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Chemical Reactivity Controlled by Negative Hyperconjugation:

A Theoretical Study

Sten O. Nilsson Lill,’*! Guntram Rauhut, and Ernst Anders*?l

Abstract: Negative hyperconjugation is
a general phenomenon that can be
observed in many areas of chemistry.
The knowledge of its impact on struc-
tural parameters and conformational
issues is well established, but little is
known about its importance for chem-
ical reactivity. Here we present a system-
atic study of different aspects of neg-

of complex heterocyclic systems using
density functional theory. Intermediates
from the reaction of nitrogen-based
nucleophiles with bis(1,3,4-thiadiazolo)-
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1,3,5-triazinium halides serve as bench-
mark systems to demonstrate the effects
of negative hyperconjugation on bond
lengths, on the relative stability of con-
formational isomers and transition
structures and, most importantly, on
the different reaction pathways of these
species. The computational results pro-
vided here are in part supported by

ative hyperconjugation on the reactivity

Introduction

Chemical reactivity controlled by stereoelectronic effects is a
topic of much current interest.['-”) The most classical example
involving stereoelectronic effects is the ‘“anomeric ef-
fect”,'% 11 which explains the thermodynamic preference of
an electronegative substituent to occupy the axial rather than
the equatorial position at the anomeric carbon of a glycopyr-
anosyl derivative. The origin of the anomeric effect was for
long debated, but it is now clear that the major contribution
comes from negative hyperconjugation in which a heteroatom
lone pair interacts with o* orbitals. Negative hyperconjuga-
tion has been shown to be a general chemical phenomenon
that also influences the thermodynamic stabilities of con-
formers of 1,3-dioxanes,'?l 1,3-dithianes['¥! phosphoryl
anions,"¥! tetrahydropyranes” 1 and acetals,/'®! halogenated
alkyl anions and halogenated alkylamines!'” '®l or diazenes.[""]
In the same context, hyperconjugation, that is, electron
delocalisation from o orbitals into vacant m* orbitals, has
been shown to, for example, dictate conformational stabilities
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experiments reported elsewhere.

of the phosphodiester backbone of nucleosides®! and deter-
mine stabilities of rotational isomers of alkanes.! 2] Regard-
ing chemical reactivity, the kinetic anomeric effect refers to
when a heteroatom lone pair in the transition state (TS)
interacts with an acceptor o* orbital. In order to maximise the
interaction, the lone pair and the o* orbital preferably adopt
an antiperiplanar orientation. The effects of negative hyper-
conjugation upon increased chemical reactivity have, in a few
cases, been successfully characterised by computational
chemistry.”8l An elegant example of using negative hyper-
conjugative effects as a tool to control product formation has
recently been presented by one of us.??7 The novel
formation of bis(1,3,4-thiadiazolo)-1,3,5-triazinium halides 1
and their reactions with nitrogen-based nucleophiles results in
the formation of highly substituted guanidines 2 or bis(thia-
diazolyl)alkanes (“aminals”) 3.2%24 These compounds are
formed by two different reaction channels involving separate
inter- or intramolecular proton-transfer-mediated ring-open-
ing reactions from intermediates 4—7 shown in Scheme 1.

In intermolecular proton transfer, an external base ab-
stracts the N(ex.) proton from 4 leading via 6 to a zwitterionic
compound 7, which can further react to give guanidines 2 or,
depending on the attacking nucleophile and conditions used,
to give [(1,2,4-triazolo)-(1,3,4-thiadiazolo)]-1,3,5-triazinium
halides 8 or bis(1,2,4-triazolo)-1,3,5-triazinium halides 9
(Scheme 1).2%?1 An intramolecular proton transfer from
N(ex.) to N(4),?! generating intermediate 5, is responsible
for the formation of aminals 3. Proton transfer from N(ex.)
allows the N lone pair of 5 (or 6) to interact with accessible
electron-accepting o* orbitals, that is, by negative hyper-
conjugation. The acceptor orbitals of the intermediates
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C(4a)-S(5)- or C(4a)~N(4)-
bonds, here denoted A, B and
C, respectively, are computa-
tionally investigated. Natural
bond orbital (NBO) analyses
are performed in order to quan-
tify the negative hyperconjuga-
tive effects in the transition
states responsible for the differ-
ent reaction channels.

Computational Methods

All compounds were optimised by us-
ing Gaussian 98,?) and NBO analyses
were performed by using NBOS5.0.%
All geometries were characterised as
minima or TSs by the use of the sign of
the eigenvalues of the force-constant
matrix obtained from a frequency cal-
culation. Optimised TSs with one imag-
inary frequency were confirmed to
describe the correct displacement by a
normal-mode analysis. Three different
hybrid density functionals (B3LYP,*": 32
mPWI1PWI1,33  and mPWI1KP))
were applied since it has been shown
that the exchange-functional mPW1
has improved long-range behaviour
compared with B3LYP. It may also
represent charge-transfer complexes
and weak interactions better than other
density functionals.’¥ The mPW1K
functional has been parameterised for
reproducing activation barriers and re-
action energies and gives geometries
and energies with accuracy in compar-
ison with QCISDE® 3 results. Some
compounds in this study were also
optimised with MP2P$ or QCISDP as
implemented in Gaussian 98. Two dif-
ferent basis sets were used: Pople’s

6-311 ++ G(d,p)**1 basis set and

Scheme 1. Formation of guanidines 2, aminals 3, [(1,2,4-triazolo)-(1,3,4-thiadiazolo)]-1,3,5-triazinium halides 8 ~Dunning’s correlation-consistent basis
or bis(1,2,4-triazolo)-1,3,5-triazinium halides 9 from the intermediates 4—7 generated by treating bis(1,3,4-  set aug-cc-pvdz.* *! Generally in the

thiadiazolo)-1,3,5-triazinium halides 1 with nitrogen-based nucleophiles.

involve the C(4a)—S(5)-, C(4a)—N(4)- and C(4a)—N(8) bonds
(Scheme 1). Population of an antibonding o* orbital of a bond
involving C(4a) will result in bond elongation. This will
facilitate bond cleavage and hence ring opening and short-
ening of the C(4a)—N(ex.) bond. With detailed knowledge of
the role of negative hyperconjugation in these systems,
product formation can be controlled by this stereoelectronic
effect.

