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ABSTRACT: Nine non-classical carbocations derived from cyclic saturated hydrocarbons were studied by means of
ab initio calculation, MP2/6-311G**. The geometry, energetics, orbital interactions within the Natural Bond Orbital
formalism, electron density and chemical shieldings were obtained and analyzed. In all cases a similar geometrical
distribution (‘non-classical moiety,” NCM) was obtained with the carbon atoms located in a triangle with two of their
sides of 1.84 A and the third of 1.40 A. The energetic stability of the carbocations was rationalized on the basis of the
strain in the rings involved. The NBO analysis shows that the charge is largely distributed over the three centers and
also the existence of a two-electron, three-center orbital with similar contribution of the three atoms. Electron density
maps were obtained and analyzed. In all cases, the chemical shieldings of the CH, group of the NCM are in the region
of saturated hydrocarbons whereas those for the CH group are similar to those found in double-bonded systems.
Copyright © 2003 John Wiley & Sons, Ltd.
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INTRODUCTION

We have been involved for some time in the experimental
determination of the intrinsic (gas-phase) stabilities of
carbocations, R™, by means of Fourier transform ion
cyclotron resonance (FT-ICR) spectroscopy. A quantita-
tive ranking of these stabilities is given by A,G° (1), the
standard Gibbs energy change for the chloride exchange
reaction (1) in the gas phase:

R_Cl(g) + Rﬁét<g) - R+ (g) + Rref_Cl(g) (1)
AG(1)

where Rl is an arbitrarily chosen reference cation. This
process has been consistently used in our previous work,
1-adamantyl (1-Ad™) being selected as the reference ion,
reaction (la):

AG°(1a)
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The species hitherto examined include, among others, a
number of bridgehead cations of widely different
stabilities,' such as 1-norbornyl, 1-adamantly (1-Ad™)
and manxyl (bicyclo[3.3.3]Jundecanylium cation),
aliphatic,” aromatic®* and bi- and tricyclic secondary
cations.*™®

Some significant results derived therefrom are as
follows.

First, let k and k, stand for the solvolysis rates of
bridgehead chlorides R—ClI and 1-adamantyl chloride, 1-
AdCl, respectively, in the same solvent and at the same
temperature. We have shown that log(k/kg) is linearly
related to A,G° (1a) to a very high degree of precision.
The correlation spans some 25 log units in rates and
200 kJ mol ! in Gibbs energies and includes, inter alia,
bridgehead species and bi- and tricyclic secondary
cations. These results are fully consistent with the
concept that Sy1 solvolysis rates for a series of similar
compounds under the same reaction conditions directly
reflect the stability of their carbocationoid transition
states.” They further indicate the relevance of the gas-
phase thermodynamic data for the purpose of under-
standing solution reactivity. A referee has indicated that
recent computational work suggests that the transition
states for the solvolysis of 2-exo-norbornyl derivatives do
not resemble the isolated cartion.® Also, we have long
been aware of the fact that medium effects are able to
reverse the ranking of carbocation stabilities determined
in the gas phase.” This notwithstanding, the empirical
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LFER indicated above exists, irrespective of mechanistic
details, and has been of use in some cases.?®

Second, combination of the experimental value of
A,G°(1a) with A,G°(1b), the standard Gibbs energy
change for the isodesmic reaction (1b), provides
A.G°(1¢), the standard energy change for the hydride
transfer process (1c):

1-AdCI(g) + R—H(g) — CjoHi6(g) + R—Cl(g)
R—H(g) + 1-Ad"(g) — R7(g) + CioHis(g)

where C gH /¢ is the adamantane hydrocarbon.

Reaction (1c¢) is relevant because (i) It also provides a
quantitative ranking of carbocation stabilities, (ii) it can
be studied experimentally in some cases and (iii) the
absence of chlorine facilitates computations at relatively
high levels.

