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The structure of dication 3, derived by replacement of the CH, bridges in syn-sesquinorbornatriene (5) by
the "CH groups and its isoelectronic boron analogue 4 were investigated using ab initio MP2/6-31G* and
density functional B3LYP/6-31G* methods. Three energy minima were found in both species, all of them
exhibiting strong bis-homoaromatic interaction of the electron deficient bridges with either central or peripheral
double bond(s). The calculated '*C and '"'B chemical shifts support this conclusion.

Introduction

Cationic norbornenyl compounds have played a pivotal role in
developing the chemistry of positively charged reactive inter-
mediates in organic chemistry.! Extensive solvolytic,”? spectro-
scopic,® X-ray* and theoretical® studies of these species have
been reported over the last 50 years with emphasis on eva-
luating the existence of non-classical bonding. In a recently
reported paper we have discussed the nature of homoaromatic
interaction in 1 and 2 obtained by fusing two 7-norbornenyl
rings and their isoelectronic boron analogue into syn-sesqui-
norbornenyl framework.®

It was shown that both species exhibit 4-center-2-electron
(4c/2e) bonding instead of the 3-carbon-2-electron (3c/2e)
bonding present in their isolated bicyclic subunits.>™ This in
turn has led to a dramatic change in pyramidalisation of the
olefinic carbon atoms and consequently to the change of the
characteristic hinge-like bending”® (i.e. in an endo,endo fash-
ion, thus moving the two ethylene bridges toward each other)
of the syn-sesquinorbornene framework to the bending in the
exo,exo fashion (i.e. moving two electron deficient bridges
toward each other).

Pursuing further our interest in this topic we present here
results of an ab initio MO and DFT study for structurally related
dications 3 and their dibora analogues 4, which are formally
derived by replacement of the CH, bridges with the *CH (3)
or BH (4) groups in syn-sesquinorbornatriene (5), respectively.”

These species, although not synthetically available as yet, are
of considerable interest from theoretical viewpoint, as they
provide a unique possibility for exploring participation of
the electron deficient centres in either 4c/2e (with central dou-
ble bond) or 3¢c/2e (with either central or one of the peripheral
double bonds) within the same framework. A question arises
which one of them prevails? In order to provide an answer
to this question we shall first search for the important station-
ary points on the potential energy surface of 3 and 4. Then,
electronic and molecular structure of the located stationary
points will be analysed and activation barriers for their inter-
conversion will be evaluated. Finally, the carbon and boron

i Electronic supplementary information (ESI) available: bond dis-
tances and bond angles of structures 6a, 6¢, 7a and 7c¢ calculated at
the MP2/6-31+G* and B3LYP/6-31G* levels of theory (Table Sl1).
See http://www.rsc.org/suppdata/nj/b4/b403802a/
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NMR chemical shifts of 3 and 4 will be compared with the pre-
viously published NMR parameters for 1 and 2. In addition,
we shall briefly discuss bonding features of model compounds
6 and 7.

Computational methods

In performing calculations we made use of the MP2 method,'°
as well as of density functional Becke-3LYP method,'" in con-
junction with the 6-31G* basis set,'? within the specified sym-
metry constraints. Both methods provide a reliable description
of the geometry of pyramidalised olefins as shown earlier by
us'® and others.'* They have also been frequently used in
studying nonclassical structures.'” Since all of the species con-
sidered here are expected to be of nonclassical nature their
relative stabilities are expected to be well represented due to
cancellation of errors inherent in the approximate nature of
the methods applied. All of the stationary points have been
positively identified, for minimum energy with no imaginary
frequencies and for the transition states with one imaginary
frequency. For anharmonicity correction, the calculated ZPV
energies were scaled using the following scaling factors:'®
0.9670 and 0.9806 for the MP2 and B3LYP, respectively.
Intrinsic reaction coordinate (IRC) analysis'’ was carried out
for each transition state to make sure that it is the transition
structure connecting the desired reactants and products.

The *C NMR and ''B NMR chemical shifts were computed
by GIAO/B3LYP/6-311+G** method'® employing MP2 and
B3LYP geometries. The '*C NMR chemical shifts are refer-
enced relative to TMS. The ''B chemical shifts were computed
using B,Hg as reference and then scaled to BF;/Et,O
(6(BoHg) = 16.6 vs. BF;3/Et,0). Atomic charges were obtained
by using the mixed electron density partitioning based on sym-
metric Léwdin’s ortogonalisation.'® All molecular pictures and
visualisation of orbitals were constructed with MOLDEN.*

All calculations were carried out with the Gaussian 98%' or
GAMESS-US?? programs implemented on Linux-based Ath-
lon MP PC’s or cluster of Pentium III and Athlon MP PC’s
at the Rudjer Boskovi¢ Institute.