The quantification of the negative hyperconjugative effect
on the chemical reactivity of the uncharged model system 6
(R'=R?=H, R*=CHj;) and the cationic model system 5
(R'=R?2=R3*=CH,;)? (Scheme 1) is presented here. The
thermodynamic stabilities of three different isomers of these
model systems, representing the three possible electron-
accepting antibonding o* orbitals of the C(4a)—N(8)-,
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text, calculated zero-point energy-cor-

rected energies and structural parame-

ters refer to mPW1K/aug-cc-pvdz re-

sults. Calculated relative energies found
by using the hybrid density functionals can be found in the Supporting
Information. Reaction paths were identified by using IRC calculations!“+]
for most of the rotational or inversion TSs. NBO analyses were performed
to quantify the negative hyperconjugative effects.’*" >

Results and Discussion

Model system methylaminomethanethiol (10): In order to
assess the reliability of the different density functionals to
describe negative hyperconjugative effects correctly, methyl-
aminomethanethiol (10) (Scheme 2) was investigated for use
as a reference system to estimate the negative hyperconjuga-
tive effects. At the mPW1K/aug-cc-pvdz level of theory, the
most stable isomer of model system 10 was 10b (Scheme 2), in

© 2003 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemelll'j.org Chem. Eur. J. 2003, 9, 3143 -3153



Theoretical Study on Negative Hyperconjugation

3143-3153

H(2) H(1)

HS
~ _—H(1) >~ —SH Z—H(2)
HS™T @OH™) (HH™]
N H NH NvH
\ \ \
CH, CH, CH,
10a 10b 10c

Scheme 2. Different isomers of the model system methylaminomethane-
thiol (10).

which the N lone pair was delocalised into the o*[C(1)—S]
orbital. As a consequence, the C(1)—S bond length was found
to be 1.853 A. In isomers 10a and 10c¢, the lone pair
delocalises into a o*[C(1)—H] orbital. These isomers are
calculated to be 3.2 and 2.0 kcalmol~!, respectively, less stable
than 10b (Table 1). In 10a the C(1)-S bond length is
computed to be 1.812 A and in 10¢ to be 1.822 A, thus shorter
than in 10b since the N lone pair in these isomers is
antiperiplanar with a C(1)—H bond rather than with the
C(1)-S bond. This is also reflected in the increase in the
C(1)—H bond lengths in 10a and 10¢ relative to 10b.

The geometry effect of the lone pair—o* interaction can be
estimated by deleting the corresponding off-diagonal element
of the Fock matrix within a basis of natural orbitals, and a
subsequent geometry optimisation by using the modified total
energy of the molecule. For details of such procedures see
ref. [50]. The impact of the negative hyperconjugation on
structural parameters has thus been studied by reoptimising
isomer 10b within this approximation. In the reoptimised 10b,
a decrease in the C(1)—S bond length of 0.044 A is detected.
The C(1)—N bond is also affected by this neglect of the lone
pair—o* interaction. The bond length changes from 1.421 A
when the negative hyperconjugation is “on”, to 1.441 A when
it is “off” (Table 1). The lone pair seeks another electron-
acceptor orbital when the interaction with the o*[C(1)—S]
orbital is deleted. In the reoptimised 10b, the C(1)—H(1) bond
is elongated and thus is the new acceptor bond. The new
minimum found is similar to isomer 10a. Thus, there is clear
evidence showing that lone pair electron delocalisation by
negative hyperconjugation elongates the bond involving the
o* orbital and shortens the C(1)—N bond. This allows for
detection of negative hyperconjugation effects in compounds
5 and 6 by using these geometrical parameters.

To validate the accuracy of the density functionals mPW1K
and B3LYP, isomers 10a and 10b were also optimised at the
QCISD level. From Table 1, it can be seen that both the

C(1)—S bond (1.874 A) and the C(1)—N bond (1.447 A) in 10b
are found to be slightly longer with QCISD than with mPW1K
(1.853 A and 1.421 A, respectively). Similarly in 10a, both the
C(1)-S bond and the C(1)-N bond are somewhat longer
according to QCISD than mPWI1K. The relative energy of
isomer 10a compared with 10b calculated at the QCISD level
of theory is found to be in good comparison with that
calculated with mPW1K (2.7 and 2.9 kcal mol~!, respectively).
This shows that the mPW1K functional is reliable in describ-
ing the effect of the lone pair - o*-orbital interaction regard-
ing effects on geometries and energies, and thus is valid to use
for studying the effects of negative hyperconjugation.

The relative energy of 10a compared with 10b calculated by
using B3LYP is slightly higher than that calculated by using
QCISD or mPWI1K (Table 1). Furthermore, the difference in
the C(1)—S bond length between 10a and 10b is larger with
B3LYP (0.057 A) than that observed for QCISD (0.037 A) or
mPWI1K (0.041 A). This might indicate that B3LYP over-
estimates the effect of the negative hyperconjugation in
comparison with QCISD and mPW1K.

Uncharged model compound 6: In this section, the thermo-
dynamic stabilities of different isomers of 6 (R'=R*>=H;
R3= CHj, Scheme 1) are presented. The investigated isomers
denoted A, B and C involve the N(ex.)-lone pair interaction
with the antibonding o* orbitals of the C(4a)—N(8)-,
C(4a)—S(5)- and C(4a)—N(4) bond, respectively.

The most stable isomer of model compound 6 was found to
be 6 B(S) (Schemes 3 and 4), in which the lone pair of N(ex.) is

H,C N(8) H N® H N©® HC o N
S(5) S(S) S(35)
Qe e, wd,
H N@) He o N@ N4) N(4)
B(S) B(R) A(S) A(R)
N(8) N(8)
H
S(5) S(5) CH,
H,C N4) H N@)
C(S) C(R)

Scheme 3. Newman projection along the C(4a)—N(ex.) bond of the A, B
and C isomers of 5 and 6.

Table 1. Calculated relative energies AE [kcalmol-!] and bond lengths [A] of isomers of the model compound 10.

