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Through-Bond Orbital Coupling in End-Functionalized Bicyclohexylidenes —
Photoelectron Spectroscopy and Ab initio SCF—MO Calculations

Albert W. Marsman,!?! Remco W. A. Havenith,!*" Sabine Bethke,!!
Leonardus W. Jenneskens, */?l Rolf Gleiter,!! and Joop H. van Lenthe!”!

Keywords: Ab initio calculations / Oligo(cyclohexylidenes) / Photoelectron spectroscopy / Through-bond interactions /

Through-space interactions

To establish whether through-bond (TB) orbital interactions
occur between the functional groups and the hydrocarbon
skeleton in a series of end-functionalized oligo(cyclohexylid-
enes) 1-12, their He' photoelectron (PE) spectra were meas-
ured and analyzed. Vertical ionization energies, I,; of the
highest occupied molecular orbitals (MOs) of 1-12 were as-
signed using ab initio RHF/6-31G* MO energies (-¢;) in
combination with Koopmans' theorem. Excellent to good
agreement was found between the PES and RHF/6-31G* re-
sults. In addition, the I,;, assignments were further corrobor-

ated by a comparison of the PES data of 1-12 with those
previously reported for appropriate reference compounds
13-20. To assess contributions from through-bond (TB) and/
or through-space (TS) interactions, RHF/6-31G*/NBO ana-
lyses were performed. The results show that in the cases of
1-12, TS interactions do not occur. TB interactions were un-
equivocally identified for 1-4, 8, 10 and 11-12. These TB
interactions were found to be relayed via the H,,—C—-C—-H
precanonical 6-MOs (6-PCMOs) of the cyclohexyl-like moi-
eties.

Introduction

Oligo(cyclohexylidenes) consist of cyclohexyl-type rings
interconnected by olefinic bonds; the first three representat-
ives of the parent series are 1,1'-bicyclohexylidene (15),
1,1:4',1""-tercyclohexylidene (16) and 1,1:4',1'":4"",1""'-
quatercyclohexylidene (4) (Figures1 and 2). Besides a
length increment of ca. 4 A, they possess an alternating
c—n orbital topology. We have shown that end-func-
tionalized derivatives represent semi-rigid, rod-like molecu-
lar building blocks, which can be used in the assembly of
supramolecular systems.[!]

As a consequence of the o-m orbital topology of their
hydrocarbon skeletons, the oligo(cyclohexylidenes) are cap-
able of relaying electronic interactions via a through-bond
(TB) orbital interaction mechanism. He! photoelectron
spectroscopy (PES) and ab initio RHF/6—31G* calcula-
tions have shown that the two n(C=C) units of 16 do in-
deed couple (A1,;0.46 ¢V and A—¢; 0.56 eV).1?! The splitting
was found to be independent of the possible syn or anti
orientation of the interconnected chair-like, cyclohexyl-type
rings of the oligo(cyclohexylidene) framework (Figure 3).
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Compound o )
1 HyC=C CHaz
2 HoC=C C=CHy
3 (HgC)»C=C CHp
4 Oz ;@
6 0=C CHa
7 0=C C=0
8 0=C S
9 HON=C CHo
10 HON=C S
1 (NC)2C=N CHp
12 (NC)oC=N S

Figure 1. End-functionalized oligo(cyclohexylidenes) 1—12.
13 14 15 16
OH OH
17 18 19 20

Figure 2. Reference compounds 13—20.
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anti syn

Figure 3. Schematic representation of anti and syn conformers in
oligo(cyclohexylidenes).

RHF/6—31G* Natural Bond Orbital (NBO) analyses re-
vealed that the TB interactions are relayed by (delocalized)
precanonical molecular orbitals (PCMOs) encompassing
the H,.—C—C—H,, units of the cyclohexyl-type rings.> ¢
The TB mechanism is similar to that reported for interac-
tions between nonconjugated m-units coupled via three in-
tervening o-type carbon—carbon bonds.’~*1 Hence, if in-
teractions between functional groups incorporated at the a-
and/or @-termini are to be efficiently relayed by an oligo(cy-
clohexylidene) hydrocarbon skeleton, all interacting or-
bitals must possess similar energies and belong to the same
irreducible representation. Previously, it was shown that
these prerequisites are fulfilled by a 3p-sulfur lone pair
[Lp(S)], namely in oligo(cyclohexylidenes) end-capped
with tetrahydro-4H-thiopyran.?l’ The Lp,(S) lone pairs
couple strongly with the H,,—C— C— H,, units of the cyclo-
hexyl-type rings. In the bis-functionalized sulfur derivatives,
a splitting of both Lp.(S) levels (ca. 0.40 eV) is observed;!*!
these interactions are efficiently relayed over a distance of
ca. 11.8 A.

This paper explores the occurrence of TB orbital coup-
ling in oligo(cyclohexylidenes) 1—12, with different func-
tionalities at their a- and/or ®-termini. Such functionalities
include methylidenes [t(C=C)], ketones [r(C=0)], oximes
[t(C=N-0)] and dicyanoethylenes [1(C=C(CN,))], in the
presence or absence of an additional sulfur atom at the
other end-position (Figure 1). Although all functional
groups possess T-type orbitals with the proper symmetry for
TB interactions with the n(C=C) and the H,,—C—C—H,,
units, their energy levels vary considerably. This enables the
assessment of energy matching in combination with the ef-
fect of an additional perturbation by the Lp,(S) towards
TB orbital coupling. Vertical ionization energies, I,;, of the
highest occupied MOs of 1—12 were measured using He'
PES. The PES results are interpreted by band correlations
using the reference compounds 13—20 (Figure 2) and RHF/
6—31G* calculations, i.e. the energies (g;) of the (delocal-
ized) canonical molecular orbitals (CMOs) are compared
with the /,; values obtained when applying Koopmans’ the-
orem (I,; = —¢,). In addition, RHF/6—31G* NBO ana-
lyses were carried out to distinguish between through-space
(TS) and through-bond (TB) contributions in the cases of
2 and 6—12.111713

Results and Discussion

Synthesis

4-Methylidene-1,1'-bicyclohexylidene (1) and 4,4’-di-
methylidene-1,1’-bicyclohexylidene (2) were prepared from
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1,1'-bicyclohexyliden-4-one (6)['* and 1,1'-bicyclohexylid-
ene-4,4'-dione (7),l'Y respectively, by employing a standard
Wittig reaction.['¥ 4-Isopropylidene-1,1'-bicyclohexylidene
(3) was obtained from 6 by using a reported decarboxylative
dehydration method.!" Compounds 4—11 and 18 were pre-
pared as previously reported.[’-'3~ 11 Compound 12 was ob-
tained from 8!'Y following the Knoevenagel reaction pro-
cedure used for the synthesis of 11a.