Reactions (1a)—(1c) are isodesmic processes. Among
them, reaction (1b) is seen to involve only neutral
species. For most bridgehead and bicyclic chlorides the
absolute value of A,G° (1b) is small (below 10 kJ mol ")
with respect to the overall range of structural effects. In
our experience, calculations at the HF/6-31G(d) level
provide satisfactory estimates of this ‘leaving group
correction’ when the appropriate experimental informa-
tion is not available. As regards the computational
determination of A,G°(1c), we have used MP2/6-
311G(d,p) and G2(MP2) levels. With these techniques,
we have found that both purely computational and purely
experimental A.G°(1c) values agree within an unsigned
average difference of ca 8kJmol '. Furthermore,
whenever A.H°(lc) values (readily determined from
experimental A.G°(lc) values through the appropriate
entropy corrections) could be compared to experimental
data obtained by entirely different techniques, excellent
agreement was obtained.>'’

Initially, most of our computational studies were
simply aimed at cross-checking the experimental data.
This led us to deal with some ‘non-classical’ ions. The
Brown—Schleyer joint definition'' of a non-classical
carbocation is ‘a positively charged species which cannot
be represented adequately by a single Lewis structure.
Such a cation contains one more carbon or hydrogen
bridges joining the two electron-deficient centers. The
bridging atoms have coordination numbers higher than
usual, typically five or more for carbon and two or more
for hydrogen. Such ions contain two electron-three (or
multiple) center bonds including a carbon or hydrogen
bridge.” Historically, camphenyl cation'? provided the
basis for the concept of non-classical ions to develop and
still remains an important species in its own right."?

Although we have observed in previous work that a
number of ‘carbon bridges’ display a nearly constant
geometry, irrespective of the relative stabilities of the
ions, we have never examined this topic in detail."* % In
this study, we considered the presence and properties of

Copyright © 2003 John Wiley & Sons, Ltd.

this common geometrical feature (‘non-classical moiety,’
NCM) in a set of various cations, formally non-classical
and derived from secondary cations, of widely different
geometric structures and sizes. Important theoretical
studies have been published recently on these NCM
particularly regarding their electronic properties, notably

AG°(1b) (1b)
ArGO(IC) (]c)

by Werstiuk and co-workers.'*

We selected the following seven carbocations which,
according to common usage, are ‘non-classical’ species:
bicyclo[2.1.0]pent-2-ylium (1b™), bicyclo[2.1.1]hex-2-
ylium'>'® (2b™) norbornan-2-ylium'” (3b™), homoada-
mantan-4-ylium (5b™), norbornan-7-ylium'®'? (7b™),
bi(:yclo[2.2.2]oct-2—yliuml4"1’17’20’21 (8b") and adaman-
tan-2-ylium (9b™). For comparison purposes, the methyl-
substituted derivatives of 3b™ and 5b™, 4b™ and 6b™,
respectively, were also examined.

As far as we are aware, information on 1b™ is not yet
available. The intrinsic (gas-phase) stability and structure
of 5b" were studied experimentally and computationally
very recently.*® The ‘non-classical’ character of 9b™ was
suggested in important computational work dealing with
the protonation of adamantane.?? It is interesting that,
years ago, Sorensen and co-workers had already drawn
attention to remarkable structural aspects of this ion*® (for
an important contribution to the field of non-classical
carbocations, see Ref. 23b). 3b™ has played a key role in
physical organic chemistry because of the vigorous
academic discussion it generated''* until a combination
of low-temperature 'H and '*C NMR,* '*C solid-state
NMR,? solid-state FT-IR*” and ESR*® techniques estab-
lished the bridged structure of this ion. A combination of
high-level ab initio and Monte Carlo calculations indicate
that this is also the only stable structure in solution.? The
bridged structure of 8b™ has already been established.'**

Topics considered herein include the geometry,
energetics, electron density and bonding within the
NBO methodology and nuclear shieldings for the nine
compounds mentioned above. The various ions examined
in this work are summarized in Fig. 1.