Isomer Method AE/IAE p? Bond
C(1)-S C(1)-H(2) C(1)-H(1) C(1)-N

10a i) mPW1K/aug-cc-pvdz 3.22/2.90 1.812 1.093 1.099 1.437
ii) B3LYP/6-311 ++ G(d.p) 3.87/3.52 1.836 1.093 1.100 1451
iii) QCISD/aug-cc-pvdz 3.00/2.67 1.837 1.103 1.109 1.463

10b i) 0 1.853 1.091 1.091 1.421
iyl - 1.8091! 1.093M! 1.0991! 1.44101
ii) 0 1.893 1.090 1.090 1.428
ii) 0 1.874 1.100 1.101 1.447

10¢ i) 2.01/1.86 1.822 1.101 1.090 1.433
ii) 2.30/2.14 1.851 1.101 1.090 1.444

[a] Zero-point energy (ZPE) corrected relative energies. [b] Reoptimised geometry after deletion of the lone pair—o*[C(1)-S] interaction.
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Scheme 4. Dihedral angle y =47° (C(ex.)-N(ex.)-C(4a)-S(5)) in 6B(S),
the most stable isomer.

antiperiplanar to the C(4a)—S(5) bond. This is indicated by
the C—S bond elongation (1.890 A, see Table 2) and the
shortening of the C(4a)-N(ex.) bond (1.411 A) compared
with model system 10b. Isomer 6 B(R) with inverted config-
uration at N(ex.) is calculated to be only 0.9 kcalmol~' higher
in energy than 6B(S) (Table2). Its corresponding bond
lengths are 1.892 A and 1.415 A.

The interaction of the N(ex.) lone pair with the
0*[C(4a)—N(8)] orbital yields two possible 6A isomers,
6A(R) and 6A(S) (Scheme3). These are 3.1 and
5.4 kcalmol~!, respectively, higher in energy than 6B(S).
The C(4a)—-N(8) bonds in these isomers are somewhat
elongated and are 1.482 and 1490 A, respectively. The
C(4a)-N(ex.) bonds are found to be 1.411 A and 1.421 A,
respectively. The latter C—N-bond shortening, relative to
isomer 10b, indicates the presence of negative hyperconjuga-
tion.

The third possible pair of isomers stabilised by negative
hyperconjugation is 6 C(S) and 6 C(R) (Scheme 3), in which
the N(ex.) lone pair is antiperiplanar to the o*[C(4a)—N(4)]
orbital. These isomers are calculated to be 7.5 and
8.8 kcalmol~! less stable than the most stable isomer 6 B(S).
Here, the C(4a)—N(ex.) bonds are calculated to be 1.428 and
1.438 A, respectively. The shortest C(4a)—N(ex.) bonds of all
the optimised isomers of 6 are thus found in the 6 A(R) and
the 6B(S) isomers. This indicates that the negative hyper-
conjugation is largest in these two isomers. The quantification
of the negative hyperconjugation in the different isomers will
be presented in a later section.

Investigation of rotational and inversion barriers for com-
pound 6: Based upon the previous investigations, we continue
the discussion in this section by presenting TSs for rotation of
the amino group about the C(4)—N(ex.) bond and inversion at
the N(ex.) centre, together with an analysis of the kinetic
anomeric effect. All activation barriers and reaction energies
presented are relative to the most stable isomer 6 B(S).

In the 6 B(R) isomer, the dihedral angle y (cf. Scheme 4) is
optimised to approximately —70° (Table 2). Clockwise rota-
tion of the amino group leads to a TS (TS1) that is
11.9 kcalmol~! higher in energy than 6 B(S) at the mPW1K/
aug-cc-pvdz level of theory (Figure 1).
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¥ 6(S)-mPWIK
14
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Figure 1. DFT-calculated ZPE-corrected energy profiles for compound 6.
mPWI1K/aug-cc-pvdz profiles are marked with bolder lines.

Further rotation of the amino group leads to isomer 6 A(R).
Due to a very flat potential-energy surface (PES) and a near-
lying TS (TS7) for inversion at the N(ex.) centre, isomer
6A(R) could only be detected by using the functionals

Table 2. Calculated bond lengths [A], dihedral angles [°] and relative energies AE [kcal mol -] of isomers of the model system 6 at the mPW1K/aug-cc-pvdz

level of theory.

Isomer Bond AEIAE 75l Dihedral Main acceptor 0*[X—Y]
C(4a)—S(5) C(4a)—N(8) C(4a)—-N(4) C(4a)—N(ex.) angle y bond orbital

6B(S) 1.890 1.470 1.434 1411 0 47 C(4a)-S(5)
6B(R) 1.892 1.470 1.431 1.415 0.80/0.88 —70 C(4a)—S(5)
6A(S) 1.864 1.490 1.429 1421 5.72/5.41 200 C(4a)-N(8)
6A(R) 1.870 1.482 1.435 1411 3.62/3.13 7 C(4a)-N(8)
6C(S) 1.866 1471 1.443 1.428 8.03/7.45 280 C(4a)-N(4)
6C(R) 1.860 1478 1.441 1.438 9.03/8.83 174 C(4a)-N(4)
TS1 1.856 1.484 1.437 1.441 12.34/11.85 8 C(ex.)"H
TS2 1.872 1.472 1.441 1.436 9.74/9.50 142 C(ex.)-H
TS3 1.851 1.482 1.438 1.440 9.52/9.07 197 C(4a)—N(4)
TS4 1.868 1.480 1.436 1.446 13.09/12.60 121 C(4a)—N(4)
TS5 1.866 1.471 1.442 1.428 8.03/7.43 280 C(4a)—N(4)
TS6 1.848 1.476 1.442 1.440 8.83/8.57 -35 C(4a)—N(4)
TS7 1.884 1.481 1.435 1.398 3.80/2.82 67 C(4a)—S(5)
TS8 1.891 1.479 1.431 1.401 6.52/5.50 237 C(4a)—S(5)

[a] ZPE-corrected relative energies.
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mPWIPW91 or mPWIK. Attempts to optimise the 6 A(R)
isomer at B3LYP level of theory always failed leading to
isomer 6 B(S).