Ground-State Conformational Properties of
Oligo(cyclohexylidenes)

Two interconnected chair-like, cyclohexyl-type rings in
oligo(cyclohexylidenes) can adopt an anti or syn orientation
with respect to each other (Figure 3). Whereas single-crystal
X-ray structural analyses suggest that, in the solid state, oli-
go(cyclohexylidene) hydrocarbon skeletons predominantly
prefer an anti conformation, a staircase-like geometry in
other words,[->!8] they are conformationally mobile in solu-
tion ("H NMR).[l Ab initio RHF/6—31G* calculations for
anti- and syn-1,1"-bicyclohexylidene (15, Figure 2) indicated
that both conformers possess nearly identical total energies;
i.e. a ca. 1:1 equilibrium mixture is expected both in the
gas phase and in solution. Consequently, the gas phase PE
spectra 1—12 are expected to originate from mixtures of
conformers.? In the cases of 15 and 16 and their analogues
containing sulfur atoms at the o- and/or ®- termini, RHF/
6—31G* calculations have shown that both the ¢; values
and the character of the highest occupied MOs are inde-
pendent of conformational differences due to anti and syn
isomerism.[>1°!

For ketones 6 and 7, however, the cyclohexyl-type rings
bearing the ketone group can adopt twist-boat conforma-
tions both in the solid state and in solution [cf. also rwist-
boat 1,4-cyclohexanedione (D-)].?% In this respect, the re-
ported single-crystal X-ray structure of 7 is of interest. In
the unit cell, two crystallographically independent molec-
ules are found.!'d) Whereas one possesses an anti (C»;,) con-
formation (chair-like, cyclohexyl-type rings), the other has
two twist-boat (C;), cyclohexyl-type rings. RHF/6—31G*
calculations on the anti and the twist-boat conformers of 7
revealed that, although the —¢; values of the MOs of prim-
arily m(C=C) character differ (A—g; 0.24¢eV), the —¢;
values of their oxygen lone pairs Lp,(O) are similar (A—¢;
0.02 eV; Table 3). This suggests that, for the interpretation
of the PES results, only the anti conformers have to be
taken into account. Hence, the anti conformers of the oligo-
(cyclohexylidenes) 1—12 (Figure 1) and of 18 (Figure 2)
were studied at the RHF/6—31G* level of theory (Cg; 1, 3,
6, 8, 11 and 12, C,;; 2, 4, 5 and 7 and Cy; 9, 10 and 18).
The RHF/6—31G* geometries of anti-15,>'81 antilanti-
16,1221221 gpti9Udl and anti-181'<1>171 are in satisfactory
agreement with available single-crystal X-ray structural
data. Salient structural features of 9 and 18 are presented
in Table 1.

Photoelectron Spectra of 1—5

It is well documented that the He! PE spectrum of 1,4-
dimethylidenecyclohexane (13) exhibits two split ©(C=CH,)
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Table 1. Salient structural features of the single-crystal X-ray and RHF/6—31G* structures of anti-9 (see ref.['l) and its saturated analogue

anti-18 (see ref.l'dl). For atom numbering see Figure 1

Bond lengths [A]

Valence angles [°]

X-ray 6—31G* X-ray 6—31G*

anti—9l

Cl-C1’ 1.338(3)/1.334(4) 1.332 N-C4-C3 121.5(3)/120.2(3) 126.8
C4—N 1.277(3)/1.278(3) 1.256 N-C4-C5 119.5(3)/123.2(3) 117.2
N-O 1.487(5)/1.468(4) 1.379 C3—-C4-C5 118.8(2)/116.5(2) 115.9
C4—C5lbl 1.497(4)/1.485(4) 1.506 C4—N-0l 114.2(3)/113.5(3) 113.6
C4-C3 1.496(4)/1.496(4) 1.507 C4—N-0ll 114.0(3)/115.3(3) 113.6
anti—18

Cl-C1’ 1.539(3) 1.550 N-C4-C3 123.0(2) 127.2
C4—N 1.269(4) 1.256 N-C4-C5 121.2(2) 117.7
N-O 1.466(4) 1.380 C3—-C4-C5 115.8(2) 115.1
C4—C5lPl 1.492(4) 1.504 C4—N-0l 114.3(2) 113.5
C4-C3 1.491(3) 1.505 C4—N-0! 114.3(3) 113.5

[2l Compound 9 has two crystallographically independent molecules in the unit cell, which both have the anti conformation, but differ
slightly with respect to their structural parameters (ref.l'®!dl). — [Pl C4—CS5 is positioned anti with respect to the oxime group. — [l The
oxime groups is disordered over two positions with respect to the C=N bond.

