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Reaction of zinc triflate with the lithium, sodium, and potassium salts of the bis(1,3-trimethylsilyl)-
allyl anion, M[A′] (A ′ ) [1,3-(SiMe3)2C3H3]), produces the triallylzincates Li[ZnA′3] (1), Na[ZnA′3] (2),
and K[ZnA′3] (3) rather than the inititially expected neutral ZnA′2. The molecules are fluxional in solution,
and the chemical shifts of the molecules in C6D6 are different for the three molecules, indicating that the
cations remain associated with the triallylzinc anion. Single-crystal X-ray structures of2 and3 reveal
that the three allyl ligands are bound to the zinc in an arrangement with approximateC3 symmetry, with
the alkali-metal cations situated between the double bonds of the allyl ligands. The distances are consistent
with noncovalent cation-π interactions. The structure of the lithium derivative1 is similar to those of
2 and3, but the asymmetry in the metal-carbon distances suggests that some Li-C σ-bonding is involved.
Density functional theory calculations were performed on [M(C6H6)]+ and [M(C2H4)n]+ (M ) Li, Na, K;
n ) 1-3) cations with the PBE1PBE functional and basis sets of triple-ú quality. The binding enthalpies
(∆H°) of the three metals to two ethylene molecules or to benzene are approximately the same, despite
the latter’s greater number ofπ-electrons. The binding energy of three ethylene molecules to the metal
cations exceeds that of benzene by 30-50%, underscoring the importance of geometric factors to cation-π
interactions.

Introduction

Cation-π interactions involve the largely noncovalent at-
traction of a cation (usually an alkali metal or NR4

+; R ) H,
Me) with a ligand’sπ-electrons, which are commonly (although
not necessarily) those in an aromatic ring (Figure 1a).1 Several
factors are thought to contribute to cation-π interactions,
including electrostatic and dispersion forces and charge transfer/
inductive effects.2 The interaction energy can be substantial:
that of K+ with benzene in the gas phase (ca. 17.7( 1.0 kcal
mol-1),3 for example, is about the same as that with water (17.9
kcal mol-1).4 Cation-π interactions with aromatic rings appear
in numerous supramolecular and biological contexts, including
cyclophanes,5 calixarenes,6 collarenes,7 polyaromatics,8 and

amino acids such as tryptophan.9 Even when weak, multiple
cation-π(arene) interactions can critically influence ligand
conformations and substrate binding.10

Instead of aromatic rings, the source of the electrons in
cation-π interactions can be individual double and triple
bonds,11-15 but less is known about structural and energetic
features in such cases.16 The gas-phase Na+···C2H4 interaction
has been experimentally measured,11 for example, and the cyclic
beltenes (cyclacenes) (Figure 1b) display size-selective binding
of alkali-metal cations mediated by cation-π interactions.12

π-Complexes of the d10 Ag+ ion are sometimes classified as
examples of cation-π interactions,13 but structural and theoreti-
cal characterization of species such as the [Ag(C2H4)3]+ ion17

and Ag+[2.2.2]cyclophane prismands18 indicates that d-orbital
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back-bonding is also an important component of the metal-
ligand interaction.

The allyl fragment is a potentially useful source ofπ-electrons
in cation-π interactions, and Na+ has been found to bind to
the allyl sidearms in the lariat crown etherN,N′-dibutenyl-1,-
10-diaza-18-crown-6 (Figure 1c).14 A similar role should be
possible for allyl ligands in metal complexes, and we have found
that metal-boundσ-allyl ligands can also engage in intramo-
lecular cation-π interactions with an electropositive metal atom
(Figure 1d).19 This combination of covalent and electrostatic
bonding provides an environment in which the geometric
requirements of multiple non-arene cation-π interactions can
be studied.

Experimental Section

General Considerations.All manipulations were performed with
the rigorous exclusion of air and moisture using high-vacuum,
Schlenk, or glovebox techniques. Proton (1H) and carbon (13C)
NMR experiments were obtained on a Bruker DPX-300 spectrom-
eter at 300 and 75.5 MHz and a Bruker DPX-400 spectrometer at
400 and 100 MHz, respectively, and were referenced to residual
proton and13C resonances of THF-d8 (δ 3.58 and 67.4), C6D6 (δ
7.15 and 128.1), and toluene-d8 (δ 2.09 and 20.4). Lithium (7Li)
NMR data were obtained at 155 MHz on the DPX-400 instrument
and were referenced to external 1.0 M LiCl. Elemental analysis
was performed by Desert Analytics (Tucson, AZ).