At the mPWIK level of theory, the 6A(R) isomer is
3.1 kcalmol! less stable than the 6B(S) isomer, and the
inversion from 6 A(R) via TS7 is found to be a barrierless
process. Further rotation of the amino group leads to TS2, the
rotational TS connecting the 6 A(R) and 6 C(R) isomers. The
6 C(R) isomer, found after continued rotation, is a very weak
minimum as both TS3, the rotational TS leading back to
6B(R) from the 6 C(R) isomer, and TS2 are close in energy
(see Table 2).

Clockwise rotation of the amino group starting from the
6B(S) isomer leading to 6 A(S) is an endothermic process
(Figure 1). The activation barrier for rotation via TS4 is
calculated to be 12.6 kcalmol~! while the activation barrier for
inversion from 6B(R) to 6A(S) via TS8 is found to be
5.5 kcalmol~!. The inversion process from 6A(S) is thus
computed to be essentially barrierless. The 6 C(S) isomer is
found to be 7.5 kcalmol~! less stable than the 6 B(S) isomer.
This could only be optimised by using the mPWIK functional
or MP2, while use of B3LYP or mPWI1PW91 always led to
inversion to 6 B(R) or rotation to 6 B(S) or 6 A(S). TSS, the
rotational TS connecting 6 A(S) and 6 C(S), is almost identical
in energy to 6 C(S), that is, the PES in the vicinity of 6 C(S) is
extremely flat. The rotational TS TS6 connecting 6 C(S) and
6B(S) closes the rotational cycle. In all rotational TSs except
in TS6, steric interactions between the proton at C(9) and
either the proton at N(ex.) (TS1 and TS5) or a proton in the
exocyclic methyl group (TS2-TS4) have been discovered.F!

Due to the essentially barrierless inversion processes, the
two 6 A isomers easily convert into 6 B isomers and, due to
low rotational barriers, the two 6C isomers can also be
converted to 6B isomers with small energy costs. This means
that the population of the 6 A- and 6 C isomers is always small.
Interestingly, due to the inversion processes detected at
N(ex.), isomer 6 A(R) will be formed from 6 B(S) rather than
by amino-group rotation from 6 B(R) (see Figure 1). Similarly,
6 A(S) will be formed from 6 B(R) rather than from 6B(S).
Thus, the rate-determining TS found for connecting all six
stable isomers is TS3, which has a ZPE (zero-point energy)
corrected activation barrier of 9.1 kcalmol~!. As is seen from
Table 2 and in the Supporting Information, relative energies
between the stable isomers and TSs are not significantly
different with any of the different DFT functionals or
calculated with the different basis sets aug-cc-pvdz or
6-311 ++ G(d,p). Only the mPWI1K functional could locate
all stationary points on the PES.

In the TSs for inversion, the C(4a)—N(ex.) bonds are found
to be very short (1.398 A and 1401 A in TS7 and TSS,
respectively) in comparison with isomer 10b. This indicates a
strong negative hyperconjugative effect from the N(ex.) lone
pair. The N(ex.) centre in these TSs has a sp!” hybridisation
while the C(4a) centre is sp?® hybridised and the inversion at
N(ex.) can hence take place more easily. In comparison, the
N(ex.) atoms in the stable isomers 6 A—-6C have hybrid-
isations between sp'® and sp*!, and C(4a) atoms are sp*¢
hybridised. In TS7, the lone pair interacts with both the
0*[C(4a)—S(5)]- and the o*[C(4a)—N(8)] orbitals as is evident
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from the elongated bond lengths (see Table?2). The
C(4a)~N(4) bonds in TS7 and TS8 are also elongated and
thus act as electron acceptors. Clearly, this is evidence of a
kinetic anomeric effect that reduces the activation barriers for
inversion. Among the rotational TSs, the least stable (TS4)
has the longest C(4a)—N(ex.) bond (see Table 2). The shortest
C(4a)—N(ex.) bond is found in TS5, which has the lowest
activation barrier and thus is the most stabilised by the kinetic
anomeric effect. Quantification of the kinetic anomeric effect
is elucidated by NBO analyses and is presented in the next
section.

NBO-analysis of uncharged compound 6: To quantify the
effect of the negative hyperconjugation, NBO analyses were
performed on the optimised compounds.’” This allows for a
detailed analysis of the contributing orbitals. Two different
energies were used in the quantification: a) Eq,, the energy
change upon deletion of a specific off-diagonal element of the
Fock matrix and recomputation of the energyP and b) E(2), a
second-order perturbation approach estimating the interac-
tion energy between the orbitals.” Alabugin and Zeidan
have recently found a linear relationship between E,; and
E(2).5% This is also found in this study. Only the most
significant contributions are discussed in the text and sum-
marised in Table 3. A detailed description is found in the
Supporting Information.

In isomer 6 B(S), the lone pair of N(ex.) is, according to the
NBO analysis, mainly interacting with the antiperiplanar
0*[C(4a)—S(5)] orbital as discussed in the previous section. In
addition, it is found that the lone pair also interacts with other
o* orbitals, but to a smaller extent. The occupancy number of
the lone pair is calculated to be 1.86, that is, 0.14 electrons are
occupying antibonding orbitals. Deletion of the interaction
between the N(ex.) lone pair and the 0*[C(4a)—S(5)] orbital
increases the occupancy number of the lone pair to 1.92
electrons while the occupancy number of the o* orbital
decreases from 0.12 to 0.05 electrons; this evidences the
dominating direction of the negative hyperconjugation. The
energy change upon the interaction deletion is 19.3 kcalmol !
(Eg4., Table 3). The interaction energy is dependent on both
the energy gap between the N(ex.) lone pair and the o*
orbital, and the magnitude of the Fock matrix element, which
is proportional to the overlap matrix element.’>>¥ The
smallest energy gap between N(ex.) and the 0*[C(4a)—S(5)]
orbital is found in the 6 B(S) and 6 A(R) isomers; in 6 A it is
due to an elevated orbital energy of the lone pair, while in 6B
it is rather an effect of lowering of the o* orbital (see
Supporting Information for details). However, in the 6 A
isomer the Fock matrix element (not shown) is smaller than in
6B; this results in a smaller interaction energy (Table 3).