bands positioned at 9.0 and 9.5eV (Al; 0.5¢V).'! This
splitting is reproduced by RHF/6—31G calculations (A—¢g;
0.69 e¢V).2'1 NBO analyses revealed that TB interactions in-
volving ¢ orbitals of the H,,—C—C—H,, units of the cyclo-
hexyl-type rings occur.”l To assess whether similar interac-
tions take place between two n(C=CH,) moieties separated
by a 1,1’-bicyclohexylidene moiety, the He' PE spectra of 1
and 2 were measured (Figure 4). The vertical ionization ener-
gies, I,;, of the bands situated below ca. 10 eV are listed in
Table 2. The PE spectrum of 1 contains two bands with vi-
brational progressions at 8.25eV (Vv =~ 1371 cm™!) and
9.11eV (v = 1613 cm™"). Correlation with PES data from
methylidenecyclohexane (14, 9.08 eV)!'!l and 1,1'-bicyclohex-
ylidene (15, 8.16 eV)P! suggests an assignment of the 8.25 eV
and 9.11 eV bands of 1 to ionization at the central ©(C=C)
and the terminal n(C=CH,) orbitals, respectively (Figure 5).
In analogy, the 8.26 eV band of 2 is attributed to an ioniza-
tion at the central n(C=C) orbital (Figure 5). The next two
bands of 2, at 8.96 eV and 9.26 eV, are assigned to ioniza-
tions at the two linear combinations of the terminal n(C=
CH,) units [a,(n™) and by(n7)], i.e. they are split by 0.3 eV.
Although the n(C=CH,) band of 1 has a vibrational pro-
gression (V = 1617 cm™!) that corresponds to the v(C=CH,)
stretch vibration of its radical cation,?*?# the separation be-
tween bands 2 and 3 in the PE spectrum of 2 is larger (v =
2420 cm ™!, Figure 4). Hence, this suggests the occurrence of
orbital coupling and band splitting. This is supported by the
observation that a similar center of gravity is found for the
split 1(C=CH,) bands for 2 and 13 (2, 9.11 eV and 13,!!]
9.25eV). The RHF/6—31G* MO sequence and splitting are
in line with the experimental results (Table 2). The splitting
of the terminal n(C=CH,) units of 2 (Af,; 0.3 eV and A—¢g;
0.22 ¢V) is smaller than that found for 13 (AZ,; 0.5V and
A—¢; 0.69 eVI!1-21) Since comparable splittings are found
for 13 and 16 (AZ,;0.46 eV and A—¢; 0.56 eV),[>2! it appears
that the interaction of either the central n(C=C) or the ter-
minal ©(C=CH,) units with the H,,—C—C—H,, c-orbitals
is equally efficient in the case of 2.
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Consequently, the smaller splitting in 2 must originate
from inefficient mixing of the ©(C=C) and the two n(C=
CH),) orbitals. This can be attributed to their energy separa-
tion (ca. 1 eV). A similar conclusion was recently reported
for distella-2,2’,6,6'-triene.”? For this compound, improved
orbital mixing and enhanced splitting (AAZ,; 0.1 eV®!) could
be achieved by replacing the methylidene [n(C=CH,)]
groups by isopropylidene units [r(C=C(CHjs),)]..'"1 Hence,
an enhanced interaction would be expected for 4-isopropyli-
dene-1,1'-bicyclohexylidene (3, Figure 1) on going from 1
to 3. Indeed, the energy difference between the central
n(C=C) and terminal [r(C=C(CHj),)] orbitals decreases
due to destabilization of the latter orbital in 3 (Figure 4 and
Table 2). The PE spectrum of 3 shows two bands at 7.97 eV
and 8.40 eV, with a center of gravity (8.19 eV) that corre-
sponds with the n(C=C) ionization of 15 (8.16 eV!?). For 3,
the substantial splitting of its n(C=C) orbitals (Al,; 0.43 eV,
A—g; 0.58 eV) closely resembles that found in the PE spec-
trum of the structurally related 16 (Al,; 0.46¢eV, A—g;
0.56 V).2I

A similar result is expected for 1,1:4',1'":4"",1""'-quater-
cyclohexylidene (4), relative to 2. In the PE spectrum of 4,
a broad n-MO band (range 7.7—8.7 ¢V) is observed (Fig-
ures 4 and 5 and Table 2). Despite the presence of three
distinct maxima (7.9 eV, 8.1 eV and 8.3 eV), straightforward
interpretation is hampered by band overlap. Although the
presence of vibrational progressions cannot be ruled out, its
bandwidth (ca. 1 eV) is in line with the calculated splitting
between the three n(C=C) orbitals (A—¢; 0.40 and 0.41 eV,
Table 2). Since the /,; and —¢; values of 1, 2 and 15,/ re-
spectively, differ by ca. —0.4 eV from the orbital of primar-
ily 1(C=C) character, the n(C=C) bands of 4 are expected
to be positioned at =7.8 eV, =8.3eV and =8.7eV (Fig-
ures 4 and 5 and Table 2). The occurrence of a splitting is
further corroborated by comparison of the PE spectrum of
4 with that of 4,4'-bis(cyclohexylidene-1,1’-bicyclohexyl) (5;
not shown), which lacks the central t(C=C) bond and,
thus, contains two decoupled n(C=C) units. In going from
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Figure 4. He! Photoelectron spectra of 1—4.
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4 to 5, the width and position of the n(C=C) band of 4
both reduces and shifts to the values for the n(C=C) band
of 15 (8.16 eV; bandwidth 0.35 eV).[>]

Photoelectron Spectra of 6—8

The He! PE spectra of ketones 6—8 are shown in Figure 6
and the /,; values below ca. 10 eV are listed in Table 3. Cor-
relation of the bands of 6 and 7 with those of 15 (8.16 eV?)
and cyclohexanone (17, 9.29 eV, Figure 7)? suggests that
the first and second bands must be assigned to ionizations
at orbitals involving the t(C=C) unit and oxygen lone pairs
[Lp,(O)], respectively. This interpretation is corroborated by
the intensities of their PES bands. In going from 15 to 6 to
7, there is an inductive shift (ca. 0.4 eV) of the n- and o-type
bands to higher energy for each additional C=0 moiety.
Although the Lp,(O) band of 7 is broader (ca. 0.14 eV)
than that of 6, no splitting is discernible; i.e. coupling be-
tween the Lp,(O)s of 7 is small. This is supported by the
RHF/6—31G* results (A—g; 0.19 eV, Table 3). A similar
splitting (Af,; ca. 0.15eV) was found for twist-boat 1,4-
cyclohexanedione 7 (D,).?”281 RHF/6—31G* calculations
on anti-7 (C,y) and twist-boat-7 (C;), gave identical Lp,(O)
splittings (vide supra, Table 3). The nearly identical Lp,(O)
band positions of 6, 7 and 17 indicate that the 9.2 eV band
of 8 must also be assigned to an Lp,(O) ionization (Fig-
ures 6 and 7). Correlation of the PES bands of 8 at 8.37 eV
and 8.94 eV with PES results for 20 [a’ n/Lp.(S) 8.16 eV
and a’ Lp.(S)/n 8.63 ¢V, Figure 2],[?! reveals that these
bands can be attributed to ionizations at the two linear
combinations of the n(C=C) and Lp,(S) orbitals, taking
into account an inductive shift of ca. 0.4 eV due to the
C=0 moiety. The band separation (Al,; 0.57 eV and A—¢;
0.56 eV) is in line with that found for 20 (A/,; 0.47 eV and
A—¢g;0.53 eV).

