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Abstract: Cyclopentadienes, when 5,5-disubstituted with electropositive groups, have considerably enhanced
cyclic conjugation in comparison with the parent molecule, C5H6. According to various aromaticity indices,
5,5-distannylcyclopentadiene is nearly as aromatic as furan. Previous observations on the reactivity were
interpreted in the light of the observed aromatic stabilization.

Molecules, aromatic in the classical sense, have delocalized
π-electrons.1 Can a methylene or another saturated group
participate effectively in cyclic electron delocalization? A prime
example is cyclopentadiene. The antisymmetricσHCH orbital
might serve as a two-electron pseudo-π-donor and complete the
aromatic sextet. But is this hyperconjugative interaction2 effec-
tive? Cyclopentadiene exhibits a somewhat enhanced diamag-
netic susceptibility anisotropy,3 but there is no convincing ener-
getic,4a-d geometric,4b,cor NICS (nucleus-independent chemical
shift)4d evidence for aromaticity. Hence, the conclusion is
ambiguous.5 Is it possible to increase the hyperconjugative effect
substantially, by placing substituents on the saturated carbon,
and achieve an aromatic carbocyclic system with a saturated
tetravalent carbon atom?

Silyl-substituted carbons are known to be goodπ-donors,
stabilizing, e.g., carbocations,6 carbenes,7 and radical cations8

which have low-lying empty or half-filled orbitals. We now
report that geminal silyl, germyl, and stannyl substituents induce
substantial aromaticity in cyclopentadiene, whereas disubstituion
by fluorine results in an antiaromatic system.

Figure 1 shows the calculated9 bond lengths of cyclopenta-
diene (1), 5,5-dimethylcyclopentadiene (2), spiro[4.2]heptadiene
(3), 5,5-disilylcyclopentadiene (4), 5,5-digermylcyclopentadiene
(5), 5,5-distannylcyclopentadiene (6), 5,5-dichlorocyclopenta-
diene (7), and 5,5-difluorocyclopentadiene (8). The CRCâ and
the CâCâ bond lengths in the cyclopentadiene rings of1-6 tend
more and more to equalize, indicating increased delocalization,
e.g., as the substituents involve heavier elements down the
period. The effects are enhanced in the spirocyclopropane (3)
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Figure 1. Important bond lengths for cyclopentadienes1-8.
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(due to the Walsh orbitals in the three-membered rings) relative
to 2.10 In contrast, the bond length alternation is even larger in
the dichloro- (7) and the difluoro-substituted (8) rings than in
the parent cyclopentadiene. The geometric aromaticity indices
(the Bird index, BI;11 the Julg parameter,A;12 the modified Julg
parameter calculated from the CRCâ and CâCâ bonds only,A3;
and the bond-shortening index, BDSHRT13 in Table 1) indicate
sizable changes in aromaticity. Are the changes in the bond
lengths’ equalization indeed due to variation in the aromatic
character of the ring?

Magnetic and energetic measures of aromaticity are also
collected in Table 1 for the 5,5-disubstituted cyclopentadienes.

These data, obtained at the B3LYP/3-21G(*) and B3LYP/6-
311+G** levels of density functional theory,14 are very similar
for the C-, Si-, and Ge-containing systems, e.g.,1-5. Like the
geometries, the NICS values are not sensitive to the basis set.
Hence, the B3LYP/3-21G(*) geometries and NICS values also
should be reliable for the tin compound. The good structural
and energetic agreement between the B3LYP/3-21G(*) and the
B3LYP/LANL2DZ* 14 results for 6 (Table 1) supports this
conclusion.

While the methyl groups in2 only result in small changes in
the properties, the effects of the silyl, the germyl, and the stannyl
groups are quite large according to all the aromaticity measures
(Table 1). The values approach those for the common five-
membered heteroaromatics, furan, thiophene, and pyrrole.
Substitution by electronegative substituents such as chlorine or
fluorine results in a decrease of the aromatic character of the
ring.

