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Abstract: Ab initio calculations at the G2(MP2,SVP) level predict that there is a striking transition from a preference
for classical isomers on the;8;% surface to a preference for nonclassical isomers on ghe@st surface. The
situation for GH;Si" is intermediate between these extremes, with classical and nonclassical isomers tending to
have comparable energies despite their significant geometric differences.

Introduction these differences, we have extended our calculations in the
present study to germatropyliuri-Ge) and its isomers. The

dth £ its heavier h I h ttracted iderabl new calculations provide further insights and more clearly
andthose orits heavier homologues have attracted consiterablee|ineated trends. In particular, we find that there is a transition

attention from .bOth experimental _and theorghcal ch_erﬂls%s._ from a preference for classical structures on thelC surface
In this connection, recent suggestions that silatropylium cation to a preference for nonclassical structures on thel,Ge"
(1-Si) might have been formed in the gas phase along with its surface, with the @H;Sit surface showing characteristics
isomer silabenzyl cation2¢Si)*> prompted us to carry out intermeaiate between these extremes.

comparative studies of these two cations and their carbon
analogues, tropylium1¢C) and benzyl 2-C) cations®” Our
computational studies indicated that most lik&h5i was not
actually observed, and this has also been the conclusion of more Ab initio molecular orbital calculatiofisvere carried out with the
recent experiments by Jarek and Shilvhile our calculation GAUSSIAN 9219 GAUSSIAN 941% and MOLPRG! programs.
predicted that the most stable isomer on tRel{Si™ surface is Optimized geometries were obtained for all species at the MP2(full)/
the pyramidal5-Si, Jarek and Shihsuggest that under their ~ 6-31G(d) level of theory. Selected geometric parameters are displayed
experimental conditions the observed species (begeBiis in Figures 1 and_ 2. _FuII_geometrles are presented in the form of
a complex between benzene and HGiith a structure similar tci?rluslﬁlﬁ‘]': é";gg"g? tfr'l)es |:EmTiglt?oi%cffgggitéﬂgrgrt;?rgizIQI%rrrnga-
to 7-Si). Production of such a species from ionized silatoluene . Py ! P

. . " were carried out at the MP2(fc)/6-31G(3df,2p) and QCISD(T)/
could be readily envisaged. Whatever the case may be, itg 31G(q) levels (also included in Table S1). Energies were obtained

is clear that there exist sufficient differences between the zt ihe G2(MP2,SVP) level of theof which corresponds effectively
CeH7Si" and GH;" surfaces that caution is needed when to QCISD(T)/6-313%G(3df,2p) energy calculations at MP2(full)/
drawing analogies between the t#®’ To better understand  6-31G(d) optimized geometries, incorporating scaled HF/6-31G(d) zero-
point energies and a so-called higher level correction (see Tablé S2).
T Current address: Chemistry Department for Materials, Faculty of |y oyr previous work, we found this level of theory to be in very good

Engineering, Mie University, Tsu, Mie 514, Japan. : ;
gAbstragt published inA)d/uance ACS Abstrarc):tsNovember 15, 1997. agreement W'Ehlghe more 4a1(;f):urate,_ but computationally more de”.‘a”d'
(1) For recent reviews related to silicon compounds see, for example: N9 G2(MP2)*152and G2***theories, at least as far as the relative

The similarities and differences between compounds of carbon

Computational Procedures
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Chart 1
+ + +
H XH, CH, X
X Me
H
1-C: X=C 2-C:X=C 4-C: X =C
1-Si: X =Si 2-Si: X =Si 3-Si: X =Si 4-Si: X =Si
1-Ge: X = Ge 2-Ge: X = Ge 3-Ge: X =Ge 4-Ge: X = Ge
X* Xt
c,'\ ,’:‘ N
H
H
5-C:X=C 6-C: X=C
5-Si: X =Si 6-Si: X = Si
5-Ge: X =Ge 6-Ge: X = Ge
XH
7-Si: X = Si 8-C:X=C
7-Ge: X =Ge 8-Si: X = Si

otherwise noted, all relative energies in this paper refer to G2(MP2,-
SVP) values at 298 K (Table 1).