Results and discussion

The PES of 3 and 4 were scanned with B3LYP/6-31G* and the
relevant stationary points, ie. for the interconversion that

This journal is © The Royal Society of Chemistry and the
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takes place between the energy minima were located. In each
case, three energy minima designated hereafter with letters
“a”, “b” and “c¢” and the transition state structures for
bridge flipping between “a” and “b” and “b” and “c”,
respectively were identified. We were not able to locate the
TS structure for inter-conversion between “a’ and “c¢”. The
structure located with SCAN option had two imaginary fre-
quencies (—363.4 cm ! and —297.7 cm ™! for 4 and —471.2
em ' and —392.1 ecm™! for 3), each of them following the reac-
tion path for bridge-flipping in one of the bicyclic subunits.
The relative energies of the critical points for 3 and 4 are
shown in Figs. 1 and 3. In the next step, structures of the
energy minima were re-optimised at the MP2 level. The calcu-
lated energies are summarised in Table 1, while the selected
bond distances and angles are listed in Table 2. Also included
in Table 2 are out-of-plane angles of the central (¢) and the
peripheral double bond (t; and 1,), as well as the tilting angles
o and B.* The positive values of the out-of-plane angle are
used to describe structures in which the substituents at the
double bonds are oriented toward the endo site of molecule,
and the negative values to the structures in which the substitu-
ents at the double bond are oriented toward the exo site of the
molecule.”>” The tilting angles describe the angles between
the plane containing electron-deficient bridge, (C(3)-X(11)—
C(4)/C(5)-X(12)-C(6)), and the C,C=CC, plane, where C,
stands for the bridged carbon atoms.

The MP2 optimised structures of the resulted energy minima
are shown schematically in Scheme 2. As no substantial differ-
ence between geometries computed with B3LYP and MP2
were observed, we shall discuss only MP2 data unless noted
otherwise. The relative energies also show good overall agree-
ment between the two methods (Table 1).

Structure and energetics of dication 3

For dication 3 the three minima, 3a-3c¢ were located on the
PES, with the structure 3a being the most stable at both levels
of theory (Fig. 1). As seen in Scheme 2 each of the cationic cen-
tres in the structures 3a and 3b participates in a 3c/2e bond
giving rise to a sandwiched bis-homoaromatic dication,>?’
whereas dication 3c is a 4c/2e species. The structure 3b was
found to be less stable by ca. 11 kcal mol ™!, while structure 3¢
lies ca. 40 kcal mol ™! higher in energy than 3a (Fig. 1). We also
note that the calculations predict by ~6 kcal mol™! lower
barrier for bridge flipping between structures 3a and 3b than
between structures 3b and 3c. Furthermore, the transition
structure TS3be lies ~17 kcal mol ! (B3LYP level) higher in
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Fig. 1 Schematic energy diagram of the 3a-3c system computed at
the B3LYP level. Relative energies are given in kcal mol ™.
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Table 1 Total energies, vibrational zero point energies and character-
isation of stationary points for the different species. Parameters are
collected at the MP2/6-31G* and B3LYP/6-31G* levels

Compound Eo/a.un Z.P. V.E./a.u.” E./kcal mol ™!
MP2/6-31G*

3a —460.80947 0.17850 0.0
3b —460.79123 0.17744 11.5
3¢ —460.74127 0.17493 42.8
4a —435.05187 0.17111 1.9
4b —435.05489 0.17070 0.0
4c —435.03446 0.16950 12.8
5 —462.61638 0.20117 —
6¢ —462.99267 0.21446 0.0
6p —462.97337 0.21459 12.1
Te —450.03216 0.21052 0.0
7p —450.02924 0.21081 1.83
8 —269.58398 0.11519 —
9 —256.64293 0.11128 —
B3LYP/6-31G*

3a —462.29355 0.17897 0.0
3b —462.27571 0.17795 11.2
3¢ —462.23209 0.17566 38.6
4a —436.51404 0.17117 2.0
4b —436.51720 0.17089 0.0
4c —436.50007 0.16986 10.8
5 —464.15549 0.20165 —
6¢ —464.53914 0.21446 0.0
6p —464.51955 0.21451 12.3
Te —451.56685 0.21038 0.0
Tp —451.56376 0.21053 1.9
8 —270.47841 0.11541 —
9 —257.52748 0.11130 —

@ corrected for Z.P.V.E. ? scaled by factor 0.9670 and 0.9806 for MP2
and B3LYP calculations, respectively

energy than TS3ab. It is also worth mentioning that the calcu-
lated barrier to bridge flipping between 3a and 3b is in good
accord with experimental estimate for the same process in
7-norbornadiene being 19.6 kcal mol~!.2¢