Materials. Hexanes were distilled under nitrogen from potassium
benzophenone ketyl. Anhydrous tetrahydrofuran (THF) was pur-
chased from Aldrich and used as received. Anhydrous metal
salts were purchased from Strem Chemicals and used as received.
C6D6, toluene-d8, and THF-d8 were vacuum-distilled from Na/K
(22/78) alloy and stored over type 4A molecular sieves prior to
use. Li[1,3-(SiMe3)2C3H3] and K[1,3-(SiMe3)2C3H3] were prepared
by following published syntheses;20 Na[1,3-(SiMe3)2C3H3]
was prepared from the transmetalation of the lithium salt with Na-
[O-t-Bu].

Synthesis of Li[Zn(1,3-(SiMe3)2C3H3)3] (1). A 125 mL Schlenk
flask equipped with a magnetic stir bar was charged with Zn(OTf)2
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Figure 1. (a) Cation-π bonding to an aromatic ring. (b) Cation-π bonding in a beltene (cyclacene). (c) Na+ and allyl interaction in a
lariat crown ether. (d) Simultaneousσ- and cation-π bonding with an allyl ligand.

Table 1. Crystal Data and Summary of X-ray Data Collection

Li[Zn(1,3-(SiMe3)2C3H3)3] Na[Zn(1,3-(SiMe3)2C3H3)3] K[Zn(1,3-(SiMe3)2C3H3)3]

formula C27H63LiSi6Zn C27H63NaSi6Zn C27H63KSi6Zn
formula wt 628.62 644.67 660.78
cryst color pale yellow colorless orange-red
cryst dimens, mm 0.30× 0.20× 0.20 0.40× 0.20× 0.10 0.2× 0.2× 0.2
space group P1h P1h P1h
cell dimens

a, Å 12.2863(6) 12.1734(17) 11.982(2)
b, Å 12.5849(7) 12.7745(18) 13.160(3)
c, Å 13.8068(7) 13.9023(19) 13.942(3)
R, deg 81.1310(10) 80.647(2) 79.258(3)
â, deg 71.0810(10) 71.666(2) 72.505(3)
γ, deg 88.5420(10) 88.586(2) 89.654(3)

V, Å3 1994.67(18) 2024.1(5) 2057.1(7)
Z 2 2 2
calcd density, Mg/m3 1.047 1.058 1.067
abs coeff, mm-1 0.809 0.809 0.877
F(000) 684 700 716
radiation type Mo KR (0.710 73 Å) Mo KR (0.710 73 Å) Mo KR (0.710 73 Å)
temp, K 100(2) 173(2) 100(2)
limits of data collection, deg 1.58< θ < 27.50 1.56< θ < 28.26 1.56< θ < 27.48
index ranges -15 < h < 15,-16 < k < 16,

-17 < l < 17
-15 < h < 16,-16 < k < 16,

18 < l < 18
-15 < h < 15,-16 < k < 16,

-18 < l < 18
total no. of rflns collected 17 371 24 888 17 881
no. of unique rflns 8729 (Rint ) 0.0190) 9119 (Rint ) 0.0226) 8975 (Rint ) 0.0203)
transmissn factors 0.7933-0.8549 0.7380-0.9235 0.8426-0.8426
no. of data/restraints/params 8729/0/316 9119/0/371 8975/0/316
R indices (I >2σ(I)) R ) 0.0364,Rw ) 0.0970 R ) 0.0369,Rw ) 0.0920 R ) 0.0441,Rw ) 0.1208
R indices (all data) R ) 0.0434,Rw ) 0.1005 R ) 0.0432,Rw ) 0.0955 R ) 0.0521,Rw ) 0.1266
goodness of fit onF2 1.060 1.082 1.071
max/min peak in final diff map, e/Å3 +0.455/-0.338 +0.794/-0.479 +0.088/-0.496
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(0.150 g; 0.413 mmol) in 30 mL of THF. Li[1,3-(SiMe3)2C3H3]
(0.238 g; 1.24 mmol) in 20 mL of THF was added to the dropping
funnel. The apparatus was cooled to-78 °C, after which the THF
solution of Li[1,3-(SiMe3)2C3H3] was added dropwise with stirring
over the course of 15 min. The solution was warmed to room
temperature overnight. Removal of solvent under vacuum, followed
by extraction of the residue with hexanes, filtration of the extract
over a medium-porosity glass frit, and removal of hexanes under
vacuum afforded an air- and moisture-sensitive yellow solid (0.150
g, 58%).1H NMR (C6D6, 298 K): δ 6.46 (t,J ) 14.1 Hz, 3H, C2),
3.50 (broad singlet, 6H, C1,3), 0.15 (s, 54H, SiMe3). 13C NMR (C6D6,
298 K): δ 137.67 (C2, central), 68.52 (C1,3, outer), 1.36 (SiMe3),
1.15 (SiMe3).

