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Abstract: Cyclopentadienes, when 5,5-disubstituted with electropositive groups, have considerably enhanced
cyclic conjugation in comparison with the parent moleculgfi& 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 1.48 1.472 1.465 1.446
m-electrons: Can a methylene or another saturated group 1.348 1.344 1353 1.360
participate effectively in cyclic electron delocalization? A prime Q.sos Qj” Q~480 1.494
example is cyclopentadiene. The antisymmetrigy orbital w u CH, ~CH, e cn, SiH; ~SiH,
might serve as a two-electron pseuda@onor and complete the
aromatic sextet. But is this hyperconjugative interactiefifec- 2 3 4
tive? Cyclopentadiene exhibits a somewhat enhanced diamag-
netic susceptibility anisotropybut there is no convincing ener- 1.450 1.446 1.482 1.495
getic#a-d geometrici®Cor NICS (nucleus-independent chemical 1.360 1.376 1.338 1.334
shifty*d evidence for aromaticity. Hence, the conclusion is 1.489 1.486 1510 1518
ambiguou$.Is it possible to increase the hyperconjugative effect GeHs GeH, SnH; ~SnH; d a
substantially, by placing substituents on the saturated carbon,
and achieve an aromatic carbocyclic system with a saturated 5 6 7 8

tetravalent carbon atom?

Silyl-substituted carbons are known to be goodlonors,
stabilizing, e.g., carbocatiofs;arbeneg,and radical catiorfs
which have low-lying empty or half-filled orbitals. We now
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Figure 1. Important bond lengths for cyclopentadieriess.

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 calculateond lengths of cyclopenta-
diene @), 5,5-dimethylcyclopentadieng)( spiro[4.2]heptadiene
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Table 1. B3LYP/6-31H-G** @ Magnetic (NICS, NICSf),> Diamagnetic Susceptibility Exaltation), Energetic (ASE in kcal/mol), and
Geometric (Bird Index (Bl), Julg IndexA], Julg Index Calculated from the,Cs and GCsz 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(r) Ay ASE BI AIA3 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)
6° —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
C4H0 -12.3 -20.3 -5.2 15.80 (15.43) 49 —/0.81 51

CaHsS -13.2 -20.3 9.5 19.07(19.31) 68 —/0.90 57

CaHsN -14.7 —-205 -10.4 21.40(23.24) 73 —/0.94 55

CsHs™ -14.2 -225 -15.0 20.32 100 1.0/1.0 52

a For the distannyl derivatives], the LANL2DZ basis with polarization functions has been used; see noteThe NICS(r) values are obtained
by using the BIll basis; see note 9.

(due to the Walsh orbitals in the three-membered rings) relative These data, obtained at the B3LYP/3-21G(*) and B3LYP/6-
to 2.1%1n contrast, the bond length alternation is even larger in 311+G** levels of density functional theory, are very similar
the dichloro- ¥) and the difluoro-substituted) rings than in for the C-, Si-, and Ge-containing systems, elg:5. Like the
the parent cyclopentadiene. The geometric aromaticity indices geometries, the NICS values are not sensitive to the basis set.
(the Bird index, BI1 the Julg parametea,;? the modified Julg Hence, the B3LYP/3-21G(*) geometries and NICS values also
parameter calculated from the,Cs and GCsz bonds only A3; should be reliable for the tin compound. The good structural
and the bond-shortening index, BDSHRn Table 1) indicate and energetic agreement between the B3LYP/3-21G(*) and the
sizable changes in aromaticity. Are the changes in the bond B3LYP/LANL2DZ* 14 results for6 (Table 1) supports this
lengths’ equalization indeed due to variation in the aromatic conclusion.
character of the ring? While the methyl groups i2 only result in small changes in
Magnetic and energetic measures of aromaticity are also the properties, the effects of the silyl, the germyl, and the stannyl
collected in Table 1 for the 5,5-disubstituted cyclopentadienes. groups are quite large according to all the aromaticity measures
(Table 1). The values approach those for the common five-
(9) Calculations were performed with the Gaussian 94 program package membered heteroaromatics, furan, thiophene, and pyrrole.

(Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Gill, P. M. W.; Johnson, B. - gypstitution by electronegative substituents such as chlorine or
G.; Robb, M. A.; Cheeseman, J. R.; Keith, T.; Petersson, G. A; . y. 9 .
Montgomery, J. A.; Raghavachari, K.; Al-Laham, M. A.; Zakrzewski, V. fuorine results in a decrease of the aromatic character of the

G.; Ortiz, J. V.; Foresman, J. B.; Cioslowski, J.; Stefanov, B. B.; [rIng.