Evidently, the resulting stabilisation ordering of the located
structures represents a balance between the two opposing
effects: (a) the charge—charge repulsion which tends to separate
the C(11) and C(12) atoms as much as possible and (b) a
tendency of the cationic centres to remain planar in order to
maximize the overlap between the empty 2pc-orbitals with
the double filled orbital of either the central or of the periph-
eral double bond.*® For instance, it is reasonable to conclude
that Coulombic charge repulsion between proximate cationic
centres in 3¢ (2.8 A) overrides the stabilization effect gained
through 4c/2e bonding, pushing this structure to the highest
energy. On the other hand, the reason for the resulting order-
ing of the structures 3a and 3b is less evident. Firstly, separa-
tion of the cationic centres in these two structures is large,
being relatively close at the same time (4.77 A and 4.56 A in
3a and 3b, respectively), indicating that destabilisation due to
their repulsion should be weak. Secondly, stabilisation gained
through bis-homoaromatic interaction in 3b is expected to be
stronger than in 3a due to involvement of the central double
bond in one of the bicyclic fragments. Namely, the difference
between the orbital energies of the central and peripheral dou-
ble bonds® gives rise to the expectation that the cationic centre
will interact more effectively with the former.>' The additional
support for this proposition is obtained by considering the
structure of hypothetical model monocation 6 (Scheme 1).
For this cation our calculations predict two energy minima,
6¢ and 6p (Scheme 3), within both computational approaches,
with the 3c/2e bond localized over the C(1)-C(2)-C(11) trian-
gle being more stable by ~12 kcal mol~!! Their MP2 structures
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Table 2 Selected structural parameters of boron compounds 3 and 4 calculated at the MP2/6-31G* and B3LYP/6-31G* levels of theory”

MP2/6-31G* B3LYP/6-31G*
Compound

Bond or angle 3a 3b 3c 4a 4b 4c 3a TS3ab 3b TS3be 3¢ 4a TS4ab 4b TS4be  4c
C(1)-C(2) 1.348 1.407 1.433 1.356  1.398 1.419  1.335 1.360  1.401 1.418 1419 1.343  1.351 1.388 1.403 1.407
C(2)-C(3) 1.487 1493  1.545 1.489 1482  1.508 1.496  1.524  1.502 1.530 1.555 1498 1.519 1490 1.495 1.518
C(3)-C(7) 1.503 1.504  1.510 1492 1.500  1.508 1.512 1.538  1.514 1517 1.553  1.502 1.538 1.510  1.511 1.520
C(7)-C(8) 1.401 1.342  1.350  1.394  1.347  1.348 1.396 1352 1.333 1.342  1.341 1.385  1.347  1.338 1.339  1.339
C(3)-X(11) 1.567 1.537 1.488 1.638 1.640  1.607 1.540 1.504 1.538 1.509 1.494  1.649 1.607 1.643 1.633 1.611
C(1)-X(11) 2388 1705 1917 2498 1.743 1.946 2397 2132 1.728 1.858 1956 2499 2260 1.764  1.808 1.973
C(7)-X(11) 1.709 2419  2.363 1.760  2.517  2.463 1.726 2242 2427 2389 2370 1.784 2284 2521  2.500 2.464
C(2)-C(6) 1.487 1.495 1.545 1.489  1.491 1.508 1.496 1497 1.505 1.550 1.555 1.498 1.498  1.501 1.529  1.518
C(6)-C(10) 1.503 1.494  1.510 1492 1485 1.508 1.512 1.510 1.503 1.543  1.553  1.502  1.501 1.495 1.531 1.520
C(9)-C(10) 1.401 1403  1.350 1.394  1.394  1.348 1.396 1396  1.398  1.344  1.341 1.385  1.385  1.385 1.344  1.339
C(6)-X(12) 1.567 1.536  1.488 1.638 1.638 1.607  1.540  1.541 1.537 1490 1494  1.649 1.642  1.639 1.607  1.611
C(1)-X(12) 2.388  2.426 1.917 2498 2517 1.946 2397 2412 2433 2147 195 2499 2504 2.518 2256 1973
C(9)-X(12) 1.709  1.724  2.363 1.760  1.773  2.463 1.726  1.734  1.741 2299 2370 1.784 1.785 1.797 2343 2464
C(1)-C(2)-C(3) 110.5 109.1 1074 1114 110.7  109.5 110.6  108.6  109.0  108.1 107.5  111.6 110.0 110.8 110.5 109.5
C(2)-C(3)-C(7) 115.8 1144  106.1 113.8 113.1 108.6 1158 112.3 114.6  109.1 106.6 1139 111.0 1134 112.0 109.2
C(2)-C(3)-X(11) 104.3 68.5 784  106.0 67.7 772 1043 89.5 69.2 75.4 79.8  105.5 92.5 68.3 70.4 78.1
C(3)-X(11)-C4) 102.2 101.7  104.8 96.5 96.4 97.8 101.7 101.8 101.3 103.6  104.0 96.4 96.1 96.2 97.2 97.5
C(1)-C(2-C(6) 110.5 109.2 1074 1114 110.6  109.5 110.6 1102 1092 1072 107.5 111.6 111.5 110.7 108.8  109.5
C(2)-C(6)-C(10) 115.8 112.8  106.1 113.8 1124 108.6 1158 1140 113.0 1064 106.6 1139 1132 1124 1083 109.2
C(2)-C(6)-X(12) 104.3  106.4 784  106.0  107.0 77.2 104.3 105.1 106.2 89.8 79.8  105.5 1057  106.5 92.0 78.1
C(6)-X(12)-C(5) 102.2  102.3  104.8 96.5 96.7 97.8 101.7  102.0  102.1 103.1 104.0 96.4 96.6 96.7 96.1 97.5