In the 6 A isomers, the N(ex.) lone pair interacts mainly
with the 0*[C(4a)—N(8)] orbital, as was also inferred from the
C(4a)—N(8) bond elongation. In addition, it interacts with the
0*[C(ex.)—H] and the o*[C(4a)—S(5)] orbitals.’) The occu-
pancy numbers of the N(ex.) lone pairs are calculated to be
larger than in isomer 6B(S). Deletion of the lone pair—
0*[C(4a)—N(8)] orbital interaction results in an increased
occupancy number of the lone pair and a decrease in the
occupancy number of the o* orbital as expected. The smallest
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Table 3. Deletion energiesl?! (E,,) [kcal mol~'], second-order perturbation energies (E(2)) [kcalmol~'] and occupancy numbers (Occ.) [electrons] obtained
from NBO analyses of isomers of compound 6 at the mPW1K/aug-cc-pvdz level of theory.

Isomer o*[C(4a)—S(5)] o0*[C(4a)—N(8)] o*[C(4a)—-N(4)] 0*[C(ex.)—H] N(ex.) Sum of
lone pair interactions
Eqa E(2) Eqga E(2) Eqa E(2) Eqga EQ2) Occ. 2E(Q2)
6B(S) 19.26 22.73 5.31 6.47 - 0.53 8.74 8.65 1.860 4497
6B(R) 18.94 21.92 2.35 2.84 - 1.80 8.61 8.41 1.871 40.84
6A(S) 4.93 6.15 14.39 17.12 - <0.5 10.15 9.95 1.883 40.56
6A(R) 7.65 9.64 14.44 17.32 - <0.5 9.72 9.67 1.870 44.70
6C(S) 4.92 5.99 - <0.5 12.46 13.98 9.18 8.92 1.900 35.50
6C(R) - 1.88 - 2.23 12.21 13.37 9.49 9.09 1.908 34.05
TS1 2.41 2.96 5.78 6.97 8.04 9.08 9.47 9.16 1.909 35.95
TS2 6.62 7.97 - <0.5 7.88 8.92 10.06 9.73 1.896 33.73
TS3 - <0.5 5.98 7.16 11.42 12.82 9.09 8.81 1.905 36.12
TS4 - 4.11 - 5.86 - 9.90 - 9.32 1.903 36.68
TS5 - 6.11 - <0.5 - 13.93 - 8.93 1.899 35.58
TS6 - <05 - 7.86 - 9.57 - 8.48 1.908 33.89
TS7 12.73 16.51 13.13 16.31 - <0.5 9.55 9.72 1.847 51.92
TS8 14.77 18.96 9.16 11.48 - <0.5 9.59 9.74 1.851 50.21

[a] The interaction between the N(ex.) lone pair and specific acceptor o* orbitals was deleted by use of the keyword DEL in the NBO analysis.[*"]

energy gap between the N(ex.) lone pair and the
0*[C(4a)—N(8)] orbital among the stable isomers is found in
the 6 A isomers. Although this energy gap is wider than that
observed in the 0*[C(4a)—S(5)] orbital, the interaction energy
is larger due to a larger Fock matrix element.

In isomers 6 C, the lone pair of N(ex.) mainly interacts with
the 0*[C(4a)—N(4)] orbital. The occupancy number of the
lone pair is calculated to be even larger than in isomers 6 A
and 6 B. The energy gap between the N(ex.) lone pair and the
0*[C(4a)—N(4)] orbital is larger than for the other o* orbitals
discussed.

In the TSs the strongest negative hyperconjugative effects
involving the N(ex.) lone pair are found in the inversion TSs. In
TS7, the occupancy number of the lone pair of N(ex.) is 1.85,
that is, 0.15 electrons occupy antibonding orbitals; this is even
more than in the most stable isomer 6 B(S). In TS7, ZE(2), that
is, the estimated negative hyperconjugative effect from the
N(ex.) lone pair with the different o* orbitals, is larger than
that observed in 6 B(S). The increased hyperconjugative effect
in the inversion TSs is mainly detected to be an effect of an
elevated energy of the N(ex.) lone pair (Table3 and
Supporting Information). This leads to a smaller energy gap
and hence larger interaction energy. Thus, there is evidence of
a strong kinetic anomeric effect that reduces the inversion
barriers.

As is evident from the description above, a large number of
balancing negative hyperconjugative effects are present in the
different isomers and determine their final geometry and
energy. From the NBO analysis it is found that the largest
2E(2) energies are found in isomers 6B, in which the N(ex.)
lone pair interacts with the o*[C(4a)—S(5)] orbital. Isomers
6 A feature a somewhat smaller effect from electron deloc-
alisation, and the smallest estimated energy stabilisations
from negative hyperconjugation are found in the two 6C
isomers. Ordering of the strength of the negative hyper-
conjugation (ZE(2)) in the different isomers gives the
following:

6B(S) > 6A(R) > 6B(R) > 6A(S) >6C(S) > 6C(R)
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while the thermodynamic stabilities result in the following
ordering:

6B(S) > 6B(R) >6A(R) > 6A(S) >6C(S) >6C(R).

It is found that, in general, £E(2) is proportional to the
calculated relative energies of the stable isomers. The only
exception is isomer 6 A(R), which is thermodynamically less
stable than isomer 6B(R), although the hyperconjugative
effect is calculated to be larger. This is probably due to a
counterbalancing steric interaction between the methyl group
on N(ex.) and the proton at C(9).

Cationic compound 5: In this section, thermodynamic stabil-
ities of different isomers of model compound 5 (R'=R?*=
R3=CHj, Scheme 1) are presented. It has previously been
shown that protonation of N(4) gives the most stable
tautomer.?”!

Among the different isomers, 5B(S), in which the N(ex.)
lone pair is antiperiplanar to the C(4a)—S(5) bond, was found
to be the most stable (Scheme 3 and Table 4). Isomer 5B(R)
is calculated to be almost isoenergetic with 5B(S). The
C(4a)—S(5) bond length in 5B(S) is found to be somewhat
shorter than that calculated for 6 B(S). The C(4a)—N(ex.)
bonds in the 5B isomers are also found to be shorter than in
the 6 B isomers.