Energetic Measures.Reaction 1 (X) CR2, O, S, NH; R2

) Me2, CH2CH2, (SiH3)2, (GeH3)2, (SnH3)2, Cl2, and F2), is
based on conjugated systems and compensates for ring strain.4b

While the aromatic stabilization energies (ASE), measured by
reaction 1, for cyclopentadiene (1) and its 5,5-dimethyl deriva-
tive (2) are quite small, the stabilization energy is about 10 kcal/
mol for the disilyl (4) and the digermyl (5) derivatives. The
spirocyclopropane (3) shows the expected10 enhancement. The
largest value (13 kcal/mol) is found for the distannyl derivative
(6). The stabilization of furan, thiophene, and pyrrole is only
somewhat larger (15-21 kcal/mol) at the same level of
theory.4b,d,5 The destabilization of the dichloro (5.1 kcal/mol)
and especially the difluoro (9.5 kcal/mol) derivatives in reaction
1 indicates the antiaromaticy of7 and 8.16 The effects in
conjugated systems, e.g.,9, are much less. Thus the stabilization
by theâ-silyl groups in eq 2 is only 2.2 kcal/mol. The rotational
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the Pipek-Mezey localization (Pipek, J.; Mezey, P. G.Chem. Phys.1989,
90, 4916), which separatesσ- and π-components of the double bonds;
see also ref 18. Diamagnetic susceptibilities, calculated NMR chemical shifts
on theâ carbon atom, and total energies are given as Supporting Information.
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Soc. 1998, 120, 2932) have discussed recently the effect of F substitution
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Table 1. B3LYP/6-311+G** a Magnetic (NICS, NICS(π),b Diamagnetic Susceptibility Exaltation), Energetic (ASE in kcal/mol), and
Geometric (Bird Index (BI), Julg Index (A), Julg Index Calculated from the CRCâ and CâCâ Bonds Only (A3), and Bond Shortening Index
(BDSHRT)) Aromaticity Measures of the Investigated Ring Systems (the Values in Parentheses Are Obtained at the B3LYP/3-21G(*) Level)

NICS NICS(π) ∆ø ASE BI A/A3 BDSHRT

1 -3.1 (-4.2) -16.0 -3.5 2.60 (2.19) 29 (30) 0.43/0.63 45 (46)
2 -2.2 (-3.3) -2.4 0.85 (-1.23) 22 (27) 0.32/0.57 44 (45)
3 -3.4 -3.2 3.74 41 0.60/0.68 49
4 -7.8 (-7.8) -19.4 -7.1 9.87 (10.31) 48 (47) 0.60/0.81 49 (49)
5 -7.5 (-7.4) - -8.1 (-4.9) 9.25 (9.64) 45 (47) 0.62/0.79 48 (48)
6a -9.6 (-8.5) - (-4.7) 13.76 (13.60) 56 (54) 0.73/0.87 51 (49)
7 +0.5 (-1.2) -1.3 -5.13(-4.43) 21 0.30/0.55 45
8 +3.2 (+2.1) +3.5 -9.53 (-7.44) 14 0.18/0.33 44
C4H4O -12.3 -20.3 -5.2 15.80 (15.43) 49 -/0.81 51
C4H4S -13.2 -20.3 -9.5 19.07(19.31) 68 -/0.90 57
C4H5N -14.7 -20.5 -10.4 21.40(23.24) 73 -/0.94 55
C5H5

- -14.2 -22.5 -15.0 20.32 100 1.0/1.0 52

a For the distannyl derivative (6), the LANL2DZ basis with polarization functions has been used; see note 14.b The NICS(π) values are obtained
by using the BIII basis; see note 9.
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barrier about the CC single bond in allyl-silane is 3.7 kcal/mol15

(MP2/6-31G*), partly due to the stabilizing effect of theâ-silyl
group.

Magnetic Measures.The NICS values17 of 4-6 are signifi-
cantly larger than in cyclopentadiene (1) and in its 5,5-dimethyl
derivative (2). However, these values are smaller to those for
furan, thiophene, or pyrrole (see Table 1). Figure 2 shows the
excellent correlation of the NICS values of1-8 as well as furan,
thiophene, and pyrrole with the ASEs calculated by eq 1. The
NICS value for7 is near 0, while for8 it is positive (+3.2), in
accord with the antiaromaticity of the ring. Theσ framework
contributions are paratropic and act to reduce the negative NICS
values computed at the ring centers. The dissected NICS(π)18

value of the 5,5-disilacyclopentadiene (-19.4) is quite close to
the NICS(π) value of furan, thiophene, or pyrrole. The contribu-
tions of each of the localizedπ-MOs increase from-6.1
(cyclopentadiene,1) to -7.3 (5,5-disilacyclopentadiene4). Each
CSi bond contributes-2.4 ppm (in4) compared to the-1.9
ppm contribution of the hyperconjugated CH bonds in cyclo-
pentadiene1.