o 152.3 79.1 93.6 1522 79.2 92.8 151.7  113.6 80.2 89.2 958 150.8 1184 80.3 83.3 94.2
o 1523 1554 93.6 1522 1533 92.8 151.7 1535 1544 112.6 958 150.8 151.6 1519 115.7 94.2

B 79.1 1544 151.6 80.1 1540 1475 79.8 1239 1533 1519 1487 81.3  119.1 1524 1513 145.2
B 79.1 80.8 151.6 80.1 81.3 147.5 79.8 80.6 81.5 1327 148.7 81.3 81.4 82.6 1258 145.2
¢ 122 -193 -149 21.0 —-119 -12.6 9.8 -22 -—183 —-145 -135 17.6 10.1  -10.6 —-147 -—129

T —23.3 35 42 178 6.9 75 2238 -39 2.8 4.2 38  —17.1 —1.4 5.9 6.3 5.7
7 -233 =219 42 -17.8 -16.8 75 -228 220 -21.5 0.2 38 —17.1 —16.7 —16.2 1.8 5.7

@ All distances are in A and angles in deg; the numbering scheme is shown on Scheme 1.
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and the key bond distances and bond angles for the unsatu-
rated ring are shown in Scheme 3.

This result unequivocally shows that interaction with the
*CH bridges with the central double bond in 3b indeed contri-
butes more to the stability of the cation than interaction of the
peripheral double bond, but the original question remains.
Why is dication 3a more stable than 3b? The answer is offered
by comparison of the Loéwdin atomic charges in these two

structures (Table 3). It shows that the large fraction of the
positive charge of the C(11) and C(12) atoms is shifted to
the hydrogen atoms of the "CH groups.**** Since the hydro-
gen atoms are considerably closer in 3b than in 3a (3.9 A vs.
6.5 A at the MP2 level) it is obvious that the total Coulombic
repulsion in 3b will be significantly higher than in 3a. This in
turn implies that electrostatic interactions play a decisive role
in determining relative stabilities of structures 3a-3c.

+CH *CH BH BH
/) /)
1 2
Xll X12 ]lCH2 12CH2
1 1
8| % 59 8|74 59
Yy / Ny /
73T T 73T 0 T
3 X="CH 5
4 X=BH
1 11 12
HCH BH
1 1
73T 0T 73T 0T
6 7
7 7
+CH BH
6, 4 1 6, 4 1
‘s / 71/
3
5 2 5 2 3c (sz) 4c (CZV)
8 9
Scheme 2 Representation of the MP2/6-31G* geometries of ener-
Scheme 1 getic minima of 3 and 4.
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C(1)-C(2) 1.418 A 1357 A
C(11)-C(12) 3.025A 4.486 A
) -16.2° 21.1°

o 78.4° 153.4°
T 4.9° -23.7°

Scheme 3 MP2 calculated structures and selected structural para-
meters of structures 6¢ and 6p. Letters ¢ and p stand for the 3c/2e
bonding with the central (6¢) and the peripheral (6p) double bond.
More complete compilation of the calculated bond distances and bond
angles is given in Table SI of supplemented materialy.