METHODS

The computational level used in this work was obviously
determined by the substantial size of many of the species
examined. As rightly indicated by a referee, the MP2
level sometimes overestimates bridging in some sys-
tems.>® In this work, however, we used the MP2/6—
311G(d,p) level, the reasons being as follows. It has been
pointed out that MP2/6-31G(d) or higher levels are
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Figure 1. Compounds and ions examined

Ta

methods of choice for geometries, NMR chemical shifts
and IR vibrational frequencies of carbocations.'**3!
These calculations are generally in very good agreement
with experimental data or values computed at higher
levels, say QCISD. As shown below, for systems relevant
to this study, NMR shifts obtained using the MP2/6—
311G(d,p) level favorably compare with those obtained
using DFT methods. Further, as indicated in the

Copyright © 2003 John Wiley & Sons, Ltd.

Introduction, this level of computation has given us very
satisfactory results in terms of computing changes of
thermodynamic state functions involving hydride or
chloride exchanges between carbocations.

All the ab initio calculations were performed with the
Gaussian 98 program.32 The structures were initially
optimized at the B3LYP/6-31G* level,>*** frequency
calculation (no imaginary frequencies) indicating that the
geometries obtained are minimum structures. Additional
optimizations were carried out at the MP2/6-311G**
level *33¢

The electron density obtained at the MP2/6-311G**
level was characterized using the Atoms in Molecules
(AIM) methodology®’ and the AIMPAC set of pro-
grams.>® The AIM methodology provides a unique tool to
characterize atomic bonding. The electron density of a
system is mathematically analyzed to find critical points
(points where the gradients vanish). The presence of a
(3, —1) critical point known as a bond critical point (bcp)
corresponds to the minimum value of the electron density
in the bond path that links two nuclei. The values of the
bond critical point (electron density and laplacian) are
indicative of the kind of bonding, ionic or covalent. Other
indices such as the ellipticity provide a quantitative
description of the shape of the electron density around the
bond critical points. Single bonds present ellipticities
close to one, large ellipticities indicate a large n-character
of the bond.

Natural Bond Orbital (NBO) analysis39 was used to
evaluate the corresponding atomic charges and to
determine the nature of the molecular orbital formed with
the MP2/6-311G** wavefunction. These calculations
were performed with the NBO 5 version of the program.*°
The NBO method provides atomic charges, bond orders
and atomic contributions to the molecular orbitals.

The values of the absolute nuclear shieldings were
calculated using the GIAO method*' at the MP2/6—
311G** computational level.

RESULTS AND DISCUSSION
Geometric aspects

For the sake of conciseness we only present the optimized
geometries of ions 3b*, 4b™, 6b* and 9b" (Fig. 2). All
other geometries are given as Supporting Material.

Cations 1b™, 2b™, 3b™ and 5b™ are of C; symmetry
whereas the symmetry of 7b™, 8b* and 9b™ (and also that
of the derivatives 4b™ and 6b™) is C;.

All these geometries have a common characteristic, the
existence of a ‘non-classical moiety’ (NCM), presented
in Fig. 3.

The geometries of the cation considered shows small
variations in the NCM (Fig. 3 and Table 1). In this paper,
the Cf and C6 atoms have been defined as Co---Cpf
<Ca---Cé.
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4

'

Figure 2. Optimized geometries of 3b*, 4b™, 6b™ and 9b* at the MP2/6-311G** computational level

The average value of the Co--Cf and Co--Cé
distances is 1.84 A, the extreme values being those jn
5b™ with the longest (1.89 A) and the shortest (1.79 A)
interatomic distances. If the average value of each
distance is considered, they are seen to range between
1.82 and 1.88 A, an indication that a compensation effect
is observed. The C—C¢ bond varies between 1.39 and
1.40 A, excluding the value in 1b" where it is part of a
strained three-membered ring. This interatomic distance
is slightly larger than that obtained for the double bond of
the cis-2-butene system (1.34 A) calculated in this work
at the MP2/6-311G** computational level.

Bl

Figure 3. Schematic representation of the non-classical
moiety

Copyright © 2003 John Wiley & Sons, Ltd.

