interfragment interactions, respectively, cannot
be rigorously partitioned. The latter two are consequently
discussed together. The 2-M:2,-M:23-M polarization/charge
transfer energy ratio is 1.0:1.7:2.3 for Li, 1.0:1.6:1.9 for Na,
and 1.0:1.8:2.6 for K, i.e., roughly similar to the ratios
observed for AV, The polarization/charge transfer en-
ergy for the 2,-M systems is consistently greater than for the
benzene 2,-M counterparts, by ratios varying from 1.3 (Li) to
3.7 (Na). As a fraction of total energy, the contribution from
the polarization/charge transfer term is always larger for two
ethylenes than for benzene; the ratio increases from 0.42 for
2,-Li to 0.63 for 2,-K, and the corresponding ratio for 1-M is
0.33 for Li, 0.36 for K, and, somewhat anomalously, 0.16 for
Na. These values point to polarization/charge transfer ef-
fects as a key source of the bonding energies in the ethylene
complexes, even more so than in the benzene systems.>”

Such differences may be traceable in part to properties of the
hydrocarbons themselves. For example, the magnitude of an
induced dipole varies with the size of the dipole polarizability
tensor along a line between the ion and the center of mass of the
molecule.”” The magnitudes of the dipole polarizability tensors
for benzene and ethylene perpendicular to the molecular planes
are44.1 and 22.9 au, respectively,41 i.e.,in a 1.9:1 ratio. Polariza-
tion energy terms in molecules are not strictly additive,* but it
appears that two ethylene molecules can be competitive with
benzene in their contributions to the net binding energy.

Conclusions

The strength of cation—s interactions is a subject of
considerable interest, particularly with regard to the way

(39) (a) Cubero, E.; Luque, F. J.; Orozco, M. Proc. Natl. Acad. Sci. U.S.A.
1998, 95, 5976-5980. (b) Tsuzuki, S.; Yoshida, M.; Uchimaru, T.; Mikami, M.
J. Phys. Chem. A 2001, 105, 769-773.

(40) Sauer, J.; Deininger, D. J. Phys. Chem. 1982, 86, 1327-1332.

(41) Millefiori, S.; Alparone, A. THEOCHEM 1998, 422, 179-190.
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they might be strengthened with suitable modifications to the
m-electron sources. In the course of this study, we have
confirmed that the number of z-electrons in a ligand, per
se, is not an adequate predictor of the strength of cation—x
interactions to alkali metal cations. The equidistant distribu-
tion of electron density around a cation is not a critical
element in the binding energy, either; e.g., three double
bonds confined to one hemisphere of the metal are essentially
as effective as three equally disposed zz-bonds.

The orientation of the ;-bonds toward the cation plays a
role in the net cation—s interaction energy. The relative
weakness of the cation—benzene interaction compared to the
cation—ethylene interaction is partially a result of the aro-
matic ring’s rigid structure, and the nonoptimal orientation
of its sm-electrons toward the metal center. This effect can
account for a variation of up to almost 9 kcal/mol per z7-bond
in lithium systems; in complexes of sodium and potassium,
with their longer metal—ligand distances, the variation is
smaller. Polarization/charge transfer effects are an impor-
tant component in cation—zx binding in arenes, and they
appear to play an even larger role in their olefin counterparts.
Given that ligand substituents can enhance the polarizability
of 7-bonds,* their manipulation should provide a potentially
fruitful avenue for improving cation—s binding in olefins.
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