Synthesis of Na[Zn(1,3-(SiMe3)2C3H3)3] (2). A 125 mL Schlenk
flask equipped with a magnetic stir bar was charged with Zn(OTf)2

(0.152 g; 0.418 mmol) in 30 mL of THF. Na[1,3-(SiMe3)2C3H3]
(0.253 g; 1.21 mmol) in 20 mL of THF was added to the dropping
funnel. The apparatus was cooled to-78 °C, after which the THF
solution of Na[1,3-(SiMe3)2C3H3] was added dropwise with stirring
over the course of 15 min. The solution was warmed to room

temperature overnight. Removal of the solvent under vacuum,
followed by extraction of the residue with hexanes, filtration of
the extract over a medium-porosity glass frit, and removal of
hexanes under vacuum afforded an air- and moisture-sensitive
yellow solid (0.220 g, 82%). Anal. Calcd for C27H63NaSi6Zn: C,
50.30; H, 9.85; Na, 3.6. Found: C, 50.01; H, 9.85; Na, 3.0.1H
NMR (C6D6, 298 K): δ 7.59 (t,J ) 15.8 Hz, 3H, C2), 4.00 (broad
singlet, 6H, C1,3), 0.16 (s, 54H, SiMe3). 13C NMR (C6D6, 298 K):
δ 169.64 (C2, central), 77.8 (v br, C1,3, outer), 0.99 (SiMe3).

Synthesis of K[Zn(1,3-(SiMe3)2C3H3)3] (3). A 125 mL Schlenk
flask equipped with a magnetic stir bar was charged with Zn(OTf)2

(0.567 g; 1.56 mmol) in 30 mL of THF. K[1,3-(SiMe3)2C3H3] (1.05
g; 4.68 mmol) in 20 mL of THF was added to the dropping funnel.
The apparatus was cooled to-78 °C, after which the THF solution
of K[1,3-(SiMe3)2C3H3] was added dropwise with stirring over the
course of 15 min. The solution was warmed to room temperature
overnight. Removal of solvent under vacuum, followed by extrac-
tion of the residue with hexanes, filtration of the extract over a
medium-porosity glass frit, and removal of hexanes under vacuum
afforded an air- and moisture-sensitive, orange-red solid (0.880 g,
85%). Anal. Calcd for C27H63KSi6Zn: C, 49.08; H, 9.61. Found:
C, 48.66; H, 9.32.1H NMR (C6D6, 298 K): δ 7.05 (t,J ) 15.3
Hz, 3H, C2), 3.42 (d,J ) 15.3 Hz, 6H, C1,3), 0.23 (s, 54H, SiMe3).
1H NMR (THF-d8, 298 K, 300 MHz): δ 6.51 (t, J ) 15.0 Hz,
3H), 3.19 (dJ ) 15.0 Hz, 6 H),-0.054 (s, 54H, SiMe3). 1H NMR
(tol-d8, 298 K, 400 MHz): δ 6.95 (t, 3H, C2), 3.33 (dJ ) 15.2 Hz,
6 H), 0.15 (s, 54H, SiMe3). 13C NMR (C6D6, 298 K): δ 163.91
(C2, central), 76.40 (C1,3, outer), 1.00 (SiMe3). Variable-temperature
1H NMR (tol-d8, 400 MHz,δ): 198 K, 7.1 (t, 3H), 0.28 (s, 54 H,
SiMe3); 218 K, 7.06 (t, 3H), 3.38 (broad singlet, 6H), 0.25 (s, 54H,
SiMe3); 238 K, 7.04 (t, 3H), 3.36 (broad doublet,J ) 10.8 Hz,
6H), 0.22 (s, 54H, SiMe3).

Computational Details. All calculations were performed with
the Gaussian 03W suite of programs.21 For the geometry optimiza-
tion of 1, the B3PW91 functional, which incorporates Becke’s
three-parameter exchange functional22 with the 1991 gradient-
corrected correlation functional of Perdew and Wang,23 was used.
This hybrid functional has previously been shown to provide
realistic geometries for organometallic species.24,25The DFT-

(20) Simpson, C. K.; White, R. E.; Carlson, C. N.; Wrobleski, D. A.;
Kuehl, C. J.; Croce, T. A.; Steele, I. M.; Scott, B. L.; Hanusa, T. P.;
Sattelberger, A. P.; John, K. D.Organometallics2005, 24, 3685-3691.