Results and Discussion

Assessment of Reliability. In our previous studie%! we
carried out calculations at a variety of levels of theory to gain
some confidence in our predicted relative energies. In this

. e ; S Q
section we report the results of some additional investigations

in this regard. In the first instance, we have obtained the
geometry of the highly symmetrical tropylium cation at levels
of theory considerably higher than the standard MP2(full)/
6-31G(d) level used in G2(MP2,SVP) theory. We find that MP2
optimization with a much larger basis set (MP2/6-313(3df,-
2p)) shortens the €C and C-H bonds by about 0.005 A. On
the other hand, if the optimization is carried out at the QCISD-
(T) level of theory (i.e. QCISD(T)/6-31G(d)), the-€&C and
C—H bonds are found to be longer by 0.005 and 0.003 A,
respectively. In other words, the effects of improving the basis
set and the level of theory not only are rather small, but they
also work in opposite directions. It is not surprising then that
the G2(MP2,SVP) energy df-C shows little sensitivity (less
than 0.5 kJ moi?) as to which of the three geometries is used,
with the MP2(full)/6-31G(d) geometry actually providing the
lowest energy. The relative energies bfC and 5-C as a

(13) G2 basis sets for Ge and spiorbit corrections for Ge and Ge
may be found in the following: Curtiss, L. A.; McGrath, M. P.; Blaudeau,
J. P.; Davis, N. E.; Binning, R. C.; Radom, .. Chem. Phys1995 103
6104.

(14) (a) Curtiss, L. A.; Raghavachari, K. IQuantum Mechanical
Electronic Structure Calculations with Chemical Accuratyanghoff, S.
R., Ed.; Kluwer Academic Publishers: Dordrecht, 1995. (b) Raghavachari,
K.; Curtiss, L. A. InModern Electronic Structure Thearyarkony, D. R.,
Ed.; World Scientific: Singapore, 1995.

(15) (a) Curtiss, L. A.; Raghavachari, K.; Trucks, G. W.; Pople, I.A.
Chem. Phys1991 94, 7221. (b) Curtiss, L. A.; Raghavachari, K.; Pople,
J. A.J. Chem. Phys1993 98, 1293.

C(1)-C(2) 1.399

2-C(Cyy)

C(1)-C(2) 1.372
C(2)-C(3) 1.436
C(3)-C(5) 1.378
C(5)-C(7) 1.407

3-8i (Cyy)

Si(1)-C(2) 1.782
C(2)-C(3) 1.387
C(3)-C@d) 1416
C(4)-C(5) 1.393

C(2)-Si(1)-C(7) 118.4

2-8i (Cyy)

Si(D-C(2) 1.777
C(2)-C(3) 1.421
C(3)-C(5) 1.387
C(5)-C(7) 1.400

C(1)-C(2) 1.364
C(2)-C(3) 1.452
C(3)-C(5) 1.370
C(5)-8i(7) 1.788

C(5)-8i(7)-C(6) 110.6

C(1)-C(2) 1.505
C(2)-C(3) 1,400
C(3)-C(5) 1.436
C(5)-C(7) 1.323

C(5)-C(7)-C(6) 148.5
w 178.7

C(1)-C(2) 1.496
C(2)-C(3) 1.420
C(3)-C(5) 1.404
C(5)-Si(7) 1.783

C(5)-Si(M-C(6) 110.7
w 138.4
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1-Ge (Cy)

Ge(1)-C(2) 1.842
C(2)XC(3)" 1.384
C(3)-C(4) 1416
C(H)-C(5) 1.394
C(2)-Ge(1)-C(7) 118.2

2-Ge (Cyy)

Ge(1)-C(2) 1.834
C(2)-C3) " 1.416
C(3)-C(5) 1.387
C(5)-C(7) 1.401

Q
3-Ge (C,,)