Like the aromatic stabilization energies, the diamagnetic
susceptibility exaltations (obtained from reaction 1) are ap-
preciable only for the silyl- (4) and germyl-substituted (5)
derivatives; these are even larger than those for furan.

Electronic Structure of 5,5-Disilylcyclopentadiene (4). The
occupiedπ-MOs of 4 (Figure 3) show the typical MO patterns

for a five-membered heteroaromaticπ-system.20 Along with
HOMO-9, the b1 symmetry HOMO-1 SiCSi orbital mixes
strongly with the dienicπ-system. This hyperconjugative
electron donation by the substituents results in a partially anionic
ring (the B3LYP/6-311+G** NPA charge sum of the C5H4 ring
moiety is-0.94 and-0.86 for4 and5, respectively, compared
to -0.12 for2).

Concluding Remarks

The tuning of the character of cyclopentadiene by varying
the substituents at the 5 position is remarkably effective.21 While,
e.g., cyclopentadienyl-Li and -Na ion pairs have long been
known to be aromatic, the unexpectedly strong influence of less
electropositive elements has not been recognized before. 5,5-
Difluorocyclopentadiene (8) is antiaromatic, whereas 5,5-disilyl-
(4) 5,5-digermyl- (5), and 5,5-distannylcyclopentadienes (6) are
aromatic. The magnitude of the pronounced effect in4-6 even
approaches that of furan. This influences the chemistry.

(17) The nucleus-independent chemical shift (NICS) is defined as a
negative of the NMR shielding computed, e.g., in the ring center; see refs
4d and 9.

(18) The NICS(π) values describe theπ-contributions to the total NICS
values (Schleyer, P. v. R.; Jiao, H.; Hommes, N. J. R. v. E.; Malkin, V. G.;
Malkina, O. L.J. Am. Chem. Soc. 1997, 119, 12669).

(19) Schaftenaar, G.MOLDEN 2.5; Caos/CAMM Center: Nijmengen,
The Netherlands, 1994.

(20) Jorgensen, W. L.; Salem, L. The Organic Chemist’s Book of
Orbitals. Academic Press: New York 1973

(21) With more electropositive groups than Si, the conventional structures
are not minima. E.g., for Li, the substituents occupy a bridging position on
the top of the ring while increasing the aromaticity further (Goldfuss, B.;
Schleyer, P. v. ROrganometallics1997, 16, 1543). We found a similar
effect for BeH. In the case of diboro substitution, one of the BH2 groups
forms a bridging bond above the C-C bond of the ring. These systems
will be discussed elsewhere.

Figure 2. Correlation of the NICS values of1-8 as well as furan, thiophene, and pyrrole with the ASEs calculated by eq 1.

Figure 3. HF/3-21G*//B3LYP/3-21G*π-type MOs of 5,5-disilacy-
clopentadiene (4) as plotted by the MOLDEN program.19
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Consistent with the increased aromatic stabilization of the
distannylated ring, 5,5-bis(trimethylstannyl)cyclopentadiene is
the only monomeric product observed upon metallating and
subsequently stannylating bicyclopentadiene.22 The aromatic
stabilization affects the relative stability of the isomers, too.
1,4-Disilylcyclopentadiene and 1,5-disilylcyclopentadiene by 4.7
and 1.7 kcal/mol, respectively, arelessstable than 5,5-disila-
cyclopentadiene (4) (at the B3LYP/6-311+G** level). The
relative stability of 1,4-distannylcyclopentadiene (6) with respect
to 1,4-distanylcyclopentadiene and 1,5-distanylcyclopentadiene
is even larger: 6.2 and 3.2 kcal/mol, respectively (B3LYP/
LANL2DZ* level). In contrast, 1,4- and 1,5-dimethylcyclopen-
tadienes are 6.9 and 3.7 kcal/mol, respectively,morestable that
the 5,5-isomer (2).
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