Nanayakkara, A.; Challacombe, M.; Peng, C. Y.; Ayala, P. Y.; Chen, W.; Energetic Measures.Reaction 1 (X= CR,, O, S, NH; R
Wong, M. W.; Andres, J. L.; Replogle, E. S.; Gomperts, R.; Martin, R. L.; _ : :
Fox,gD. J.; Binkley, J. S.; Defrepes?D. J.; Baker, 5) Stewart, J. P.; Head- Me, CHZC_HZ’ (SiHs)2, (Gehb)z, (Snh)z, Clz, and Fz), IS
Gordon, M.; Gonzalez, C.. Pople, J. Baussian 94Revision E.2; Gaussian, ~ based on conjugated systems and compensates for ring%train.
Inc.: Pittsburgh, PA, 1995). Geometries were optimized at the B3LYP/6-

311+G** (see also note 15) and B3LYP/3-21G(*) levels, resulting in similar

structures. The NMR shielding tensors (in ppm) were calculated by the Z/ \\ . [ Y » !\ W
GIAO scheme; diamagnetic susceptibilities (in ppm) were calculated by X X X

the IGAIM method with the 6-31+G** basis at the B3LYP/6-311G**-

optimized geometries and with the 3-21G(*) basis at the B3LYP/3-21G(*) 9

geometries. Second derivatives were calculated at the optimized structures

at both B3LYP/3-21G(*) and the B3LYP/6-33G** levels. SOS-DFT . - e .

routines (Malkin, V. G.; Malkina, O. L.; Salahub, D. Rhem. Phys. Lett Wh”e the aromatic Stab'hz_"mon ener_gles (ASE)' measu_red by
1993 204, 80) of the DeMon program package (Malkin, V. G.; Malkina, ~ reaction 1, for cyclopentadieng)(and its 5,5-dimethyl deriva-

O. L.; Casida, M. E.; Salahub, D. R. Am. Chem. Sod994 116, 5898) tive (2) are quite small, the stabilization energy is about 10 kcal/

were used with the Blll basis set (Kutzelnigg, W.; Fleischer, U.; Schindler, . ; ot
M. NMR Basic Princ. Prog199Q 23, 190) to compute the individual mol for the disilyl @) and the digermyl§) derivatives. The

localized molecular orbital contributions to the NICS value by employing SPirocyclopropane3) ShOWS_ the eXpeCté@enhancemem-_Th?
the Pipek-Mezey localization (Pipek, J.; Mezey, P.GBem. Phys1989 largest value (13 kcal/mol) is found for the distannyl derivative

90, 4916), which separates- and 7-components of the double bonds; 6). The stabilization of furan. thiophene. and pyrrole is onl
see also ref 18. Diamagnetic susceptibilities, calculated NMR chemical shifts ©). ' P : Py y

on thef carbon atom, and total energies are given as Supporting Information. somewhat larger (15?-1 k_CaI/mOD at_ the same level of
(10) Sieber et al. (Sieber, S.; Schleyer, P. v. R.; Gausk,Am. Chem.  theory?d5The destabilization of the dichloro (5.1 kcal/mol)

Soc 1993 115 6987) have shown that the three-membered ring has and especially the difluoro (9.5 kcal/mol) derivatives in reaction

considerable hyperconjugative participation in the phenonium ion 6 P : - 16 :
aromatic system, 1 indicates the antiaromaticy of and 8.1° The effects in

(11) Bird, C. W.Tetrahedronl985 41, 1409. The Gordy equation was ~ Conjugated systems, e.§,,are much less. Thus the stabilization
used (Gordy, WJ. Chem. Phys1947 15, 305) to calculate the bond orders. by the-silyl groups in eq 2 is only 2.2 kcal/mol. The rotational
The Gordy constants were calculated from the bond lengths of ethylene
and ethane obtained at the same level of the theory (B3LYP/3-21G(*) or  (14) For6, the LANL2DZ pseudopotential was used for tin and the D95
B3LYP/6-311-G**) as the optimized structure of the ring. To give the basis for the other atoms instead of 6-313*" basis. d polarization

bond orders at the saturated carbon atom substituted witg){§kbups (E functions (0.8 at carbon and 0.183 at tin) were added.
= C, Si, Ge, Sn), the Gordy constants were obtained from the CC bond  (15) Le Serre, S.; Guillemin, J.-C.; Kg#ti, T.; Sos, L.; Nyulaszi, L.;
lengths of CHCH(EH), and CHC(EHg)2. Veszpfeni, T. J. Org. Chem1998 63, 59.