Bis-homoaromatic nature of structures 3a-3c is clearly
reflected in the calculated geometries (Table 2) and charge dis-
tribution (Table 3) in each of the ions. For instance, in the
MP2 optimised structure of the most stable form 3a the catio-
nic centres are strongly inclined toward the peripheral double
bonds; the C(7)-C(11)/C(8)-C(11) and C(9)-C(12)/C(10)-
C(12) distances are by 0.679 A shorter than the C(1)-C(11)/
C(2)-C(11) and C(1)-C(12)/C(2)-C(12) distances (2.388 A).
In other words the tilting angle f is by 73.2° smaller than
« (79.1°). The terminal double bond C(7)=C(8) and
C(9)=C(10) distances are elongated by 0.058 A relative to
the neutral molecule (1.343 A), while the central double bond
(1.348 A) retains approximately the same length as in 5 (1.360
A). Another characteristic feature concerns displacement of
the olefinic hydrogen atoms toward one-centre bridges. The
computed out-of-plane angle is —23.3° that is only marginally
larger than in the 7-norbornadienyl cation (8) (—22.7°) calcu-
lated at the same level of theory. Geometry of structure 3c is
very similar to that of syn-7,7-sesquinorbornenyl dication (1)
with the "CH groups tilted toward the central double bond
bridge.® It is interesting to note that the tilting angles « (in
3c) are smaller by 3.6° than in dication 1.° This is in accor-
dance with the trend observed previously on comparing 7-nor-
bornenyl with 7-norbornadienyl cation (8) (81.4° vs. 78.4°). It
is also interesting to note that the degree of pyramidalisation
of the C(1) and C(2) atoms of 3¢ as measured by the out of
plane angle ¢, is lower than that of 1 (17.9° vs. 14.9° at the
MP2 level). This is most likely due to the different ring strain
of the 7-norbornenyl and 7-norbornadienyl ring system.

Table 3 Lowdin’s formal charges of 3, 4 and 5 as extracted from
MP2/6-31G* wavefunctions®

Atom 3a 3b 3c 4a 4b 4c 5

Cl 0.00 0.08 0.12 —0.02 0.04 0.07  —0.05
C3 —0.1 -0.08 -0.09 -0.16 -0.17 -0.18 —0.14
C7 -0.03 —-0.13 —-0.11 0.1 -0.18 —0.17 —0.18
X11 0.00 0.00 0.06 -024 -025 -0.16 —0.26
C6 —0.1 —0.1 -0.09 -0.16 -0.16 —-0.18 —0.14
C10 —0.03 0.00 —0.11 —0.1 -0.09 -0.17 -0.18
X12 0.00 —0.01 0.06 —-024 -024 —-0.16 —0.26
H3 0.24 0.24 0.25 0.17 0.17 0.17 0.16
H7 0.26 0.23 0.24 0.19 0.17 0.17 0.17
Ho 0.24 0.25 0.25 0.17 0.18 0.17 0.16
HI10 0.26 0.27 0.24 0.19 0.19 0.17 0.17
HIiI 0.21 0.25 0.25 0.08 0.08 0.09 0.15
Hi2 0.21 0.27 0.25 0.08 0.09 0.09 0.15

“ For numbering of atoms see Scheme 1. The position of the hydrogen
atoms is indicated by the number of the corresponding heavy atom
given in italics.

This journal is © The Royal Society of Chemistry and the
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Finally, dication 3b features two entirely different subunits,
one of them being similar to the 7-norbornadienyl cage in 3¢
and the other one closely resembling structure of the 7-norbor-
nadienyl cation ring in 3a (Table 2). The latter is also similar to
the 7-norbornadienyl unit of cation 6 (Scheme 3). To highlight
this close correspondence, we compare the C(1)-C(2) and
C(1)-C(11)/C(2)-C(12) distances. In 3a they amount 1.407 A
and 1.705 A as compared to 1.418 A and 1.695 A in 6c.
Another feature that indicates close resemblance in bond char-
acter of these two structures is the similar size and direction of
the pyramidalisation on C(1) and C(2), as indicated by out-of-
plane bending angle ¢ (—19.3° in 3b vs. —16.2° in 6¢ at the
MP2 level).

We conclude this section by comparing the out-of plane
angle potentials for the central double bond in structures 3a—
3c. This is of considerable interest, since structures 3b and 3¢
exhibit bending of the molecular framework opposite to that
found in 3a, or in the neutral syn-sesquinorbornene®® i.e. in
both of these structures the C atoms, of the central double
bond are pyramidalised in the exo-direction. The calculations
were carried out by scanning the out-of-plane angle of the cen-
tral double bond between —30° and +30°. All remaining geo-
metrical parameters have been optimised at each point of scan
using B3LYP method. The resulting potential curves, which
are displayed in Fig. 2, demonstrate that out of plane bending
in all three structures is rather flat, but less than that in the
neutral sesquinorbornenes.> This is substantiated by the cal-
culation of the harmonic vibration frequencies of 115.3 cm™"
and 139.7 cm™! and 161.1 em™! (B3LYP values) for 3a, 3b
and 3c, respectively. The corresponding value for e.g. syn-ses-
quinorbornene is 135.7 cm™" at the same level of theory. It is
noteworthy that harmonic vibration frequencies increase in
moving from 3a to 3c, as intuitively expected. We also note
that change in the direction of the out-of-plane bending in
3b is energetically somewhat less costly than in 3c. It should
be, however, stressed that in both of these structures changing
the sign of the angle ¢ leads to disruption of the multicentre
bond between cationic centre(s) and the central double bond.
This is not surprising since the gain in stabilisation upon form-
ing the C(11)-C(1)-C(2) bond in 3b is obviously insufficient to
compensate the increase in the charge—charge repulsion.