C(D-C(2) 1.365
C(2)3-C(3) 1.453
C(3)-C(5) 1.367
C(5)-Ge(7) 1.849

C(5)-Ge(7)-C(6) 109.4

4-Ge (Cy)

C(1)-C(2) 1.493
C(2)-C(3) 1.425
C(3)-C(5) 1.395
C(5)-Ge(7) 1.876

C(5)-Ge(7)-C(6) 105.0
w 136.8

Figure 1. Selected bond lengths (A) and bond angles (deg) for MP2/
6-31G(d) optimized structures of the classical isonterd.

function of basis set and level of theory show a similar
convergence behavior to the relative energied-&f and2-C

or 1-Siand2-Si, discussed in our previous paper (see also Table
S3)7 Therefore we believe that the G2(MP2,SVP) relative
energies of the species examined in the present study will
generally be reliable to within the established G2 target accuracy
of 10 kJ mot?, and possibly to within 5 kJ mot in
comparisons involving only the classical isomers.

Classical Isomers. Selected geometrical features of the
classical isomerd—4 are displayed in Figure 1, and corre-
sponding relative energies are shown in Table 1. Tropylium
cation (L-C) lies 29 kJ mot?! lower in energy than the isomeric
benzyl cation 2-C).87 On the other hand, substitution of one
carbon atom by silicon reverses the stability ordering, 2481



5-C(C)

C(H-C(2) 1.815
C(DH-C(3) 1.781
C(1)-C(5) 1.776
C(2)-C(3) 1.422
C(2)-C(7) 1.489
C(3)-C(5)1.418
C(5)-C(6) 1.415

6-C (Cy)

C(D)-C(3) 1.769
C(1)-C(4) 1.997
C(1)-C(6) 1.647
C(2)-C(4) 1.482
C(3)-C(6) 1.430
C(4)-C(6) 1.443

7-8i (C,)

Si(1)-C(2) 2.243
Si(1)-C(4) 2.390
C(2)-C(4) 1.413
C(3)-C(6) 1.395
C(A4)-C(6) 1.414

e

8-C (Cy

C(1)-C(2) 1.527
C(1)-C(5) 1.700
C(2)-C(4) 1.494
C(2)-C(5) 1.495

5-81(C,)

Si(1)-C(2) 2.178
Si(1)-C(3) 2.147
Si(D)-C(5) 2.143
C(2)-C(3) 1.429
C(2)-C(7) 1.495
C(3)-C(5) 1.426
C(5)-C(6) 1.423

Si(1)-C(3) 2.179
Si(1)-C(4) 2.271
Si(1)-C(6) 2.175
C(2)-C(4) 1.505
C(3)-C(6) 1.427
C#)-C(6) 1.404

Classical and Nonclassical Isomers of Tropylium Cations

5.Ge (C,)

Ge(1)-C(2)2.272
Ge(1)-C(3) 2.247
Ge(1)-C(5) 2.245
C(2)-C(3) 1.432
C(2)-C(7) 1.495
C(3)-C(5) 1.428
C(5)-C(6) 1.425

Ge(1)-C(3) 2.286
Ge(1)-C(4) 2.359
Ge(1)-C(6) 2.276
C2)-C(4) 1.507
C(3)-C(6) 1.430
C(4)-C(6) 1.405

7-Ge (C))

Ge(1)-C(2) 2.338
Ge(1)-C(4) 2.487
C2)-C& 1413
C(3)-C(6) 1.396
C(4)-C(6) 1.413

8-Si (C,)

Si(1)-C(2) 1.993
Si(1)-C(5) 2.120
C(2)-C(4) 1.484
C(2)-C(5) 1.468

o .C@M}Si%gs

Figure 2. Selected bond lengths (A) and bond angles (deg) for MP2/
6-31G(d) optimized structures of the nonclassical isorber8.