The Lp,(O) bands of 6—8 are broad and of Gaussian-
like shape. In general, ionization at nonbonding or weakly
bonding orbitals, shows sharp, Franck—Condon-allowed
0«0 transitions [cf. formaldehyde; Lp,(O) 10.88 eV.[>]]
Hence, the observed broadening, also found previously for
other diketones, suggests the admixture of cyclohexyl-type
o-orbitals.?” In the cases of 6—8, these c-orbitals do not
belong to the same irreducible representation as the n(C=
C) or highest linear combination of H,.—C—C—H,, or-
bitals. Hence, the Lp,(O)s do not couple with the latter or-
bitals (see also NBO analyses below).

In passing, it is noteworthy that a good agreement is
found between the PES results and the RHF/6—31G* data
obtained using Koopmans’ theorem for the ketones 6—8; in
particular the identification and assignment of the Lp,(O)
bands. Hence, the defects of Koopmans’ theorem, i.e. devi-
ations from —g; values, do not have to be taken into ac-
count.’!

Photoelectron Spectra of 9—12 and 18

The He! PE spectra of the oximes 9, 10 and 18 are de-
picted in Figure 8 (see also Table 4). In the spectrum of 9,
besides a well resolved band at 8.33 eV, three partially re-
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Table 2. Vertical ionization energies /,;[eV] and RHF/6—31G* orbital energies —¢; [eV] and assignments of anti-1, anti-2, anti-3, antilantil-

anti-4, and antilantilanti-5

Compound® Band (j) I, —g Assignment!®!
1 1 8.25M 8.61 30a" n(C=C)
() 2 911 9.46 292’ ©(C=CH,)
3 9.9 11.13 192" o
2 1 8.26 8.64 16b, (C=C)
(Cop) 2 8.96 9.40 16a, 1(C=CH,)/n(C=CH,)
3 9.26 9.62 15b;, 1(C=CHa)/n(C=CH,)
4 9.90 11.18 10b$(5
3 1 7.97 8.39 342" i(C=C)/n(C=C(CH;),)
() 2 8.40 8.97 332’ 1(C=C(CHa),)/m(C=C)
3 9.73 10.99 23a"" o
4 1 7.7-8.7t) 8.25 27b, M(C=C)/n(C=C)n(C=C)
(Cop) 2 7.7-8.7 8.65 27a, t(C=C)/n(C=C)/n(C=C)
3 7.7-8.7 9.06 26b;, (C=C)/n(C=C)n(C=C)
4 9.6 10.79 18b,
5 10.0 11.17 18a, o
5 1 8.11 8.55 28a, n(C=C)
(Cap) 2 8.11 8.58 27b;, H(C=C)
3 9.7 10.72 18b, &
[l E,.. in a.u. (see Experimental section). — [P The assignments represent the major NBO contributions in the CMOs. — [l Vibrational

progression with peaks at 8.25 and 8.42 eV. — [4 Vibrational progression with peaks at 9.11 and 9.31 eV (Figure 4). — (¢l Values derived
from the calculated data by subtraction of 0.4 eV, which is the difference found between the observed and calculated positions of the
central n(C=C) orbitals of 1, 2 and 15 (see ref.?l). In the PE spectrum of 4 a broad band is found between 7.7—8.7 eV with distinct

maxima at 7.9, 8.1 and 8.3 eV (Figure 4).

O

15

n O~ Creme

1

|l 2
b H2C=C>=CH2
| | 13

8 9 10 Ivj [eV]

Figure 5. Correlation diagram of the first ionization energies, I,;,
of 1-5, 13 and 15 (Figures 1 and 2).

solved bands are found at 9.4 eV, 9.80 eV and 10.2 eV. The
PE spectrum of 10 shows two well resolved bands at 8.2 eV
and 8.71 eV, together with three partially overlapping bands
at 9.4 eV, ca. 10.0eV and 10.4 eV. The overlap of bands is
even stronger in the PE spectrum of 18; only two bands at
ca. 9.1 eV and ca. 9.8 eV are discernible. The 8.33 eV band
of 9 is attributed to an ionization at the n(C=C) orbital.
Correlation of the bands at higher /,; values of 9, 10 and
18 with the first two bands of cyclohexanone oxime [19,

Eur. J. Org. Chem. 2000, 2629—2641

9.4 eV and 9.8 eV (Figure 2)] suggests that they must be as-
signed to ionizations at the ©(C=N-—0O) and the Lpy(N)
orbitals, respectively (Figure 9 and Table 4).B% In analogy
to ketone 8, comparison of the PES bands of 10 at 8.2 eV
and 8.71 eV with those of 20 shows that these must be at-
tributed to ionizations from the two linear combinations of
the n(C=C) and Lp,(S) orbitals.’! The separation of these
bands (Al,; 0.51 eV) corresponds with that found for both
20 (Al,; 0.47¢eV) and 8 (Al,; 0.57 ¢V). These assignments
are supported by RHF/6—31G* calculations (Table 4).