Figure 2. 7Li NMR spectra of1 in C6D6 and THF-d8.

Figure 3. ORTEP drawing of3, with thermal ellipsoids at the
50% level. Hydrogen atoms have been removed from the trimeth-
ylsilyl groups for clarity. Selected bond distances (Å) and angles
(deg): Zn(1)-C(4), 2.065(2); Zn(1)-C(14), 2.065(2); Zn(1)-
C(24), 2.075(3); C(4)-C(5), 1.467(3); C(5)-C(6), 1.358(4); C(14)-
C(15), 1.460(3); C(15)-C(16), 1.355(3); C(24)-C(25), 1.460(3);
C(5)-C(4)-Zn(1), 107.83(16); C(15)-C(14)-Zn(1), 108.71(16);
C(25)-C(24)-Zn(1), 104.75(16).

Figure 4. ORTEP drawing of1, with thermal ellipsoids at the
50% level. Hydrogen atoms have been removed from the trimeth-
ylsilyl groups for clarity. Selected bond distances (Å) and angles
(deg): Zn1-C3, 2.1101(19); Zn1-C9, 2.116(2); Zn1-C6, 2.1264-
(19); Li1-C4, 2.245(2); Li1-C7, 2.252(2); Li1-C1 2.306(2); C2-
C1-Li1, 95.24(13); C2-C3-Zn1, 98.99(12); C5-C4-Li1, 95.35-
(12); C5-C6-Zn1, 99.90(12); C8-C7-Li1, 92.69(12); C8-C9-
Zn1, 101.50(12).
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optimized double-ú basis sets of Godbout26 (DGDZVP2) were used
with all atoms.

For analysis of the metal-benzene and metal-ethylene cations,
an initial goal was the reproduction of the experimentally measured
heats of formation of the gas-phase [M(C6H6)]+ species (M) Li,
Na, K). Trials with various functionals and basis sets lead to the
selection of the hybrid PBE1PBE functional27 and the use of basis
sets of at least polarized double-ú quality with diffuse functions
on all C and H atoms. Somewhat better results (by 0.1-0.5 kcal
mol-1) were obtained if basis sets of triple-ú quality (e.g., aug-cc-
pVTZ) were used. The importance of including core valence
correlation in reproducing binding energies in alkali-metal com-
plexes28 led to the use of the cc-pCVTZ basis sets on Li (11s,5p,-
2d,1f)/[4s,3p,2d,1f] and Na ((16s,10p,2d,1f)/[5s,4p,2d,1f]), and
the corresponding “Feller Misc. CVTZ” on potassium ((18s,15p,-
4d,2f)/[8s,7p,4d,2f]) ((s,p) exponents from Ahlrichs;29 polarization
and core/valence exponents from Feller28). Calculations on
[M(C6H6)]+ were performed underC6V symmetry; trial calculations
for [M(C2H4)n]+ were optimized to structures with nearly exactC2V,
D2d, andD3 symmetry forn ) 1-3, respectively; the symmetry
was made exact for subsequent work. All molecules were optimized
with ultrafine grids and the GDIIS algorithm.30 Small (less than
20i) imaginary frequencies were encountered in the [M(C2H4)2,3]+

calculations; these are considered to be artifactual. The other
molecules displayed no imaginary frequencies; all geometries are
considered to be minima on their potential energy surfaces.

General Procedures for X-ray Crystallography. Suitable
crystals of Li[Zn(1,3-(SiMe3)2C3H3)3], Na[Zn(1,3-(SiMe3)2C3H3)3],
and K[Zn(1,3-(SiMe3)2C3H3)3] were located, attached to glass fibers,
and mounted on a Siemens SMART system for data collection.
The intensity data were corrected for absorption (SADABS). All
calculations were performed with the SHELXTL suite of pro-
grams.31 Final cell constants were calculated from a set of strong
reflections measured during the actual data collection. Relevant
crystal and data collection parameters for each of the compounds
are given in Table 1. The space groups were determined from
systematic absences and intensity statistics. The structures were
solved by direct methods and refined againstF2 for all observed
reflections, using SHELXS and SHELXL.32

The similarity in chemical environments of the two metal-atom
sites in Li[Zn(1,3-(SiMe3)2C3H3)3] and Na[Zn(1,3-(SiMe3)2C3H3)3]
led to disorder in their occupancy. At each site there is 30% (for
the Li complex) or 16% (for the Na complex) of the character of
the other metal. The disorder was modeled using EADP and EXYZ
commands that constrained the coordinates and thermal parameters
to be identical for each pair, and the occupancies were constrained
to unity.