is calculated to be more stable thafSi by 38 kJ mot1.57 A
continuation of this trend is found for germanium, with
germabenzyl cation2¢Ge) being more stable than germatro-
pylium (1-Ge) by 67 kJ motl. The greater stability of the
seven-membered-ring structur® @s compared with the ben-
zylic structure 2) seems only to apply to the all-carbon system,
and may be attributed in part to its aromaticiyIn addition,
since silicon and germanium are more electropositive than
carbon and they do not form strong multiple boA#l¥, less
electron delocalization might be expectedliSi and 1-Ge'8
and this, together with the greater ability of Si and Ge to hold

(16) Minkin, V. I.; Glukhovtsev, M. N.; Simkin, B. YaAromaticity and
Antiaromaticity Wiley: New York, 1994.
(17) Kutzelnigg, W.Angew. Chem., Int. Ed. Endl984 23, 272.
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Table 1. Relative G2(MP2,SVP) Isomer Energies (kJ miplat
298 K

X 1-X 2-X  3X 4X 5X 66X 7-X 8X

C 03 2% ¢ 210 27P 406 d 154
Si 143 105 133 284 0V 127 146 154
Ge 234 167 221 330 fo 117 135 ¢

2 Relative to—270.10297 hartree8.G2 relative energies are 29~
C) and 277 §-C) kJ molt. G2(MP2) relative energies are 28-C),
276 (6-C), and 152 8-C) kJ mol™. ¢ Identical to2-C. ¢ No minimum
corresponding to the loose-complex {-C) was found on the HF/6-
31G(d) surface®Relative to —521.16545 hartree$Relative to
—2307.56240 hartree§ No minimum corresponding to the “tight”
complex 8-Ge) was found on the HF/6-31G(d) or MP2(full)/6-31G(d)
surfaces.

the positive charge i, could also contribute to the reversal in
the ordering of the stabilities dfand2 in the case of the heavier
analogues.

In the heterosubstituted systems £XSi and Ge), there are
four benzyl-type isomers in addition & with the heteroatom
occupying different positions in the phenyl ring. The most
stable of these on thegB;Si™ surface iso-silabenzyl cation
(3-Si), which was found to lie 10 kJ mot lower in energy
than silatropylium {-Si).” 3-Geis also found to be more stable
than 1-Ge by a similar amount. However, in both cases the
lower energy benzyl-type isomer & which has an “intact”
phenyl group, and in which the positive charge is more localized
on the electropositive Si or Ge atoms.

The final classical structure that we examined for these cations
corresponds to analogues of the 4-methyl-substituted phenyl
cation. In the case of-C, all the carbon atoms lie essentially
in the same plarf€and, as for the unsubstituted phenyl cafidn,
the angle at the carbon bearing the formal charge is quite large
(148.5), resulting in considerable (“in-plane”) deformation of
the benzene ring. In the case of the heavier analogues, however,
the six-membered ring is distorted toward a half-boat conforma-
tion with the heteroatom lying considerably out-of-plane (see
Figure 1). This results in a much smaller CXC angle (110.7
and 105.0 for 4-Si and4-Ge respectively). Structure3and
4 formally differ by a hydride shift from X to the methylene
group. As the electropositivity of X increases, the relative
energy of structurel decreases, but even in the case of Ge,
structure3 is preferred over the germaphenyl catidrGe) by
109 kJ mot™.

Overall among the classical structurkes4, the most stable
structure is the one in which the maximum number of carbons
is incorporated in the ring, while the heteroatoms prefer to
occupy positions external to the ring. The latter is in agreement
with the “heavy atom exclusion” rufé&.

Nonclassical Isomers. Selected geometrical features of the
nonclassical isomer§—8 are displayed in Figure 2, while
corresponding relative energies are included in Table 1. On
the GH;Si" and GH-Ge" surfaces, the lowest energy structures
that we have found correspond to the nonclassical isdner
Such “half-sandwich” compounds of group IV elements are
known both experimentalj and computationally* The

(18) This expectation is in accordance with the finding that the aromatic
character of heterosubstituted benzenes gradually decreases upon descending
the rows of the main group elemenfs'®

(19) Baldridge, K. K.; Gordon, M. SI. Am. Chem. So&988 110, 4204.