The isomers 5A(S) and 5A(R) are calculated to be 4.6 and
2.2 kcalmol~! less stable than 5B(S), respectively. Thus, when
compound 5 is compared with compound 6, the A isomers are
more stabilised than the B isomers. In the SA isomers, the
C(4a)—N(8) bonds are found to be shorter than in the
uncharged isomers. The 5C(S) isomer is 6.8 kcalmol~ less
stable than isomer 5B(S) and the C(4a)—N(4) bond elonga-
tion (1.526 A) indicates that the negative hyperconjugative
effect is very large in this isomer. This is also evidenced by the
shortening of the C(4a)—N(ex.) bond (1.400 A). Although the
negative hyperconjugation in 5 C(S) is large, this isomer is still
thermodynamically less stable than both 5B and 5SA. Rela-
tively speaking, the C isomer is also more stabilised than the B
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Table 4. Calculated bond lengths [A], dihedral angles [°] and relative energies AE [kcalmol]~! of isomers of the model compound 5 at the mPW1K/aug-cc-

pvdz level of theory.

Isomer Bond Dihedral AE/AEp Main acceptor 0*[X—Y]
C(4a)—S(5) C(4a)—N(8) C(4a)—-N(4) C(4a)—N(ex.) angle y bond orbital
5B(S) 1.851 1.442 1.485 1.404 50 0 C(4a)—S(5)
5B(R) 1.850 1.440 1.486 1.406 —63 0.37/0.51 C(4a)—S(5)
5A(S) 1.829 1.463 1.486 1.411 178 4.55/4.58 C(4a)—N(8)
5A(R) 1.834 1.454 1.486 1.404 66 2.49/2.22 C(4a)—N(8)
5C(S) 1.829 1.440 1.526 1.400 291 7.36/6.78 C(4a)—-N(4)
5C(R) 1.8240 1.450() 1.5310 1.4020! 174 9.570l/— C(4a)—-N(4)
TS21 1.824 1.450 1.503 1.417 4 8.72/8.14 C(4a)—-N(4)
TS22 1.839 1.440 1.526 1.402 139 10.92/10.39 C(4a)—-N(4)
TS24 1.832 1.447 1.504 1.423 118 10.21/9.78 C(4a)—-N(4)
TS25 1.837 1.439 1.523 1.395 283 7.40/6.51 C(4a)—-N(4)
TS26 1.816 1.446 1.515 1.412 -29 8.33/7.76 C(4a)—-N(4)
TS27 1.849 1.451 1.485 1.388 61 3.16/2.27 C(4a)—-N(8)
TS28 1.845 1.451 1.482 1.394 230 6.31/5.42 C(4a)—N(8)

[a] Value calculated at fixed dihedral angle.

isomers in compound 5 relative to 6. All attempts to find the
5C(R) isomer on the PES led to rotation to 5B(R) or 5A(R),
or inversion to 5B(S). This is probably due to a steric
interaction between one of the protons of the methyl group on
N(ex.) and the proton at C(9). Constraining the dihedral angle
y to that found in 6 C(R) gives an estimated relative energy of
5C(R) compared to 5B(S) of 9.6 kcalmol .

Investigation of rotational and inversion barriers for cationic
model compound 5: In this section, rotational and inversion
TSs for compound 5 are presented (Figure 2). All activation
barriers and reaction energies presented are relative energies
compared with the most stable isomer 5B(S).
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Figure 2. mPW1K/aug-cc-pvdz-calculated ZPE-corrected energy profiles
for the model compounds 5 and 6.

TS21, the rotational TS connecting 5B(R) and 5A(R), is
8.1 kcalmol~! less stable than SB(S). The corresponding
activation barrier for TS1 was 3.7 kcalmol™!' higher. As
observed for the neutral compound 6, an inversion TS
(TS27) is close in energy to the 5A(R) isomer; this results
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in an inversion process essentially without barrier. The
inversion TS connects the 5 A(R) and 5B(S) isomers. Further
rotation from 5A(R) leads to TS22 (Figure 2). Attempts to
find the 5 C(R) isomer, the assumed stable isomer going from
TS22, always led to inversion to 5B(S) or rotation to SB(R).
Thus, there are two different rotational TSs (TS21 and TS22)
connecting the 5A(R) and 5B(R) isomers, one by clockwise
rotation and one by anticlockwise rotation, which are close in
energy (8.1 and 10.4 kcal mol~, respectively).

Rotation of the amino group from the 5B(S) isomer leads
to TS24 and requires 9.8 kcal mol~!, which is 2.8 kcal mol~! less
than for the corresponding TS4. The TS leads to the SA(S)
isomer, which can interconvert to the 5C(S) isomer via TS25
(Figure 2). The PES in the vicinity of isomer 5 C(S) is very flat,
and 5C(S) is almost isoenergetic with TS25. TS26 completes
the rotational cycle connecting 5C(S) and 5B(S) and is
7.8 kcalmol ! less stable than 5B(S). The inversion TS TS28
connects the SB(R) and 5A(S) isomers and is 5.4 kcalmol~!
less stable than 5B(S). Thus, the inversion process from 5 A(S)
is essentially without barrier. Due to the low-barrier inversion
processes in this system, formation of isomer 5 A(R) will take
place from 5B(S) rather than by amino group rotation.
Similarly, the preferred formation of isomer 5 A(S) will be by
inversion at N(ex.) rather than by amino group rotation. This
means that the rate-determining TS for connecting all five
stable cationic isomers is TS26, which has a ZPE-corrected
activation barrier of 7.8 kcalmol~. This is slightly lower than
the barrier calculated for the unchanged isomer 6. When the
N(ex.) lone pair interacts with the 0*[C(4a)—N(4)] orbital, the
rotational barrier is slightly higher in cationic TS22 than in
uncharged TS2. This is an effect of stronger negative hyper-
conjugation in this direction in § than in 6. Shortening of the
C(4a)—N(ex.) bond in TS22 (1.402 A) is greater than in TS2
(1.436 A). This bond has in TS22 an increased double-bond
character as evidenced from the hybridisations (N(ex.): sp'®
and C(4a): sp*®) and thus a higher rotational barrier. The
other optimised TSs have lower activation barriers in
compound 5 than in compound 6.