Results and Discussion

Synthesis of Triallylzincates. Allyl ligands containing
trimethylsilyl substituents are readily incorporated into
thermally stable complexes with metals from across the periodic
table,33 and in an attempt to isolate trimethylsilated allyl
compounds of the group 12 metals, zinc triflate was treated with
2 equiv of the potassium salt of the bis(1,3-trimethylsilyl)allyl
anion, K[A′] (A ′ ) [1,3-(SiMe3)2C3H3]).20 Potassium triflate
was precipitated as a byproduct, and the triallylzincate K[ZnA′3]
(3) was isolated instead of the intended neutral ZnA′2. Adjust-
ment of the stoichiometry of the reaction (eq 1) and the use of
lithium and sodium allyls as starting materials generated the
air- and moisture-sensitive, yellow Li[ZnA′3] (1) and Na[ZnA′3]
(2), in addition to the orange-red3, in moderate to good
yields.

The formation of the zincate3 when only 2 equiv of the allyl
reagent was available is unusual, given that the parent Zn(C3H5)2

is formed even with the use of 2.6 equiv of C3H5MgCl/equiv
of ZnCl2.34 There are, however, several known cases in which
reactions with electropositive metals and bulky allyl ligands do
not give the stoichiometrically expected products.35,36 For
example, in an attempt to synthesize La[1,3-(SiMe3)2C3H3]3

from the reaction of 3 equiv of K[1,3-(SiMe3)2C3H3] with LaCl3,
only La[1,3-(SiMe3)2C3H3]2Cl(thf) is produced.35 Conversely,
the triallyl complex Y[1,3-(SiMe3)2C3H3]3 is formed when only
2 equiv of K[1,3-(SiMe3)2C3H3] is treated with YCl3.25 The
strongσ-donation properties of the silylated allyl may encourage
the formation of tri(allyl′) species; the steric bulk of the
substituents obviously does not interfere with the formation of
the anion.

When a THF solution of3 is treated with lithium iodide,
precipitation of KI is accompanied by the formation of1 (eq
2). Although the interaction of the Li+ cation with the allyl anion

is likely stronger than with K+, this is probably only of minor
importance to the metal exchange. The ion separation that occurs
in THF (see below) and the precipitation of the insoluble KI
are likely the dominant driving forces in the reaction.

(21) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
M. A.; Cheeseman, J. R.; Montgomery, J. A., Jr.; Vreven, T.; Kudin, K.
N.; Burant, J. C.; Millam, J. M.; Iyengar, S. S.; Tomasi, J.; Barone, V.;
Mennucci, B.; Cossi, M.; Scalmani, G.; Rega, N.; Petersson, G. A.;
Nakatsuji, H.; Hada, M.; Ehara, M.; Toyota, K.; Fukuda, R.; Hasegawa, J.;
Ishida, M.; Nakajima, T.; Honda, Y.; Kitao, O.; Nakai, H.; Klene, M.; Li,
X.; Knox, J. E.; Hratchian, H. P.; Cross, J. B.; Bakken, V.; Adamo, C.;
Jaramillo, J.; Gomperts, R.; Stratmann, R. E.; Yazyev, O.; Austin, A. J.;
Cammi, R.; Pomelli, C.; Ochterski, J. W.; Ayala, P. Y.; Morokuma, K.;
Voth, G. A.; Salvador, P.; Dannenberg, J. J.; Zakrzewski, V. G.; Dapprich,
S.; Daniels, A. D.; Strain, M. C.; Farkas, O.; Malick, D. K.; Rabuck, A.
D.; Raghavachari, K.; Foresman, J. B.; Ortiz, J. V.; Cui, Q.; Baboul, A.
G.; Clifford, S.; Cioslowski, J.; Stefanov, B. B.; Liu, G.; Liashenko, A.;
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Zn(OTf)2 + 3M[A ′] 98
THF

M[ZnA ′3] + 2M[OTf] V (1)

M ) Li, Na, K

K[ZnA ′3] + LiI 98
THF

Li[ZnA ′3] + KI V (2)
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Solution Behavior. The three zincates are fluxional in
solution, as their1H and13C NMR spectra at room temperature
indicate that the structures are more symmetrical than in the
solid state (see below), with apparently “π-bound” allyl ligands.
For example, the1H resonance for all six SiMe3 groups in3
appears as a singlet that broadens but does not split on cooling
to -75 °C, and the hydrogen atoms on the carbonsR andγ to
the zinc appear as a doublet that coalesces to a single peak on
cooling and disappears into the baseline by-75 °C. These
fluxional rearrangements are reminiscent of the patterns ob-
served in the neutral compound GaA′337and indicate that the
[ZnA′3]- anion is free to undergo rearrangement largely
uninhibited by the cation. The allyl ligands of1 and2 display
the same highly symmetrical structure as does3 in their 1H
NMR spectra, although the shifts are at different positions (e.g.,
in C6H6, the C-H triplet atδ 7.05 ppm for3 appears atδ 7.59
ppm for2). Such shifts suggest that in C6D6 the cations remain
associated with the triallylzinc anion.