A comparison of the position of the n(C=C) band of
9 (8.33 eV) or the center of gravity (8.46 eV) of the linear
combination bands of 10 (8.2 eV and 8.71 eV) with that of
the n(C=C) band of 15 (8.16 eV[?) provides an estimate of
the inductive effect of the C=N-O functionality (ca.
0.2eV).

The He' PE spectrum of 11 shows two broad bands at
8.75 and 10.4 eV, of which the latter overlaps with a band
positioned at 10.1 eV. Correlation with the bands of 15
(8.16 V) suggests that the first band of 11 (8.75 eV) must
be attributed to an ionization at the n(C=C) orbital, taking
into account an inductive effect of ca. 0.6 eV for the n(C=
C(CN),) functionality. This value was estimated from the
difference between the position of the c-orbitals of 11
(10.4 eV) and 15 (9.80 eV, Figures 8 and 9 and Table 4).
RHF/6—31G* calculations corroborate this assignment.

In the case of 12, four resolved PES bands are found
(Figure 8 and Table 4). Correlation with the bands found
for 11 indicates that the 9.95 eV band must be assigned to
an ionization from the n1(C=C(CN,)) orbital. In addition,
correlation with bands found for 20 indicates that the
8.53 eV and 9.08 eV bands of 12 originate from ionizations
of the two linear combinations of the n(C=C) and Lp,(S)
orbitals [cf. 20; a’ m/Lp.(S) 8.16eV and a’ Lp.(S)/n
8.63 eV].2l The shift of both levels to higher energy is due

2633
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Table 3. Vertical ionization energies /,

; [eV] and RHF/6—31G* orbital energies —¢; [eV] and assignments of anti-6—8, with —¢; [eV]
values for the twist-boat conformer (C; ) of 7 in square brackets

Compound® Band () I, —g Assignment!®!
6 1 8.53 9.04 30a’ n(C=C)
(C) 2 9.15 10.57 192" Lp,(O)
3 10.2 11.58 183" o
4 12.37 292" o
7 1 8.8 9.51 [9.27] 16b, ©(C=C) [26a, ©(C=C)]
(Cap) 2 92 10.72 [10.70] 10b, Lp,(O)/c [26a, Lp,(O)/c]
3 9.3 10.91 [10.89] 10a, Lp,,(O)/G [25a. Lp,(O)/]
4 10.9 12.28 [12.21] 9b, © [25a, o]
8 1 8.37 8.99 33a’ Lpn(§)/n(C Q)
(C) 2 8.94 9.55 322" I(C=C)/Lpx(S)
3 9.2 10.72 202’ Lp,(O)
4 10.5 11.58 31a’ Lp,(S)lc
5 10.8 11.91 192" ¢

[l £, in a.u. (see Experimental section). — [

The assignments represent the major NBO contributions in the CMO:s.
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Figure 6. He! Photoelectron spectra of 6—8.
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Figure 7. Correlation diagram of the first ionization energies, I,;,
of 6—8 and 17 (Figure 1 and 2).

to the inductive effect imposed by the C=C(CN), func-
tionality (Figure 9). A comparison with the calculated —e¢;
values also indicates that the broad band discernible dt
10.8 eV in the PE spectrum of 12 is due to ionization at an
orbital consisting of the o-type lone pair on sulfur Lp,(S)
and skeletal c-orbitals.

Analysis of o-n Interactions in 2 and 6—12

To study in detail the interactions between the functional
groups in 2 and 6—12, RHF/6—31G*/NBO analyses were
performed using the Weinhold Natural Bond Orbital
(NBO) localization procedure.l'' =13 This analysis consists
first of transformation of the RHF/6—31G* canonical MOs
(CMOs) into a set of localized NBOs. Their interactions
can be evaluated in stepwise manner, permitting the con-
struction of MO interaction diagrams that reveal the influ-
ences of TS and/or TB interactions on the self-energies of
the NBOs involved in the distinct steps (see also the legends
to Figure 10—13).[11 13

In Figure 10, the MO interaction diagram of 2 is shown
with the localized n(C=C) and n(C=CH,) self-energies
after through-space interaction (NBO/TS); i.e. TS interac-
tion is negligible.*!! In the TBI step, the ©(C=C) and the
n(C=CH,) NBO interact strongly with a precanonical MO
(PCMO) consisting of four H,,—C—C—H,,. NBOs of the
cyclohexyl-type rings, and are both destabilized. When

Eur. J. Org. Chem. 2000, 2629—2641
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Figure 8. He! Photoelectron spectra of 9—12 and 18.

these m-NBOs are allowed to interact simultaneously with
the four H,,—C—C—H,, NBOs (TB2), a splitting of the
semi-localized 1(C=CH,) PCMOs is found, almost repro-

Eur. J. Org. Chem. 2000, 2629—2641

ducing that of the CMOs. In the TB3 step, the levels of the
semi-localized TB2 PCMOs are stabilized towards those of
the CMOs when all anti-bonding orbitals of the interacting
fragments are included. This result does not change upon
admixture of other c-orbitals. Hence, as found previously
for 15 and 16,?! the 5-n interactions are relayed solely via
these H,,— C—C—H,. PCMOs.