(20) Structuret hasCs symmetry, but the plane of symmetry runs parallel
to thesr-system, and therefore symmetry does not require all ring atoms to
lie in the same plane (see also Figure 1).

(21) Dill, J. D.; Schleyer, P. v. R.; Binkley, J. S.; Seeger, R.; Pople, J.
A.; Haselbach, EJ. Am. Chem. Sod.976 98, 5428.

(22) Epiotis, N. D.Deciphering the Chemical Code: Bonding Across
the Periodic TableChapter 15, VCH: New York, 1996.

(23) See: Jutzi, P.; Kohl, F.; Hofmann, P.; Kruger, C.; Isay, YGCHem.

Ber. 198Q 113 757 and references therein.



11936 J. Am. Chem. Soc., Vol. 119, No. 49, 1997

stability of such species has been attributed to three-dimensiona
aromaticity, with the bonding between the “cap” (i.e. the apical
C or heteroatom) and the “ligand” (i.e. the substituted cyclo-
pentadienyl moiety) obeying the 4+ 2 interstitial electron”
rule1625 The essence of this rule as applied in this case is that
the “z” system of the ligand, which has three low-lying MOs,
can be stabilized via interaction with three appropriate atomic
orbitals of the cag® Since the total number of “interstitial”
electrons (that is the electrons that bind the cap and ligand
together) is six, this interaction is strongly stabilizing in char-
acter?® In this respect, it is not so surprising tHaC, despite

its unusual structure, is predicted to be a minimum on theé;C
surface, albeit with a high energy. Consistent with the above,
we find 5 to be thermodynamically very stable with respect to
dissociation. Fob-C and5-Si, the lower energy dissociation
channel corresponds to formation of X & C or Si) plus the
methylcyclopentadienyl cation and is calculated to require 556
and 609 kJ molt, respectively. Fob-Ge, the lower energy
dissociation channel corresponds to formation of @kis the
methylcyclopentadienyl radical and requires 511 kJthol

Closely related to isomes is another pyramidal structure
(6), which is formally a five-coordinated cationic complex
between X and cyclohexadienyl. The relatively low energy of
isomer6 may also be attributed to three-dimensional aromaticity.
This can easily be seen by noting that cyclopentadienyl and
cyclohexadienyl groups have the same numbet-efectrons.
Furthermore, the five methine carbons@rare approximately
coplanar, as is also the case with Therefore one may apply
the same arguments as above to show éhalso satisfies the
“4n + 2 interstitial electron” rule. Once more the expected
stability of such compounds is reflected in the finding tGaX
is calculated to lie lower in energy than separated X plus the
cyclohexadienyl cation by 303, 358, and 281 kJ midbr X =
C, Si, and Ge, respectively.

In all three cases, the energy content of isoiés higher
than that ofs by approximately the same amount (32180 kJ
mol™Y). In the case of G&§-Geand6-Geare the lowest energy
isomers. In the case of Si, however, the benzylic isor2esif
is more stable thaB-Si, whereas for C both pyramidal isomers
are considerably higher in energy tha+C.

Another interesting feature on thel;Si™ surface is the
existence of “loose” 1-Si) and “tight” (8-Si) [SiH+--CsHg] ™
complexes. The former, which is best regarded ascamplex,
was actually found to be slightly more staBlewe were not
able to find a similar loose structuré-C) on the GH;" surface,
but the tight complex §C) corresponds to the well-known
norbornadienyl catioA’ This isomer 8-C) lies significantly
higher in energy than both the tropylium and benzyl cations
(e.g. 154 kJ moi! abovel-C). On the other hand, on thesld;-

Get surface we were able to locate only the loaseomplex
[GeH:--CgHg] ™ (7-Ge), which lies 18 kJ molt higher in energy
than6-Ge This is very close to the energy difference (19 kJ
mol~1) between6-Si and 7-Si.

Jarek and Shihhave generated¢8Si* ions from ionized
silatoluene and have proposed that a structure that is vibra-

(24) Krogh-Jespersen, K.; Chandrasekhar, J.; Schleyer, P.J.@QRg.
Chem.198Q 45, 1608.