Interestingly, in THF-d8 the1H NMR chemical shifts for the
three zincates are identical, indicating that the alkali-metal
cations and the zincate anions are now largely solvent-separated.
The change in solvation is apparent in the7Li NMR spectra of
1 (Figure 2). In C6H6, a peak atδ 1.10 ppm is flanked by a
broader resonance atδ 0.6 ppm, demonstrating that at least two
similar environments exist for the Li+ cation, possibly the result
of fluxional rearrangements or interaction with the benzene
solvent. The shifts are typical for organolithium species (e.g.,
EtLi at δ 1.27; i-PrLi atδ 0.69).38 In THF-d8, the resonance
shifts upfield to approximatelyδ -0.35 ppm and narrows.
Although an upfield shift commonly occurs for alkyllithiums
in polar solvents (that for EtLi is atδ 0.79 in Et2O),39 the
shift in THF for 1 is substantial and is indicative of an
increase in ionic character. The shift is not far from the value
for the solvent-separated pair [Li(thf)4][CPh3] (-0.45 ppm in

THF-d8; ∆ν1/2 ) 10.2 Hz),40 although the width of the line in
1 (∆ν1/2 ≈ 53 Hz) and the indications of some unresolved
structure on the peak suggest that the latter species is not as
symmetric.

Solid-State Structures. (a) Na[ZnA′3] (2) and K[ZnA ′3] (3).
Single-crystal X-ray structures of2 and3 (Figure 3) reveal that
the three allyl ligands are bound to the zinc in an arrangement
with approximateC3 symmetry, with the alkali-metal cation
situated between the three double bonds of the allyl ligands.
The sodium derivative suffers from some disorder in the Na/
Zn positions (see the Experimental Section for details), but it
is unquestionably isostructural with the potassium salt; therefore,
only 3 is discussed in detail here. The average Zn-C distance
of 2.068(4) Å is similar to the Zn-C length of 2.09(2) Å found
in the trialkyl anion Zn[CH(SiMe3)2]3

-.41 The C-C and CdC
bonds in the alkyl groups are localized at 1.462(5) and 1.359-
(6) Å, respectively. The K+‚‚‚C (olefin) contacts average 3.205-
(3) and 2.945(3) Å to the carbon atomsâ (C5, C15, C25) and
γ (C6, C16, C26) to the zinc atom, respectively. These distances
are comparable to the range of K+‚‚‚C contacts usually observed
with aromatic rings (cf. 3.02-3.35 Å to the benzyl group in
{KZn[N(SiMe3)2]2(CH2Ph)}∞

42 or the 3.12-3.35 Å distances
to the neutral arenes in{[K(toluene)2]+[Mg(N(SiMe3)2)3]-}n

43),
although differences in coordination numbers make exact
comparisons difficult.44 The analogous Na+‚‚‚C(olefin) contacts
in 2 average 2.857(3) and 2.567(3) Å to the carbon atomsâ
andγ to the zinc atom, respectively, and are similar to known
cation-π Na+‚‚‚C(arene) distances (cf. 2.91 Å (av) in [Na2(C2-
Ph4)(OEt2)2]n

45 or 2.88 Å (av) in (Et2O)Na(Ph2CCHCPh2)46).
There are no contacts in either molecule that are suggestive of
M+‚‚‚C-H agostic interactions.