Structure and energetics of 4

The neutral structures 4a—4¢, which will be considered in this
section, are isoelectronic with dications 3a-3¢ but are not sub-
ject to the effect of charge repulsion. Consequently, the differ-
ence in their relative stabilities is expected to be attenuated

70.0
60.0
50.0 H 3 g
= 400
[=]
£
¥ 300
-
=
e
10.0
0.0 M W
-10.0 - ‘
400 -30.0 200 -10.0 00 100 200 30.0 400

¢l°
Fig. 2 Out of plane bending potentials (B3LYP/6-31G*) for 3a-3c.
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relative to the dication series, as indeed found (vide infra).
Similarly, the activation energy for interconversion between
structures between 4a and 4b and between 4b and 4c¢ are signif-
icantly lower than for corresponding dications (Fig. 3) indicat-
ing that these processes would be more facile than in dication
series.

The other major difference between systems 3a-3¢ and 4a—4c
concerns stability ordering. Whereas in dications the structure
3a is the most stable one, in 7,7'-diborasesquinorbornatrienes
the form 4b is energetically favoured. This is apparently conse-
quence of energetically more favourable interaction of one of
the BH bridges with the central double bond in structure 4b.
The structure 4c is, likewise in the dication series, the highest
in energy, in accordance with the conclusion that 4c/2e bond-
ing in the syn-sesquinorbornene framework is energetically less
favourable than the 3¢/2e bonding.°®

Perusal of the calculated bond distances and bond angles of
structures 4a—4c¢ shows similar trend of changes as in the
related dications 3a-3c (Table 2). All three structures exhibit
pronounced tilting of the BH bridges involved into 3c/2e
(structures 4a and 4b) or 4c/2e (structure 4c¢) bonding, with
the former being more pronounced. For 4a and 4b these quan-
tities are 80° and 79°, respectively, compared to 92.8° in 4c
(MP2). The same holds for nonbonded distances between the
bridging groups and the corresponding double bond (Table
2). The calculated bond distances are also in good agreement
with the calculated structure of 7-boranorbornadiene* and
available X-ray data.*> For instance, in the most stable struc-
ture 4b, the C(1)-B(11)/C(2)-B11) and C(9)-B(12)/C(10)-
B(12) are 1.743 A and 1.773 A (at the MP2 level) compared
to 1.759 A in 7-boranorbornadiene at the same level of
theory.*® The agreement with the corresponding experimental
value of 1.844 A obtained by X-ray analysis of 7-phenyl-
bora-1,2,3,4,5,6-hexamethylnorbornadiene is less satisfactory
but is not surprising since the phenyl group at C(7) is known
to lead to a considerable weakening of bis-homoaromatic
interaction.**** Similarly, the C(7)-C(8) and C(9)-C(10) dis-
tances in structure 4b, 1.347 A and 1.394 A, respectively, are
close to that of 7-boranorbornadiene (1.344 A and 1.392 A,
respectively) and follow the trend encountered in the related
dication 3b (Table 2). The corresponding experimental values
are 1.327 A and 1.388 A, respectively. Finally, it is interesting
to note that the central double bond (1.398 A) is longer than in
syn-sesquinorbornatriene (1.360 A MP2) but is not as long as
in the related dication 3b (1.407 A, Table 2).

It is noteworthy that the energy difference between struc-
tures 4a and 4b is practically identical to that found between
the two energy minima, 7c¢ and 7p, obtained for model
molecule 7 shown in Scheme 4.

The same holds for geometry of the 7-boranorbornadiene
fragments. More specifically, the calculated equivalent bond
lengths are similar, differing by at most 0.011 A (see Table 2
and Scheme 4). Similarly, bond angles differ by at most 0.4°.
Another feature that indicates a close resemblance in bond
character between monocation and dication structures is the

TS4ab
e TS4bc
—_12.3
;o <
\ / ~am» 10.8
// \ / 4c
/ \ !
/ \ !
/ \ ,'
p— \ /
4a \
—l0.0
4b

Fig. 3 Schematic energy diagram of the 4a—4¢ system computed at
the B3LYP level. Relative energies are given in kcal mol .
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7c (Cy)
C(1)-C(2) 1.404 A
B(11)-C(12) 3.114 A
) -9.0°
o 79.3°
T 7.3°