NBO analysis of cationic model compound 5: From the NBO
analysis of cationic compound 5 (Table 5) it is evident that the
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Table 5. Deletion energies (E4;) [kcalmol'], second-order perturbation energies (E(2)) [kcalmol~'] and occupancy numbers (Occ.) [electrons] obtained
from NBO analyses of isomers of compound 5§ at the mPW1K/aug-cc-pvdz level of theory.

Isomer o*[C(4a)—S(5)] o*[C(4a)—N(8)] o*[C(4a)—N(4)] o*[C(ex.)—H] N(ex.) Sum of
lone pair interactions
Ege E(2) Ega E(2) Ege E(2) Ega E(2) Occ. 2E(2)
5B(S) 19.82 22.16 5.99 6.96 - 1.06 7.55 7.50 1.859 4412
5B(R) 19.61 21.65 - 2.85 2.90 3.67 8.00 7.89 1.868 42.20
SA(S) - 1.74 19.55 21.86 431 5.51 8.43 8.32 1.874 43.78
5A(R) 5.06 6.10 18.48 20.69 - 1.24 8.07 8.02 1.869 43.38
5C(S) 4.74 5.72 - 0.70 20.70 25.06 9.00 8.94 1.869 46.74
TS21 - 3.30 5.73 6.66 12.52 14.95 8.12 8.00 1.891 40.09
TS22 8.06 9.80 - <0.5 16.20 20.40 9.26 9.26 1.866 47.26
TS24 4.38 5.21 - 432 12.65 15.14 7.60 7.49 1.890 39.56
TS25 8.51 10.33 - <0.5 18.14 22.82 9.13 9.18 1.860 49.37
TS26 - <0.5 8.11 9.29 13.92 16.98 8.50 8.41 1.880 41.04
TS27 12.78 15.80 16.10 18.94 - <0.5 7.79 8.01 1.838 51.46
TS28 12.05 14.79 14.42 16.96 - <0.5 8.22 8.40 1.850 51.41

largest negative hyperconjugative effect is found in the 5 C(S)
isomer, where the N(ex.) lone pair interacts with the
antiperiplanar o*[C(4a)—N(4)] orbital. Removal of this inter-
action gives an estimated energy of 20.7 kcalmol!. As a
comparison, the corresponding energy in 6 C(S) was estimated
to be only 12.5 kcalmol~!. The occupancy number of the
N(ex.) lone pair in 5C(S) was found to be 1.87, that is, 0.13
electrons occupy antibonding orbitals.

In isomer 5B(S) the N(ex.) lone pair interacts mainly with
the 0*[C(4a)—S(5)] orbital and the strength of this interaction
is calculated to be 19.8 kcalmol™'. Thus in 5, negative
hyperconjugation from the N(ex.) lone pair is larger in the
C isomer than in the B isomers. This opposes that observed in
6, in which the thermodynamically most stable isomer also
featured the strongest negative hyperconjugation effect. This
is an effect of lowering of the orbital energy of the antibond-
ing 0*[C(4a)—N(4)] orbital upon protonation, leading to a
reduced energy gap to the N(ex.)-lone pair orbital. The energy
gap between the N(ex.)-lone pair orbital and the
0*[C(4a)—N(4)] orbital is still larger than that between the
N(ex.) lone pair orbital and the 0*[C(4a)—S(5)] orbital, which
has slightly increased on comparing 6 with 5 (see Supporting
Information).

The negative hyperconjugation from the N(ex.) lone pair
in isomers SA(R) and 5A(S) is mainly directed to the
C(4a)—N(8) bonds. The magnitudes of these delocalisations
are calculated to be 4 -5 kcal mol~! larger than those observed
for isomers 6 A, mainly due to an increase in the Fock matrix
elements. The strength of negative hyperconjugation (ZE(2))
in 5 is ranked as follows:

5C(S)>5B(S)>5A(S)>5A(R)>5B(R)

while the following ordering results from the relative ener-
gies:

5B(S)>5B(R) >5A(R)>5A(S) >5C(S) >5C(R)

In 5A(S) and 5C(S) steric interactions are detected
between the proton at C(9) and the proton at N(ex.) (in
5C(S)) or a proton in the methyl group at N(ex.) (in SA(S));
these counterbalance the negative hyperconjugative effects.

The largest negative hyperconjugation in the cationic TSs
are found in the inversion TS TS27 (Table 5). In this TS, the
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occupancy number of the N(ex.) lone pair is 1.84, thus 0.16
electrons occupy antibonding orbitals; the largest delocalisa-
tion found in this study. The interaction is largest in the
C(4a)—S(5) and C(4a)—N(8) bonds. The largest ZE(2) value
among the rotational TSs is found in TS25, which is also the
rotational TS with the lowest activation barrier. On the other
hand, in TS22, which is the least-stable rotational TS, the
negative hyperconjugation is larger than, for instance, in the
more stable TS21 and TS24, although steric interaction are
detected in all three of these (between the proton at C(9) and
either the proton at N(ex.) (TS21) or a proton in the methyl
group at N(ex.) (TS22 and TS24)). This means that the
strength of the negative hyperconjugation from N(ex.) is not
proportional to the relative energies of the cationic TSs.

Ring-opening reactions: Analysing only the thermodynamic
stabilities of the different isomers does not give an answer to
the question of why a reaction channel via isomers C exists for
the cationic compound 5 but not for the neutral compound 6.
The relative energies of isomers C compared with the most
stable intermediate B is similar in the two cases: 6.8 kcalmol !
and 7.5 kcalmol~! in 5 and 6, respectively. Our experimental
observations, however, supported another explanation. For
the uncharged compounds no formation of aminals was
experimentally detected; this indicates that the TS for break-
ing the C(4a)—N(4) bond must be higher in energy than the TS
for breaking the C(4a)—S(5) bond. There could be two reasons
for this: the activation barrier for C(4a)—N(4)-bond cleavage
is increased upon deprotonation or the activation barrier for
C(4a)—S(5) bond cleavage decreases. To elucidate this, the
different TSs were identified. The TS for C(4a)—S(5) bond
cleavage, TS9, is calculated to be 12.8 kcalmol~' less stable
than 6B(S) at the mPWI1K/aug-cc-pvdz level of theory
(Scheme 5). The TS leads to a zwitterionic intermediate 7
that is more stable than isomer 6B(S).?”) The TS for
C(4a)-N(4) bond cleavage (TS10) on the other hand is
50.4 kcalmol~! less stable than the 6 B(S) isomer, and here
bond breaking is concerted with proton transfer of the N(ex.)
proton to the N(4) nitrogen. The barrier for C(4a)—N(4) bond
cleavage of the cationic compound 5 is calculated to be
14.0 kcalmol~! (TS20) relative to 5B(S), while the TS TS29
for breaking the C(4a)—S(5) bond is 35.4 kcalmol~! less stable
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Scheme 5. mPW1K/aug-cc-pvdz-calculated activation barriers [kcal mol~!]
for the two reaction channels leading to guanidines 2 or aminals 3. Solid
lines are the favoured pathways, dashed lines the disfavoured pathways.