The C, symmetry of the carbocations of 3 and 5 is
broken by methylation (4 and 6, respectively) even in
positions located far from the NCM (Fig. 3). The
resulting Co---Cf and Co---Cé bonds became slightly
shorter and larger, respectively, than in the parent
carbocations.

We finally note that cation 9b" also displays the
NCM22and this fully confirms the suggestion by Esteves
et al.

Table 1. Interatomic distances (A) in the non-classical moiety
calculated at the MP2/6-311G** computational level

Cation Co--Cf Co---Cé Cp—Cé
1b* 1.819 1.819 1.352
2b* 1.878 1.878 1.398
3" 1.835 1.835 1.400
4b* 1.821 1.851 1.399
5p* 1.834 1.834 1.397
6b" 1.824 1.841 1.396
7b* 1.793 1.887 1.393
8b" 1.822 1.831 1.399
9" 1.851 1.866 1.397
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Table 2. Relative energies (k) mol~") of the neutral systems R, and R,CH3 and energetics of reactions (2-5)? calculated at the
MP2/6-311G** level

System Relative energy of R, vs R,CH;" AE(2) AE(3) AE4)° AE(5)
1 —84.90 1247.28 1162.38 164.71 143.20
2 31.67 1119.73 1151.40 37.16 132.22
3 —63.39 1082.57 1019.18 0.00 (0.00) 0.00
4 —68.71 1074.90 1006.19 —7.67 —12.99
5 —121.38 1076.05 954.67 —6.52 (—16.3) —64.51
6 —122.65 1071.85 949.20 —10.72 —69.98
7 —64.81 1160.68 1095.86 78.11 (82.0) 76.68
8 —75.28 1082.15 1006.86 —0.42 —12.32
9 —118.73 1104.57 985.84 22.00 (15.5) —33.34

 Defined in the text.
o Negative values indicate that the R, species is more stable than the R,CHj species.
¢ In parentheses, experimental values of A H(3) from data in Refs 1b and 5.

systems 3, 5, 7 and 9 and are reported in Table 2. The
agreement is fair and suggests that our computational
level is sufficient for our present purposes. In the case
of 5, the difference reaches some 10 kJ mol ™" bur the

Energetic aspects

The neutral hydrocarbon precursors of the carbocations
are shown in Fig. 1 (species labeled a). In addition,

alternative potential precursor systems which include a
double bond and a methyl group as responsible of the
formation of the non-classical moiety have been
considered (species labeled c).

difference between the experimental and computed
values of AH°(4) is only — 5 kJ mol .

. The range of structural effects is large, 172.4 and

213.2 kI mol ™', respectively, depending on whether

For discussion purposes, it is useful to consider the saturated or ethylenic precursors are chosen (see
reactions (2)—(5). Reactions (2) and (3) are hydride Table 2).
losses from the neutral precursors a and ¢ to yield the 5. Reaction (5) helps shed light on the origin of the wide
relevant b" ions. Reactions (4) and (5) provide span of structural effects on the stability of these
quantitative rankings of stabilities of the various ions species. Consider, for example, the formation of 3b™

relative to 3b™, arbitrarily taken as a reference. starting from 3c. Formally, this can be achieved by
hydride abstraction from the methyl group in 3c

RH— R, +H” AE(2) (2) followed by the approach of the resulting cation to the
n _ double bond to yield 3b". The latter ion can be
RyCH; — R, +H AE(3) (3) described by the two mesomeric structures 3b™| and
R,H+3b" — R, + 3a AE(4) (4) 3by showp in Fig. 4. They both present a five-
membered ring.
+ +
RyCH; +3b" — R," + 3¢ AE(S) (5) Similar reasoning applies to the formation of 7b™, as

The relative energies of the carbocations and the
corresponding neutral species and as the energetics of
reactions (2)—(5) are given in Table 2. Immediate
conclusions derived from this table are as follows:

1. The results obtained show that in all the cases studied
the saturated neutral precursor is more stable than the +
ethylenic one, with the exception of 2. In this 3b" 3by 3b
particular case, 2a bears a ‘bicyclobutyl-like’ moiety,
known to be highly strained.** The cyclic moiety in 2¢
is a feebly strained cyclopentene (strain energy ca
10.5kJI mol™1).