Scheme 4 MP2 calculated structures and selected structural para-
meters of structures 7¢ and 7p. Letters ¢ and p stand for the 3c/2e
bonding with the central (7¢) and the peripheral (7p) double bond.
More complete compilation of the calculated bond distances and bond
angles is given in Table S1 of the ESIf.

similar size and direction of the pyramidalisation of olefinic
carbon atoms participating in the 3c/2e bond(s). The monoca-
tion 6¢ has, for example, bonds emanating from the central
bridge bent out of the plane in the exo direction by —16.2°,
which is close to the 3b value of —19.3° for equivalent bending.
The other dihedral angles are also in the expected range and
show no peculiarities.

Electronic structure and NMR chemical shifts of 3 and 4

In order to gain additional insight into the nature of charge
delocalization in 3 and 4 we carried out calculations of the for-
mal atomic charges and the '*C, as well as !'B where appropri-
ate, NMR chemical shifts for all of the considered species. For
the sake of consistency with previous study on 1 and 2,° the
charge distribution was calculated using Lowdin orthogonali-
sation procedure, whereas the chemical shifts were calculated
using GIAO approach. Moreover, previous experience for 1
and 2 and related compounds studied in ref. 6, has demon-
strated that Lowdin charges, as well as the GIAO chemical
shifts provide a reliable test for probing the nature of homo-
aromatic bonding in this family of compounds. The calculated
charges are compiled in Table 3, while Table 4 lists the

Table4 Comparison of calculated '*C- and '"B-NMR chemical shifts
for 5, 3 and 4, as calculated by GIAO/6-311+G** method at the
B3LYP and MP2 geometries, the later being given within parentheses

Atom

Compound C(I) C@3) C7) X(1l) C@©6) C(10) X(12)

5 1858 573 1508 783 573 1508  78.3
(191.7) (56.1) (153.0) (77.4)  (56.1) (153.0) (77.4)
3a 1489 628 1253 482 628 1253 482
(150.6) (62.6) (125.0) (452) (62.6) (125.0) (45.2)
3b 139.9 725  139.6 475 620 1272 520
(139.0) (73.1) (1414) (43.9) (61.6) (127.4) (49.2)
3¢ 140.8  70.1 1452 1361  70.1 1452  136.1
(138.4) (68.7) (146.7) (125.9) (68.7) (146.7) (125.9)
4a 1465 576 117.1  —66.5 57.6 1171  —66.5
(148.8) (58.2) (116.6) (—84.0) (58.2) (116.6) (—84.0)
4b 1336 599 1377 —60.5 563 1190 —62.2
(134.5) (61.2) (1394) (=76.3) (56.8) (119.2) (-78.7)
4c 1321 477 1401 —37.7 477 1401 377

(1329) (46.8) (141.7) (-55.0) (46.8) (141.7) (—55.0)
cl)  C@)  CB) X

8 1233 684 1348 442
(122.7) (68.3) (136.3) (40.9)
9 7.1 613 1331  —625

(117.0) (62.0) (134.3) (=79.5)

a

in species 8 and 9 C(1) atom is involved in the 3c/2e bonding.

This journal is © The Royal Society of Chemistry and the
Centre National de la Recherche Scientifique 2004


http://dx.doi.org/10.1039/B403802A

Downloaded on 10 December 2010
Published on http://pubs.rsc.org | doi:10.1039/B403802A

chemical shifts. The latter are calculated for the MP2 and
B3LYP optimised geometries. Also included in Table 4 are
relevant NMR parameters for reference molecules 5, 8 and 9.
Analysis of the calculated chemical shifts reveals that the cal-
culated '*C chemical shifts for the 7-norbornadienyl cage in
structures 3a and 3b are very similar to the values calculated
for the “free” 7-norbornadienyl cation (Table 4). For exam-
ple, the carbon atom of the cationic centre in structures 3a
and 3b is only 4.2 ppm and 3.2 ppm, respectively, less shielded
than that in the 7-norbornadienyl cation (for MP2 geometry).
These results are fully compatible with the conclusion that
these species exhibit similar non-classical bonding. It is also
worth mentioning that all these ions have similar charge distri-
bution over the atoms involved into 3c/2e bonding with the
charge at the cationic centre (Table 3) within Lowdin’s parti-
tioning scheme, being close or equal to zero meaning that
the positive charge is strongly delocalised. In this regard it is
also of interest to compare carbon chemical shifts and charge
distribution between dications 3a and 3b and the 4c/2e struc-
ture, 3c. The calculated chemical shift of the cationic centres in
3c is 136.1 ppm, which implies ~90 ppm downfield shift from
the 6 '*C value for that atom in structures 3a and 3b. The
observed trend is in accordance with the partial positive charge
of this carbon in the latter case (Table 3). This in turn, shows
that the effectiveness of the charge depletion from the cationic
centre in the 4c/2e dication is significantly reduced relative to
the dications with the 3c/2e bonding, in accordance with dis-
cussion based on structural arguments. It is also of interest
to note that the olefinic C(1) and C(2) atoms in all dicationic
structures are shielded by ~30 ppm relative to the neutral
molecule 5. In contrast, the '>C resonance of the bridgehead
carbon atoms move to the higher field than in 5 (see Table 4).