(b) Li[ZnA ′3] (1). The single-crystal X-ray structure of1
(Figure 4) is superficially similar to that of1 and2. Like that
of 2, the structure of1 is disordered over a twofold axis, but to
a greater extent; refinement leads to occupancies of 70%(Zn)/
30%(Li) for the atom marked “Zn1” and the reverse percentage
for “Li1”. The general structural features of1 are not in doubt,
although some of the fine detail cannot be determined. For
example, the average Zn-C distance of 2.117(3) Å is longer
than in 3 and probably reflects the admixture of some Li-C
character. Similarly, the direct lithium-carbon bond distance
of 2.268(3) Å (av) is likely somewhat shorter than the
undisordered value (but compare the 2.28 Å Li-CR bond found
in {Li[CH2CH3]}4).47 The distances of lithium to the carbonsâ
to the lithium (C2, C5, C8) range from 2.70 to 2.79 Å, which
are distinctly longer than normal Li-C bonds. They are,
however, similar to Li-aryl distances observed in (dibenzyla-
mido)lithium, [(PhCH2)2NLi] n (average 2.80 Å),48 and in the
chelating silazane [{Me2Si(Ph)}2N-Li] 2, in which Li-Câ
distances range up to 2.77 Å.49 Nevertheless, the marked
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Figure 5. Calculated structure of1 (B3PW91/DGDZVP2), with
the numbering scheme used in the text. Bonds to hydrogen atoms
are indicated as sticks. Selected bond distances (Å) and angles
(deg): Zn-C3, 2.081 Å; Li-C1, 2.346 Å; C2-C1-Li, 90.79°; C2-
C3-Zn, 102.08°; C1-C2-C3, 129.90°.
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asymmetry of the Li-C distances in1 suggests that the
interaction of lithium is not strictly analogous to that of sodium
or potassium but that more pronounced Li-C σ-bonding is
involved.

Computational Studies. (a) Geometry of Li[ZnA′3]. A
model of 1 was examined at the B3PW91/DGDZVP2 level
under C3 symmetry in an attempt to reconstruct structural
features of the undisordered molecule and to determine how
much of the Li-CR/Câ bonding asymmetry might be ascribed
to the solid-state disorder (Figure 5). The calculated Zn-C3

distance of 2.081 Å is shorter than the solid-state value (2.117-
(3) Å) and is now close to that in3. The Li-C1 distance has
lengthened somewhat to 2.346 Å, whereas the Li‚‚‚C2 separation
remains long at 2.737 Å. Using the optimized values and the
experimentally determined occupancies of 70%/30% (see the
Experimental Section), it is possible to calculate the “disordered”
values as 0.70(2.081 Å)+ 0.30(2.346 Å)) 2.16 Å for the Zn-
C3 distance (0.04 Å longer than the crystal structure) and 0.70-
(2.346 Å) + 0.30(2.081 Å)) 2.27 Å for the Li-C1 distance
(matches crystal structure). These values suggest that the
geometry optimization has provided a credible restoration of
the undisordered structure. The C-C and CdC double bonds
of the allyl ligands, at 1.436(5) and 1.383(5) Å in the disordered
crystal structure, have lengthened and shortened slightly in the
optimized model to 1.455 Å (C2-C3) and 1.378 Å (C1-C2),
respectively, supporting a largely localized model of the
bonding.

(b) Geometry of Cation-π Interactions. DFT studies were
conducted on model [M(C6H6)]+ and [M(C2H4)n]+ complexes
to assess geometric factors in the metal-allyl interactions of
1-3. It has been noted that the gas-phase binding energies of
Na+ to C2H4 (-10.7 kcal mol-1)11 and C6H6 (-23.2 kcal
mol-1)50 are not in the ratio of 1:3 expected from the relative
number of π electrons, a discrepancy partially ascribed to
differences in geometry.2 The three double bonds in the present
triallylzincates are obviously able to interact with the alkali-
metal cations in a way different from that of planar benzene,
and an estimate of the relative binding energies would be
instructive, as the number of availableπ electrons is the same
in both cases.

There have been many previous computational investigations
of M+‚‚‚C6H6 interactions with a variety of ab initio and density
functional methods.10,50-52 Although dispersion forces play a
role in cation-π interactions, and current density functionals
do not describe such forces well,53 dispersion appears to have
only a small influence in complexes of Li+ and Na+.2,54 In
complexes involving K+, dispersion effects are more important
but still represent only∼15% of the total interaction energies
in [K(C6H6)]+,2 an amount that does not preclude DFT ap-
proaches from supplying usefully accurate energies in cation-π
systems. We find that the hybrid PBE1PBE functional27

combined with the basis sets of triple-ú quality gives energies
for the [M(C6H6)]+ cations that are within the error limits of
experimental values (see Table S1 in the Supporting Informa-
tion).

To probe the effect of changing the number and orientation
of π-bonds around the metals, the series of [M(C2H4)n]+ cations
was investigated (Figure 6). The results of our DFT calculations
are generally comparable to other calculations on alkaline-earth/
ethylene complexes in the literature (Table 2), although they
tend to be at the high end of binding strength. The only
calculation of a [M(C2H4)3]+ species of which we are aware
([Na(C2H4)3]+)17) predicts a Na-C distance of 2.842 Å (BP86/
TZVPP level), 0.053 Å longer than our value of 2.789 Å. We
are unaware of any previous calculations for [M(C2H4)2]+

complexes.