NBO analyses of the ketones 6—8 reveal that the Lp,,(O)
NBOs do not interact with the available H,,—C—C—H,,,
PCMOs; this is illustrated for 7 and 8 in Figure 11. Whereas
TBI1 represents interaction of either of the high-lying
Lp,(O) NBOs with the H,,—C—C—H,, PCMOs, in TB2
simultaneous interaction of the NBOs and these PCMOs is
allowed. In both steps, the positions of the self-energies of
the Lp,(O) orbitals remain unaffected. In contrast, the
n(C=C) NBOs of 6 (not shown), 7 and 8, as well as the
Lp.(S) NBO of 8, are destabilized in the TB1 step. Further-
more, the ©(C=C) and Lp,(S) PCMOs after TB1 repel each
other in the TB2 step. The splitting is in agreement with
that found for 20.”1 Although, because of their symmetry
mismatch, the Lp,(O) levels cannot interact with the
H,.—C—C—-H, PCMO, the Gaussian shape of their PES
bands suggests that mixing with other c-orbitals occurs
(vide supra, Figure 6). This is corroborated by the TB3 step.
While the Lp,(O) levels strongly destabilize upon interac-
tion with two o(C—CO) PCMOs and the nearest four
C—H,, NBOs, the semi-localized m(C=C) PCMOs ob-
tained after TB2 remain unaffected. Hence, the Lp,(O)s are
decoupled from the central ©(C=C) NBO and other or-
bitals of similar symmetry. NBO analysis shows that the
splitting calculated for the Lp,(O)s of 7 (A—g; 0.19¢V,
Table 2) is due to TB interactions with the C—H,, NBOs
(TB3). Since the ©(C=0) NBOs of 6—8 are strongly stabil-
ized (e.g. 6: —13.89 eV), coupling with other m-type NBOs
will not occur even after interaction with the
H,—C—C—H, . PCMOs (e.g. 6: —12.56¢V). Thus, the
n(C=0) orbital of the C=0 moiety is also decoupled from
the skeletal orbitals, and so the C=0 moiety will only exert
an inductive effect. On inclusion of all anti-bonding orbitals
of the fragments (TB4), the semi-localized TB3 PCMO
levels are stabilized toward the corresponding CMO levels;
a similar observation was made in the case of 2 (TB3, Fig-
ure 10).

In the case of oxime 9, interaction of the
H,.—C—-C—-H,. PCMO and terminal C—H,, NBO with
the m(C=C) NBO or the t(C=N—-0) PCMO induces a
stronger destabilization of the former (TBI1, Figure 12).
Simultaneous interaction of the 1(C=N—-0) and the n(C=
C) PCMO leads to a small repulsion of the levels (TB2);
only a small interaction is discernible. For oxime 10, inter-
action of the H,.— C—C—H,. PCMOs with the n(C=C) or
Lp.(S) NBOs or the n(C=N—-0) PCMO also results in the
strongest destabilization of the n(C=C) NBO (TBI, Fig-
ure 12). Just as in the NBO analysis of 8, the levels of the
resulting TB1 n(C=C) and Lp,(S) PCMOs become almost
equal. Hence, upon simultaneous interaction of the
H,—C—C—H,. PCMO with the n(C=C) and Lpn(S)
NBOs, as well as the ©(C=N—-0) PCMO, the t(C=C) and
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Table 4. Vertical ionization energies /,; [eV] and RHF/6—31G* orbital energies —¢; [eV] and assignments of anti-9, anti-12 and anti-18

Compound Band (j) L; —g; Assignment!®!
9 1 8.33 8.81 53a n(C=C)
(Cy) 2 9.4 10.10 52a i(C=N)
3 9.80 10.99 S5la Lpg(N)
4 10.2 11.47 S0a o
10 1 8.2 8.83 57a LpL(S)/n(C=C)
() 2 871 9.35 56a (C=C)/Lpy(S)
3 9.4 10.25 55a n(C=N)
4 ~10.0 1117 S4a Lpo(N)
5 10.4 11.46 53a Lp,(S)lo
1 1 8.75 9.36 36a’ n(C=C)/ W(C=C(CN),)
(C) 2 10.1 10.45 352’ i(C=C(CN)y)/ 1(C=C)
3 10.4 11.81 25a"" o
12 1 8.53 9.22 39a" Lp(S)/n(C=C)
() 2 9.08 9.81 382’ M(C=C)/Lp(S)/n(C=C(CN),)
3 9.95 10.59 37a" n(C=CCN,)/n(C=N)/n(C=C)
4 10.8 11.80 36a" Lpy(S)
18 1 9.1 9.96 S54a 1(C=N)
() 2 9.8 10.91 53a Lpo(N)

[l £, in a.u. (see Experimental section). — [Pl The assignments represent the major NBO contributions in the CMOs.
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Figure 9. Correlation diagram of the first ionization energies, I,;,
of 9—12, 18 and 19 (Figures 1 and 2).

Lp.(S) NBOs interact and split (TB2), as seen for 8 (vide
supra) and 20.21 However, the n(C=N—-0) level is only
slightly stabilized, as in 9. This again indicates that its inter-
action with either of the Lp,(S)/n(C=C) linear combina-
tions is very small. As observed for the Lp,(O)s of 6—8, the
Lps(N)s of 9 and 10 do not interact with the
H,.—C—C—-H,. PCMO, but are strongly destabilized by
interaction with the o(C—CN) PCMO (TB3, Figure 12).
The admixture of the o(C—CN) PCMO may also account
for the broad Lps(N) bands in the PE spectra of 9 and
10 (Figure 8).27]

The interaction diagrams for the dicyanomethylidene de-
rivatives 11 and 12 again show that TS interactions between
all m-like NBOs and PCMOs are negligible (TS, Fig-
ure 13).31 TB interactions of each of the units with the
eight H,.—C—C—H,. NBOs and also, for 11, with the ter-

2636

-8 1 2 -8.10
826
' -8.57
= =884 Lomo: 16b,
5 /
2 9 /003 008
i [ a2
948!/ TR 039 940 Li6Mo.1: 16a
me=0) . —=/ -9.62 ’
7(C=CHy) 873/ -9.71_...—== HOMO-2: 15b,
-10

TS TB1 TB2 TB3 CMO

Figure 10. TS/TB interaction diagram (RHF/6—31G* NBO ana-
lysis) for 2. TS: self-energy of the m-NBOs after TS interaction;
TBI: energy of each n-NBO after interaction with the o-orbitals
(H,x—C—C—H,, PCMOs); TB2: energy after simultaneous inter-
action of the n—NBOs with the H,,—C—C—H,, PCMOs; TB3:
TB2 + interaction with anti-bonding H,,—C—C—H,, PCMOs;
CMO: energy of the CMOs.

minal C—H,, NBOs destabilizes the n(C=C) NBOs, posi-
tioning them above the n(C=C(CN),) PCMOs, but below
the Lp.(S) level in the case of 12 (TB1 step). Upon simul-
taneous interaction of the n-NBOs and PCMOs with the
available skeletal PCMO (TB2), the upper and lower levels
repel each other. Although the PCMO sequence is now sim-
ilar to that of the CMOs, the CMO energy differences are
approximately twice as large. Upon admixture of the appro-
priate anti-bonding orbitals of all interacting fragments, the
CMO energy differences are almost reproduced (TB3).