2. The rankings of relatives stabilities obtained from the
two families of precursors follow the same general
trend.

3. On account of the isodesmic character of reaction (4),
AE(4) values can be expected to be reasonably close to
the experimental standard enthalpy changes for
reaction (4), AH°(4). The latter data are available for

N
7b° 7', b
Figure 4. Mesomeric structures of 3b™ and 7b*

Copyright © 2003 John Wiley & Sons, Lid. J. Phys. Org. Chem. 2003; 16: 546-554
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Figure 5. AASE vs AE(5). The fitted straight line corresponds
to the equation AASE =5.13 + 0.52AE(5), R*=0.96

described by structures 7b*; and 7b*y (see Fig. 4).
Relative to 7c they present one four- and one six-
membered ring, respectively. Obviously, the actual
geometries of the ions are intermediate between the two
extremes and are affected by other factors, as discussed
above. Here we assume, for simplicity, that the difference
in stability between two of the ions examined here is
given to a large extent by the difference in their strain
energies relative to their neutral precursors. We also
assume that for each ion, the main contribution to this
strain energy is given by the average of the strain energies
(ASE) pertaining to the formation of the structures I and
II starting from the corresponding ethylenic precursors.
Here we use the strain energies reported by Burkert and
Allinger43 for cyclobutane, cyclopentane and cyclohex-
ane, 117.76, 33.97 and 10.92 kJ mol ', respectively. In
the case of 3b™ and 7b" the ASE values thus estimated
are 33.97 and 64.34 kJ mol ', respectively. Figure 5 is a
plot of AE(5) against AASE, the difference between the
ASE for any ion and ASE for 3b™.

The correlation between AE(5) and AASE is surpris-
ingly good, in spite of the crude model that we used
(highly sophisticated molecular mechanics methods have
recently been used for carbocations* although, to our
knowledge, they have not yet been systematically applied
to non-classical ions). Here we just intended to indicate

Table 4. Electron density properties at the bond critical point
of the Co---Cf8 bond

Bond path
length minus
geometrical |

System  p (a.u.) 2p (a.u.) Ellipticity  bond length. (A)
1b*+ 0.129 0.021 6.50 1.151
2b" 0.116 0.033 4.32 1.205
3b" 0.127 0.013 6.72 1.220
4b* 0.143 0.002 3.65 0.251
5b* 0.126 0.011 6.37 1.174
6b" 0.127 0.007 5.27 0.364
7b" 0.130 —0.025 1.80 0.186
8b* 0.128 0.007 5.79 0.440
9b" 0.130 —0.052 2.97 0.475

that these effects are important in this family of ions. The
slope of the correlation, ca 0.5, seems to indicate that a
significant part of the differential structural effects does
indeed originate in the strain of the carbocations. The
study of the influence of strain on the reactivity of
carbocations in solution has a long history*® and has been
quantified and determined experimentally in a number of
cases.' Here we show that it is also a fundamental factor
determining the relative stabilities of non-classical ions.

6. The introduction of a methyl group near the NCM
leads to a small increase in the stability of the
carbocation. This effect, larger the closer the sub-
stituent, is a well known feature of gas-phase
stabilities and is generally attributed to a ‘polariz-
ability effect.’*

Electronic aspects

The charges summed over the heavy atoms, the bond
order and the atomic contribution to the two-electron,
three-center orbital obtained with the NBO methodology
for the three groups involved in the NCM are given in
Table 3.