The calculated ''B chemical shifts in 4a—4b are negative, in
line with ''B chemical shift calculated for 7-boranorborna-
diene (—62.5 ppm and —79.5 ppm at B3LYP and MP2 geome-
tries, respectively), and the available experimental data.
Apparently, shielding of the boron atoms in these species is
consistent with the non-classical nature of these compounds.
It should be also pointed out that the ''B chemical shifts in
structure 4¢ are less shielded than in its 3c/2e counterparts,
4a and 4b, suggesting again that the interaction within the
BCC triangle is stronger in the latter structures. Analysis of
the calculated charges for structures 4a—4c fully supports this
conclusion. The changes in the '*C chemical shifts follow the
trends found for dications and show no peculiarities.

We shall conclude this section by comparing electronic
structure of the most stable form of 4 with that of the syn-ses-
quinorbornatriene (5). This is of considerable interest since our
calculations reveal that replacement of the CH, bridges in the
latter has pronounced effect on the size and direction of the
pyramidalisation of olefinic carbon atoms at the central and
one of the peripheral double bonds (Table 2). This in turn
leads to the change in the shape and energy ordering of the
frontier MOs as indicated in Fig. 437 For instance, in the
hydrocarbon 5 the HOMO is mainly localized at the central
bridge, whereas the HOMO of 4b has the largest coefficients
at the peripheral double bond which doesn’t participate in
the 3c/2e bonding. The latter MO is lower in energy by 0.49
eV than HOMO in 5. Similarly, the LUMO in 5 has the largest
coefficients at the central double bond, while the LUMO of 4
is mainly localized over the atoms involved in 3c/2e bond.
Consequently, we expect profound difference in reactions
controlled by orbital symmetry.*®

An interesting question related to this issue concerns poten-
tial difference in m-facial stereoselectivity in addition reactions
to 1 and 2. Namely, in contrast to 1 molecule 2 exhibits out-of-
plane bending of the molecular framework in the exo,exo
direction.® This suggests that replacement of the CH, bridges
with the BH groups might, inter alia, lead to preferential addi-
tion of some reagents from the opposite site than in 1; i.e. from

This journal is © The Royal Society of Chemistry and the
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Fig. 4 Comparison of the highest occupied and the lowest unoccu-
pied MOs in 5 and 4b as calculated by HF/6-31G*//MP2/6-31G*.

Experimentally measured vertical ionisation energies for 5 are given
in parentheses.>

EleV

the endo face of the molecule. The reversal of n-facial stereose-
lectivity in cycloaddition reactions of syn-sesquinorbornene
has been hitherto discussed and experimentally observed®*
only upon irradiation and was attributed to the electronic
and steric factors inherent to the exo-bent geometry of the tri-
plet state.*!+

Conclusions

In this study structure of dication 3 derived by replacement of
the CH, bridges in syn-sesquinorbornene (5) with the "CH
groups and its isoelectronic boron analogue 4 were investi-
gated using ab initio MP2/6-31G* and density functional
B3LYP/6-31G* methods. For both species three energy
minima were located on the PES, all of them exhibiting strong
bis-homoaromatic interaction of the electron deficient bridges
with either central or peripheral double bond(s). This is
reflected in the characteristic bending of the "CH and BH
bridges, respectively, toward the interacting double bond and
the lengthening of the latter. It was also shown that the most
stable structure of dication 3 differs from that of 4. While in
3 both "CH groups interact with the peripheral double bonds,
in 4 one of the BH groups interacts with the central and the
other with the peripheral double bond. This was attributed
to the prevailing importance of the electrostatic interaction
in the dication. Another salient difference between the two
species concerns a direction of out-of-plane bending of the
molecular framework from the hinge-like in 3 to the exo,exo
fashion in 4. Consequences of the latter on reactivity of 4
and its tetrahydro analogue 2 were discussed. In particular it
was proposed that replacement of the CH, groups in syn-
sesquinorbornene moiety with the BH bridges might lead to
reversal of n-facial stereoselectivity in cycloaddition reactions.
In other words we propose that 2, unlike 1 might undergo
cycloadditions from the endo face of the molecule.
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