Conclusions

He! PES measurements and RHF/6—31G* calculations
using Koopmans’ theorem in combination with RHF/
6—31G*/NBO analyses of the functionalized bicyclohexyl-
idenes 1—12 and functionalized bicyclohexyl derivative 18,

Eur. J. Org. Chem. 2000, 2629—2641
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of Figure 10; TB3: TB2 + interaction with the two 6(C—CO) PCMOs and the C—H,, NBOs nearest to the C=0 moieties. TB4: TB3

+ all corresponding anti-bonding orbitals.

show that, in the case of 1—4, 8, 10 and 11—12, ground-
state TB electronic interactions occur between m-type or-
bitals in the functional groups and the n(C=C) orbitals.
The TB interactions are relayed through the
H,.—C—C—H,, c-orbitals of the cyclohexyl-like moieties.

Upon going from 1 to 3, TB interaction between n(C=C)
and terminal ©(C=CH,) or n(C=C(CHj;),) units increases
because of the smaller energy difference between the inter-
acting units in 3. Whereas, in the case of 2, the two linear
combinations of the terminal ©(C=CH,) orbitals are split
by Al,; 0.30eV (A—g; 0.22 V), this splitting increases for

Eur. J. Org. Chem. 2000, 2629—2641

structurally related 4 (A—g; 0.41 eV). This is attributed to
the improved energy matching of the m-orbitals in 4, with
respect to 2. As a consequence of the large energy separa-
tion between the n(C=0) and n(C=C) orbitals, TB interac-
tions are absent in the cases of 6—8. Similar results are
found for the oximes 9 and 10. Ketone 8 and oxime 10
notwithstanding, TB interaction between the n(C=C) and
the 3p-sulfur lone pair [Lp.(S)] orbitals has been unequi-
vocally identified. In both cases, these interactions resemble
that previously found for 20.1?! For 11 and 12, TB interac-
tion is discernible between the t(C=C(CN),) and n(C=C)
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Figure 12. TS/TB interaction diagram (RHF/6—31G* NBO analysis) of 9 and 10. For the meaning of TS, TB1, TB2 and CMO see
legend of Figure 10. TB3: TB2 + additional NBOs indicated in the Figure.

orbitals, further modified in the case of 12 by coupling with
the 3p-sulfur lone pair [Lp(S)].
Experimental Section

Analytical Techniques: Melting points (uncorrected) were deter-
mined using a Mettler FP5/FP51 apparatus. — NMR: spectra were
recorded on a Bruker AC 300 ('H 300.133 MHz and !°C

2638

75.47 MHz) spectrometer in CDCl; unless stated otherwise; chem-
ical shifts are reported downfield from internal TMS. — IR meas-
urements were performed on powder samples diluted with KBr us-
ing a Mattson FT-IR 2000 spectrometer equipped with a diffuse
reflectance accessory. — Elemental analyses were performed by
Dornis & Kolbe, Microanalytisches Laboratorium, Miilheim a.d.
Ruhr, Germany. Dry THF and CH,Cl, were prepared by distilla-
tion from Na and CaCl,, respectively. DMSO was dried with
3-A molecular sieves and deoxygenated by three consecutive freeze-
thaw cycles.

Eur. J. Org. Chem. 2000, 2629—2641
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4-Methylidene-1,1'-bicyclohexylidene (1): Compound 1 was pre-
pared by addition of 6 (6.40 g, 0.04 mol) to a solution of NaH
(0.86 g, 0.04 mol, washed with n-pentane) and triphenylmethylpho-
sphonium bromide (98%, 12.9 g, 0.04 mol) in dry, deoxygenated
DMSO. The reaction mixture was stirred at 50 °C overnight. After
cooling to room temperature, the reaction was terminated by addi-
tion of H,O (200 mL). Extraction of the reaction mixture with n-
pentane (5 X 50 mL), followed by drying of the combined organic
layers (Na,SOy), filtration over charcoal and removal of the solvent
by evaporation in vacuo afforded crude 1 (6.12 g, 95%). A sample
(2.33 g) was purified by recrystallization from hot MeOH (50 mL),
followed by sublimation (0.005 Torr, 40 °C): Yield 90%; m.p. 53.9
°C. — 'TH NMR: 8 = 1.56 (m, 6 H), 2.13—2.28 (m, 12 H), 4.64 (s,
2 H). — BC NMR: § = 27.2, 28.7, 30.3, 30.6, 36.3, 106.9, 127.6,
131.0, 149.7. — C3Hy: caled. C 88.57, H 11.43. found C 88.36,
H 11.32.

4,4'-Dimethylidene-1,1'-bicyclohexylidene (2): Following the pro-
cedure for 1, 71! (1.0 g, 5.20 mmol) was converted into 2 using
NaH (0.28 g 11.7 mmol, washed with n-pentane) and triphenylme-
thylphosphonium bromide (98%, 3.80 g, 10.6 mmol) in DMSO
(25 mL). Crude 2 (0.7 g, 3.7 mmol, 71%) was obtained as described
for 1 and purified by recrystallization from MeOH (10 mL, —20
°C), followed by sublimation (0.005 Torr, 80 °C): Yield 85%; m.p.
58.3 °C. — 'H NMR: § = 2.20 (m, 8 H), 2.28 (m, 8 H), 4.65 (s, 4
H). — 3C NMR: § = 30.8, 36.3, 107.1, 129.2, 149.3. — C4Hy:
caled. C 89.30, H 10.70. found C 89.18, H 10.64.