Table 3. Charges (e), bond order and% atomic contribution to the two electron, three center orbital calculated with the NBO

methodology at the MP2/6-311G** level

Charge Bond order % atomic contribution to the two-electron, three center orbital
System  CaH, CpH/CSH Co---Cp/Ca---C6 CB—Co Co CpICS
1b* 0.296 0.260 0.48 1.25 37.06 31.47
2b* 0.276 0.262 0.44 1.26 36.19 31.90
3" 0.253 0.241 0.47 1.20 38.56 30.72
4b" 0.249  0.225/0.258 0.49/0.45 1.20 38.68 31.94/29.38
5p* 0.243 0.233 0.48 1.20 39.03 30.49
6b™ 0.259 0.241/0.249 0.49/0.47 1.19 39.04 31.06/29.91
7b* 0.259 0.241/0.249 0.49/0.44 1.23 37.21 32.16/30.62
8b 0.254  0.232/0.237 0.48/0.47 1.20 38.50 30.99/30.51
9p™ 0.246  0.233/0.247 0.46/0.45 1.22 37.80 31.50/30.70

Copyright © 2003 John Wiley & Sons, Ltd.
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Figure 6. Electron density maps of (a) 5b™, (b) 6b™ and (c) 7b* (a.u.). The stars indicate the position of the bond critical points

and the dots the bond path

The charge distribution obtained shows how the NCM
efficiently distributes the positive charge between the
three groups with an almost identical value for each one,
in all the cases the positive value of CaH, being slightly
larger than the other two. In addition, a small amount of
charge, that ranges between 0.18e and 0.29e in the
carbocations studied, is spread over the rest of the
molecule.

The atomic contribution to the two-electron, three-
center orbitals obtained follows the same trend as the
atomic charges. The values are similar for the three
carbon atoms that define the NCM, in all the cases the Co
contribution being the largest. In the non-symmetrical
cases, the Cf contribution is always larger than the Cé
contribution.

The bond order shows that the Co---Cf and Co---Co
contacts range between 0.44 and 0.49, i.e. half that of a
standard single C—C bond. For Ci—C$, the values are
between 1.20 and 1.26, which is an intermediate value
between a standard single C—C bond and a double bond
(for comparative purposes the bond orders of cis-2-
butene and ethane at the same computational level are
1.78 and 0.98, respectively)

In all the cases studied, the analysis of the electron

Table 5. Calculated ">C chemical shielding (ppm) relative to
TMS? at the GIAO//MP2/6-311G** computational level

System Cu CpICS System CHj CpICS
1b* 38.97 125.12 le 1422 112.53
2b" 7523 157.95 2¢ 2228 132.66
3T 2433 126.69 3¢ 10.67 131.95

) 2292 121.64/137.39  4c  14.43 131.27/138.27
7bt 36.56 132.39/127.96 7¢  10.06 136.34/133.41
8h*t 31.43 132.82/123.29 8¢  15.68 129.82/130.01
9b+ 48.58 132.64/145.05 9c  26.65 131.16/137.47

2 The calculated absolute value of the '3C of TMS is 198.98.

Copyright © 2003 John Wiley & Sons, Ltd.

density shows only one bond critical point, located
between the Ca and the C—C6 groups (Table 4). The
values of the electron density and its laplacian indicate
that the interactions discussed above are at the borderline
between shared-shell and closed-shell interactions.*” The
large value of the ellipticity in the beps indicates that the
electron density surface in their vicinity is rather flat.
Even the smallest value obtained (1.80 for 7b ™) is much
larger than those obtained for standard CC bonds, in the
range 0-0.5.®

In the case of the symmetrical cations (1-3 and 5), a T-
shaped bond path [Fig. 6(a)] is obtained similar to that
previously described for the 2-norbornyl cation.'**¢ The
bond path linking the Co atom and the Cf/Cé atoms goes
through the center of their bond and bifurcates at that
point. Since the electron density map corresponds to a

Table 6. Experimental and calculated (at the GIAO/MP2/6—
311G** level) >C chemical shieldings (ppm) relative to TMS
for ions 2b™ and 3b™?