(12) Julg, A.; Francois, PTheor. Chim. Actal967, 8, 249. Only the (16) Wiberg and Marquez (Wiberg, K. B.; Marquez, M.Am. Chem.
C«Cs and the GC;z bond lengths were considered for A3. Soc 1998 120, 2932) have discussed recently the effect of F substitution

(13) BDSHTRT (see ref 4c) was obtained as an average of the Gordy in small rings, noting the preference of F substitution on C atoms with
bond orders minus 1, and multipled by 100. enhanced p character.
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Figure 2. Correlation of the NICS values df—8 as well as furan, thiophene, and pyrrole with the ASEs calculated by eq 1.

barrier about the CC single bond in allyl-silane is 3.7 kcalAhol
(MP2/6-31G*), partly due to the stabilizing effect of tHesilyl

group.

HS S, HJS;‘\ S, Figure 3. HF/3-21G*//B3LYP/3-21G*n-type MOs of 5,5-disilacy-

clopentadiene4) as plotted by the MOLDEN prograff.
9

Magnetic Measures.The NICS value¥ of 4—6 are signifi- for a five-membered heteroaromatiesysten¥® Along with
cantly larger than in cyclopentadier @nd in its 5,5-dimethyl ~ HOMO-9, the by symmetry HOMO-1 SiCSi orbital mixes
derivative @). However, these values are smaller to those for strongly with the dieniczz-system. This hyperconjugative
furan, thiophene, or pyrrole (see Table 1). Figure 2 shows the electron donation by the substituents results in a partially anionic
excellent correlation of the NICS valuesbf8 as well as furan,  ring (the B3LYP/6-313#G** NPA charge sum of the €4 ring
thiophene, and pyrrole with the ASEs calculated by eq 1. The moiety is—0.94 and—0.86 for4 and5, respectively, compared
NICS value for7 is near 0, while fol8 it is positive (3.2), in to —0.12 for2).
accord with the antiaromaticity of the ring. Tleeframework
contributions are paratropic and act to reduce the negative NICSconcluding Remarks
values computed at the ring centers. The dissected MES(

value of the 5,5-disilacyclopentadiene9.4) is quite close to The tuning of the character of cyclopentadiene by varying
the NICS(r) value of furan, thiophene, or pyrrole. The contribu- the substituents at the 5 position is remarkably effeciWhile,

tions of each of the localized-MOs increase from—6.1 e.g., cyclopentadienylLi and —Na ion pairs have long been
(cyclopentadiendl) to —7.3 (5,5-disilacyclopentadiers®. Each known to be aromatic, the unexpectedly strong influence of less
CSi bond contributes-2.4 ppm (in4) compared to the-1.9 electropositive elements has not been recognized before. 5,5-
ppm contribution of the hyperconjugated CH bonds in cyclo- Difluorocyclopentadienes] is antiaromatic, whereas 5,5-disilyl-
pentadienel. (4) 5,5-digermyl- 6), and 5,5-distannylcyclopentadien€&$ ére

Like the aromatic stabilization energies, the diamagnetic aromatic. The magnitude of the pronounced effeet-6 even
susceptibility exaltations (obtained from reaction 1) are ap- approaches that of furan. This influences the chemistry.

preciable only for the silyl- 4§ and germyl-substituted5) —
derivatives; these are even larger than those for furan. Thél,%I)etshcgr?;fgsaa{’S,SXOLDEN 2.5 Caos/CAMM Center: Nijmengen,
Electronic Structure of 5,5-Disilylcyclopentadiene (4. The (20) Jorgensen, W. L.; Salem, L. The Organic Chemist's Book of
occupiedr-MOs of 4 (Figure 3) show the typical MO patterns ~ Orbitals. Academic Press: New York 1973
(21) With more electropositive groups than Si, the conventional structures
(17) The nucleus-independent chemical shift (NICS) is defined as a are not minima. E.g., for Li, the substituents occupy a bridging position on
negative of the NMR shielding computed, e.g., in the ring center; see refs the top of the ring while increasing the aromaticity further (Goldfuss, B.;
4d and 9. Schleyer, P. v. ROrganometallics1997 16, 1543). We found a similar
(18) The NICSf) values describe the-contributions to the total NICS effect for BeH. In the case of diboro substitution, one of the; Brbups
values (Schleyer, P. v. R.; Jiao, H.; Hommes, N. J. R. v. E.; Malkin, V. G.; forms a bridging bond above the-@ bond of the ring. These systems
Malkina, O. L.J. Am. Chem. S0d 997, 119 12669). will be discussed elsewhere.
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