(25) Jemmis, E. D.; Schleyer, P. v. R. Am. Chem. Sod 982 104,
4781.

(26) There is also another pair of electrons on the cap, but this is regarded
as nonbonding and occupying an orbital hybridized away from the ligand,
and therefore not strongly affected by the interaction between the cap and
the ligand.

(27) (a) Stroy, P. R.; Saunders, NI. Am. Chem. Sod.962 84, 4876.

(b) Olah, G. A,; Liang, G.; Mateescu, G. D.; Riemenschneidém. Chem.
Soc. 1973 95, 8698. (c) Bremer, M.; Schp, K.; Schleyer, P. v. R;;
Fleischer, U.; Schindler, M.; Kutzelnigg, W.; Koch, W.; Pulay Ahgew.
Chem., Int. Ed. Engl1989 28, 1042.
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tionally averaged betweeii-Si and the corresponding*-
complex can explain their key experimental observations,
namely exchange with external labeled benzene and the absence
of hydrogen abstraction from cycloheptatriene. It is interesting
that they reject the “tightB8-Si, presumably because of its high
(calculated) hydride affinity relative to that of tropylium cation.
They estimate that their proposed structure (relatedt 83 as
noted above) has a low hydride affinity, partly because they
assume that the product is separatgHdc+ SiH,. Since7-Si
and8-Si are closely related energetically (they have the same
energy content within our estimated uncertainty of 10 kJ#ol
and the barrier for the transformation GtSi to 8-Si is
rather small (1417 kJ mot?),” it is not clear why intercon-
version of 7-Si and 8-Si would not lead to the lower-energy
product 7-silanorbornadiene, as a result of hydride abstrac-
tion. In such a case, hydride transfer from cycloheptatriene
would be exothermic, and the lack of reactivity with cyclo-
heptatriene would require a kinetic barrier. This seems quite a
plausible scenario given the significant electronic reorganization
required for the formation of (planar) tropylium cation. On
the other hand, i7-Si and 8-Si do not interconvert under the
experimental conditions then Jarek and Shin’s suggestion that
7-Si has a low hydride affinity is essentially correct. We
have characterized an Sit+CgHg complex theoretically and
find it to be bound by 36 kJ mol (with respect to sepa-
rated GHg and Sih) (see Table S2). Despite this significant
binding energy, the hydride affinity aF-Sito give SiH:--CsHe

is still 26 kJ mof? less than the hydride affinity of tropylium
cation, consistent with the lack of reactivity with cyclohep-
tatriene.

Gas-phase experiments have implied the existence of both
(175-cyclohexadienyl)yttrium@, X = Y) and (hydrido)(benzene)-
yttrium (7, X =Y).282 The experimental data suggest that either
6-Y and7-Y are formed independently or their interconversion
is facile2® Such an isomerization is interesting since it can be
viewed as a partial hydrogenation of the benzene rine-(6)
or as a C-H bond activation of the cyclohexadienyl systeén (
— 7). In the systems that we have examined, the G2(MP2,-
SVP) barrier for th&/-Si— 6-Siisomerization is 103 kJ mot,
while that for7-Ge— 6-Geis 122 kJ mofl. Both barriers lie
below the corresponding binding energies of 222 and 165 kJ
mol~1 for 7-Si and 7-Ge, respectively?®

Conclusions

Our findings suggest that on the;G;+ surface the highly
symmetrical tropylium cation is the global minimum, followed
closely by the benzyl cation; nonclassical isomers lie signifi-
cantly higher in energy. At the other end of the scale, on the
CeH;Ge" surface the nonclassical isomers are preferred and the
classical isomers lie significantly higher in energy. The situation
for CeH;Sit is intermediate between these extremes, with
classical and nonclassical isomers tending to have comparable
energies despite their significant geometric differences. Indeed
six of the eight GH;Si* isomers lie within a narrow energy
band of just 50 kJ mot.
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