Chemical shifts

Ton Exp.® Absolute value® Rel. TMS® Lit. values®
2b*

C1,2 157.8 41.03 157.95 158.5
C3,5,6(av) 49.1 146.72 52.26 45.7
C4 43.4 149.82 49.16 375
3b"

C1,2 124.5 72.29 126.69 137.1
C3,7 36.3 157.87 41.11 41.38
C4 37.7 156.47 4251 47.28
C5 20.4 174.55 24.43 23.04
C6 212 176.64 24.33 37.68

# Carbon atoms numbered as in in Fig. 1.

® Experimental data for 2b" and 3b™ from Refs (M) and (W), respectively.
¢ Computed, this work.

4 Computed values for 2b" (IGLO, DZ//MP2FULL/6-31G*) and 3b™*
[CSGT, B3LYP/6-311+G(d,p)] are from Refs 14b and 12c, respectively.

J. Phys. Org. Chem. 2003; 16: 546-554
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catastrophic situation, any small change that distorts the
symmetry induces the formation of a unique bond
between the Co atom and Cf or C6 atom [Fig.
6(b)].'**9 This is the case for the methyl derivatives of
3b" and 5b™, which correspond to the structures 4b™* and
6b ", respectively. Hence the effective electron density
map of these systems shows a tetracoordinated carboca-
tion. Similar catastrophic electron density maps have
been described for hydrogen-bonded complexes where 7-
systems act as acceptors.*’

Even though a single bond path is obtained between
the Ca and the C/—C6 groups in the non-symmetrical
cations (4b", 5b*—9b™) linking Cx and CpB, a clear
influence of the Cé atom is observed due to the curvature
of the bond path (Fig. 6). Thus, significative values are
obtained in all cases for the difference between the
electronic bond path and the interatomic distance (Table
4). A similar effect but on a smaller scale is observed in
bent bonds of strained three-membered rings.

NMR aspects

The chemical shieldings of the NCM carbon atoms
calculated at the MP2/6-311G** level with the GIAO
methods are given in Table 5. For comparative purposes,
the same carbon atoms in the ¢ species are included. We
present in Table 6 a detailed comparison of our computed
chemical shifts with the available experimental and
computational values from the literature. As can be seen,
our results agree with the experimental values within an
average unsigned difference of 3.2 ppm, the correlation
between experimental and calculated values being
excellent (> >0.999).

The results obtained for the carbocations and ¢ species
are very similar and in all cases the values for the former
are larger (up to 50 ppm) than those for the latter neutral
species. These differences can be explained on the basis
of a similar distribution of the positive charge over the
three atoms of the NCM as discussed previously. For the
sake of comparison, the '*C chemical shielding of the
simplest neutral—cation pair with a positive carbon atom
(methane and methyl cation) was calculated at the same
computational level and shows a difference of almost
400 ppm (—3.22 and 385.59 ppm, respectively)

Thus, the Ca atom of the carbocations and the CH3 of
the ¢ series show chemical shieldings characteristic of
saturated hydrocarbons and the Cf8 and Cé atoms in both
systems are in the range of double bonds.

CONCLUSIONS

We have examined nine bi- and tricyclic carbocations
having 5-11 carbon atoms in their cyclic frameworks. All
of them have in common a fundamental geometric
feature, the non-classical moiety portrayed in Fig. 2. The

Copyright © 2003 John Wiley & Sons, Ltd.

three relevant bond lengths of the NCM were found to
vary between rather narrow limits. This indicates that the
NCM provides an efficient means to stabilize these ions
even though the sizes of the various systems are very
different. Our computational results show indeed that it
allows a very efficient charge dispersal and that this is
smoothly achieved following the hydride abstraction
from hydrocarbon precursors. As regards the structure of
the NCM, we find that the atomic contribution to the two-
electron, three-center orbitals is of the same order of
magnitude for all three carbon atoms. The electron
density maps show two bond paths between the three
carbon atoms involved in the NCM moiety with one of
them very curved owing to the influence of the additional
atom. Their computed chemical shieldings reveals that
Co and the couple CS/Cé are rather similar to saturated
and ethylenic hydrocarbons, respectively.
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