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

(51) (a) Feller, D.; Dixon, D. A.; Nicholas, J. B.J. Phys. Chem. A2000,
104, 11414-11419. (b) Quinonero, D.; Garau, C.; Frontera, A.; Ballester,
P.; Costa, A.; Deya, P. M.J. Phys. Chem. A2005, 109, 4632-4637. (c)
Nicholas, J. B.; Hay, B. P.; Dixon, D. A.J. Phys. Chem. A1999, 103,
1394-1400.

(52) 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.

(53) (a) Kristyán, S.; Pulay, P.Chem. Phys. Lett.1994, 229, 175-180.
(b) Koch, W.; Holthausen, M. C.A Chemist’s Guide to Density Functional
Theory, 2nd ed.; Wiley: New York, 2001. (c) Johnson, E. R.; Wolkow, R.
A.; DiLabio, G. A. Chem. Phys. Lett.2004, 394, 334-338.

(54) Zierkiewicz, W.; Michalska, D.; Cerny, J.; Hobza, P.Mol. Phys.
2006, 104, 2317-2325.

Figure 6. Optimized geometries of cation-π complexes: (a) [K(C6H6)]+; (b) [K(C2H4)]+; (c) [K(C2H4)2]+; (d) [K(C2H4)3]+.

Table 2. Calculated Energiesa for [M(C 2H4)]+

M+ complex
energy
(∆H298) protocol ref

Li [Li(C 2H4)]+ -18.99 MP2/6-31+G//MP2/6-31+G(d) 2
-22.3 see text this work

Na [Na(C2H4)]+ -12.36 MP2/6-31+G//MP2/6-31+G(d) 2
-12.7 MP2/6-311+G(2d,2p)//MP2/6-31G(d) 56
-14.6( 0.2 CCSD(T)/CBS (est)//MP2(FC)/CBS 11
-14.9 see text this work
-10.7( 1.0 exptl (CID) 11

K [K(C2H4)]+ -7.05 MP2/6-31+G//MP2/6-31+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) 52
-8.9 see text this work

a In kcal mol-1.
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An examination of the trends in binding enthalpies (Figure
7) is instructive. As expected for a largely ionic interaction,
the enthalpies decrease in the order Li+ > Na+ > K+. There is
a roughly additive increase in the interaction energy with each
additional ethylene molecule, averaging 20, 14, and 8 kcal mol-1

for Li, Na, and K, respectively. It is also clear that three ethylene
molecules arranged around the metal center interact more
strongly than does a single benzene molecule, presumably
because only one face of the metal cation is involved with the
latter. In fact, two ethylene molecules arranged on either side
of the metal interact approximately as strongly as does a benzene
molecule. Of course, this result must be tempered by the fact
that the free energies of formation of [M(C6H6)]+/[M(C2H4)3]+

are always greater for the benzene complexes than for those
with ethylene (e.g.,-17.6 kcal mol-1 ([Na(C6H6)]+) and-12.8
kcal mol-1 ([Na(C2H4)3]+); see the Supporting Information for
other cases), owing to the larger number of ethylenes involved.
Such comparisons are also complicated by the fact that in the
zincates the olefinic functionalities are not completely inde-
pendent ligands, thus limiting that entropic contribution to the
energy.

Conclusions

The determination that the olefinic functionality of aσ-bound
allyl ligand can engage in cation-π interactions with a second,
dissimilar metal establishes a new combination of bonding
modes for the allyl anion in metal complexes and new
coordination environments for the alkali-metal cations. It is
possible that similar bonding exists in related complexes with
unsubstituted allyl ligands, e.g., BrMg[Zn(C3H5)3],55 but this
has not been crystallographically established.

In the attempt to understand the formation of the alkali-metal
triallylzincates, it should be stressed that a principal driving force
is the electrostatic attraction between the cations and the
[ZnA′3]- anion. Although the model [M(C2H4)n]+ complexes
are not perfect analogues of the zincates, the finding from
density functional studies that two olefinic bonds arranged in a
staggered manner around an alkali metal are roughly equal in
binding enthalpy to a benzene ring, and that three olefinic units
around a metal can surpass the arene binding enthalpy by 30%
or more, highlights the importance of geometrical factors in
cation-π interactions. It suggests that their strength could be
improved through judicious ligand design. The changes in the
types of cation-π interactions formed between A′3Zn- and
related A′3M- species with other monovalent and divalent metals
are being examined.
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Figure 7. Calculated enthalpies of formation (∆H°) of [M(C2H4)n]+

and [M(C6H6)]+ (PBE1PBE/TZV).
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