than 5B(S). In the latter TS, ring opening is concerted with
proton transfer from N(4) to S(5) due to the increased basicity
of the sulfur. Thus, upon protonation, the activation barrier
for ring opening leading to the guanidine reaction channel is
dramatically increased. This fits very well with the exper-
imental findings. It should be kept in mind that the activation
barriers for the TSs connecting all stable isomers of 5 or 6
were calculated to be lower than those for the ring-opening
TSs, this means that the latter TSs are truly rate-determining.
A strong negative hyperconjugative effect, 72.1 kcalmol~!,
is calculated for TS9 (Table 6). The dominating interaction is
found between the N(ex.) lone pair and the o*[C(4a)—S(5)]
orbital. Thus, this negative hyperconjugative stabilisation
reduces the barrier of the ring-opening step by a significant
amount. Similarly, in TS20, a very strong negative hyper-
conjugative stabilisation was discovered (Table 6). However,
in this TS, the 0*[C(4a)—N(4)] orbital and the N(ex.) lone pair
interact. TS29 features a smaller stabilisation from negative
hyperconjugation than TS20, and no interaction between
N(ex.) and 0*[C(4a)—S(5)] could be detected in TS10.

Table 6. mPW1K/aug-cc-pvdz-calculated bond lengths [A] and second-order perturbative estimates of negative
hyperconjugative effects (E(2)) [kcalmol™'] in different ring-opening TSs.

tion pathway in a variety of closely related alternatives. In
structures such as the intermediate compounds 5 (cationic)
and 6 (uncharged), in which different o*-acceptor-bond
orbitals compete for the interaction with the N(ex.)-nitrogen
lone pair, calculation of the energetic gain from all inter-
actions finally allows the evaluation of the predominant
influence and a prediction of the most stable conformer. As
such structure elements are present in many nucleophilic
reaction pathways, we have addressed a central topic of
organic chemistry in which an sp*-hybridised C atom is
surrounded by four (different) hetero atoms, all of them
capable of opening different reaction channels.

We choose salts 1 as starting materials as they are easily
accessible and can be treated with a wide variety of nitrogen-
based nucleophiles to immediately give the above-mentioned
intermediates. Our experimental observation about the
existence of two different reactions channels can now be
explained on the basis of the theoretical investigations
presented here. The procedures described here should serve
as a reliable recipe to evaluate the reactivity pattern of related
systems in which negative hyperconjugation dominates the
formation of reactive intermediates and predominant prod-
ucts. Surprisingly, the reliable interpretation of the influence
and importance of the negative hyperconjugation turns out to
be much more complicated than we expected, not least
because of the consequences of the well-known low inversion
barrier of the N(ex.) centre. By the use of NBO analyses we
demonstrated that the rough structural changes can be
estimated by comparing the lengthening of the acceptor bond
and shortening of the C(4a)—N(ex.) bond. Nevertheless, the
overall effect of negative hyperconjugation is the result of
contributions that stem from orbital interactions in different
spatial directions. As shown for the most stable structure
6B(S), the o* orbital of the C(4a)—S(5) bond is the most
important acceptor orbital, but there are contributions from
0*[C(4a)—N(8)], 0*[C(4a)—N(4)] and o*[C(ex.)—H] interac-
tions as well. For isomers 6, the relative stabilities parallel
the strengths of the negative
hyperconjugation. This causes
significant  elongation and
weakening of the C(4a)—S(5)

bond in 6B(S), which allows

TS Bond o*[C(4a)—S(5)] o*[C(4a)—N(4)]

C(4a)-S(5) C(4a)-N(4)  C(4a)-N(8) C(4a)-N(ex.) E(2) EQ2) access to the zwitterionic spe-
TS9 2.420 1.376 1.394 1.348 72.14 1.73 cies 7.
TS29  2.080 1.430 1.443 1.348 61.46 - Interestingly, this is not the
TS10 1.728 2.474 1.343 1.340 0.84 - case for the cationic species
TS20 1.774 1.914 1.398 1.350 0.85 7372

5A-C. Again, the most stable

From the data presented above, the experimental observa-
tions concerning the two reaction channels can be fully
explained.

Conclusion

From this investigation we conclude that negative hyper-
conjugation may serve as a useful tool for controlling, in a
predictable manner, the predominance of a specific interac-
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structure is 5B(S), here the

0*[C(4a)—S(5)] bond orbital
serves as acceptor orbital. However, the largest negative
hyperconjugation (and a significantly elongated [C(4a)—N(4)]
bond) was detected for isomer 5 C(S), in which the N(ex.) lone
pair interacts with the o* orbital of that bond. Evidently,
formation of the less-energetic cationic isomers does not have
consequences for any ring-opening reactions. Once isomer
5C(S) is present (which is 6.8 kcalmol~' more energetic than
5B(S)), the spontaneous C(4a)—N(4) bond cleavage becomes
feasible and thus opens the pathway that yields aminals.
Furthermore, our investigations indicate that the strength of
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the negative hyperconjugation is more expressed in the
cations 5 than in their uncharged counterparts 6 due to a
smaller gap between the interacting orbitals in the former. It is
noteworthy that significant negative hyperconjugative effects
were also found in the transition structures responsible for the
specific access to the two different reaction channels.

Such reactions, which are dominantly controlled by neg-
ative hyperconjugation and only to a lesser extent by the
relative thermodynamic stability of structurally related iso-
mers, deserve special interest and are part of our ongoing
investigations.
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