4-Isopropylidene-1,1'-bicyclohexylidene (3): Compound 6 (2.50 g,
14.0 mmol) was first converted into the B-hydroxy acid, 2-(1,1'-

Eur. J. Org. Chem. 2000, 2629—2641

bicyclohexlidene-4-yl)-2-hydroxypropanoic acid, by reaction with
isobutyric acid (1.23 g, 14.0 mmol), using LDA (3.0 g, 29.4 mmol)
in dry THF (60 mL) according to a procedure described else-
where.['l Overnight drying of the crude B-hydroxy acid, in a vacuum
desiccator over P,Os, gave material sufficiently pure for further use
(3.2 g, 12.0 mmol, 83%): 'H NMR: (5% [Dg]DMSO in CDCl5): § =
1.21 (2, 6 H), 1.41-1.58 (m, 8 H), 1.69 (m, 2 H), 2.10 (m, 2 H),
2.17 (m, 4 H), 2.54 (m, 2 H). — '3C NMR (5% [D¢]DMSO in
CDCly): § = 20.8, 24.1, 26.9, 28.3, 29.8, 33.0, 49.1, 74.0, 127.6,
129.5, 180.3.

The crude B-hydroxy acid (3.0 g, 11.3 mmol) was decarboxylated
and dehydrated using N, N-dimethylformamide dineopentyl acetal
(5.21 g, 22.6 mmol) in dry CH3CN (125 mL) according to a literat-
ure procedure,l'¥ yielding 3 (2.0 g, 9.8 mmol, 87%) as a white solid.
Sublimation (0.02 Torr, 80 °C) of a sample gave pure 3: m.p. 102.8
°C. — 'H NMR: § = 1.45-1.69 (m, 6 H), 1.66 (s, 6 H), 2.17 (m,
4 H), 2.23 (m, 8 H). — 3C NMR: § = 19.9, 27.2, 28.5, 28.9, 29.8,
30.1, 121.0, 127.8, 130.3, 131.0. — C;sHy,: caled. C 88.16, H 11.84.
found C 88.13, H 11.90.

4-|4-(Dicyanomethylidene)cyclohexylidene|tetrahydro-4 H-thiopyran

(12): A mixture of 4-(tetrahydro-4 H-thiopyran-4-ylidene)cyclohex-
anone (8,['* 0.58 g, 2.96 mmol), malonitrile (0.21 g, 3.18 mmol),
ammonium acetate (0.26, 3.34 mmol) and acetic acid (0.50 mL) in
C¢Hg was heated to reflux temperature in a Dean—Stark apparatus
until the theoretical amount of H,O had been collected (0.05 mL).
The reaction mixture was subsequently cooled to room temper-
ature, and poured into H,O saturated with NaHCOj3 (50 mL), after
which the layers were separated. The aqueous layer was extracted
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with CHCl; (3 X 50mL) and the combined organic fractions
washed with H,O (2 X 25 mL), dried with Na,SO, and evaporated
to dryness in vacuo, yielding crude 12 (0.50 g, 2.04 mmol, 69%).
Recrystallization from ethyl acetate gave pure product: Yield 52%;
m.p. 166 °C. — '"H NMR: § = 2.46 (m, 4 H), 2.58 (m, 4 H), 2.67
(m, 4 H), 2.75 (m, 4 H). — 3C NMR: § = 27.8, 30.4, 32.2, 34.2,
83.4 111.5, 125.4, 132.0, 184.0. — IR: v = 1587 [C=C(CN),], 2231
(C=N) em'. — C;4H4N,S: caled. C 68.82, H 6.60, N 11.46, S
13.12. found C 68.67, H 6.51, N 11.51.

1,1:4',1"":4"",1""'-Quatercyclohexylidene (4),['4! 4,4'-bis(cyclohexy-
lidene-1,1"-bicyclohexyl) (5),'3 1,1'-bicyclohexyliden-4-one (6),!'3!
1,1'-bicyclohexylidene-4,4'-dione (7),['a 4-(tetrahydro-4 H-thiopy-
ran-4-ylidene)cyclohexanone (8),['*  1,1’-bicyclohexyliden-4-one
oxime (9),['™ 4-(dicyanomethylidene)-1,1’-bicyclohexylidene (11)!!7)
and 4-cyclohexylcyclohexanone oxime (18)!'3] were all prepared us-
ing previously reported procedures.

He' Photoelectron Spectroscopy: The He' PE spectra were recorded
on a Perkin—Elmer PS 18 spectrometer at the following temper-
atures: 1, 34 °C; 2, 34 °C; 3, 70 °C; 4, 175 °C; 5, 175 °C. 6, 50 °C;
7, 105 °C; 8, 90 °C; 9, 100 °C; 10, 100 °C; 11, 120 °C; and 12,
160°C. The calibration was performed with Ar (15.76 and
15.94 eV) and Xe (12.13 and 13.44 eV). Resolution was 20 meV on
the 2P5), Ar line.

Ab initio Calculations: Compounds 1—12 and 18 were optimized
at the RHF/6—31G* level of theory using GAMESS-UK.?l The
optimized geometries were characterized as genuine minima by
Hessian calculations [Cy: anti-1 (Eqo; —503.911529 a.u.), anti-3 (E
—581.977646 a.u.), anti-6 (E,, —539.762716 a.u.), anti-8 (E
—898.234572 a.u.), anti-11 (E, —687.378761 a.u.), anti-12 (E
—1045.849979 a.u.) and Cy;: anti-2 (E.o —541.758209 a.u.), antil-
antilanti-4  (Ey;  —929.778393 a.u.), antilantilanti-5  (Eiot
—930.965436 a.u.), anti-7, chair-chair (E,,; —613.459520 a.u.), C;:
twist-boat-T (E.o —613.455067 a.u.), Cy: anti-9 (E, —594.725697
a.u.), anti-10 (Eo —953.197876 a.u.) and anti-18 (E,,; —595.912171
a.u.)]. NBO analyses were performed using the NBO 3.0 pro-
gramP3 as implemented in GAMESS-UK.[*?l Pertinent data
(optimized geometries) are available upon request from L. W. J.
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