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The ground state σ–π and π–π* interactions in 2-[4-(1-phenylpiperidin-4-ylidene)cyclohexylidene]malononitrile (1)
and 2-[4-(1-phenylpiperidin-4-yl)cyclohexylidene]malononitrile (2) have been studied. Both the ionization potentials
of 1 and 2, and ab initio RHF/6-31G calculations in combination with a natural bond orbital analysis show that the
ground state through-bond interaction (TBI) between the 1-phenylpiperidine electron donor and the dicyanoethylene
electron acceptor in 1 and 2 is distinct but small. The olefinic bond in 1 enhances the interaction between the 1-phenyl-
piperidine electron donor and the dicyanoethylene electron acceptor as compared to 2. The TBI between the N,N-dialkyl-
anilino donor and the olefinic bond in 1 can be modulated by rotation of the phenyl group around the C–N bond.
The solid state structures of 1 and 2 have been determined by single crystal X-ray diffraction. In the crystal
intermolecular electron-donor–acceptor complexes are formed, which give rise to an intermolecular charge
transfer absorption in the solid state.

Introduction
The process of (photoinduced) electron transfer forms the
basis of an important and still expanding field of research. It
is of fundamental interest in photosynthesis and molecular
electronics.1 Much insight has been gained by the experimental
and theoretical study of (electron donor)–bridge–(electron
acceptor) or D–B–A compounds 2 with saturated hydrocarbon
bridges. An important role in the electron transfer process is
reserved for the bridge. Hence, the development of bridges with
optimized coupling between the functionalities is topical.3

One type of bridge that has been used 4 is based upon the
oligo(cyclohexane-1,4-diylidene) skeleton, frequently dubbed
oligo(cyclohexylidenes). Oligo(cyclohexane-1,4-diylidene)s are
semi-rigid and possess an extended, rod-like geometry in which
the cyclohexane-type rings adopt a chair-like geometry. Their
length can be incremented in steps of about 4.1 Å. End-
functionalized oligo(cyclohexane-1,4-diylidene)s 5 have been
shown to be suitable as molecular building blocks for use in
supramolecular assemblies like Langmuir–Blodgett mono- and
multilayers transferred to silicon (100) surfaces 6 and non-

† Electronic supplementary information (ESI) available: photoelectron
spectra of 8 and 5 (Fig. 1S and 2S) and NBO interaction diagrams for 5
(C1) (Fig. 3S), 1 (CS) (Fig. 4S), 1 ⊥ (CS) (Fig, 5S), 1 ax (CS) (Fig. 6S), 2
eq (Fig. 7S) and 2 ⊥ (CS) (Fig. 8S). See http://www.rsc.org/suppdata/p2/
b1/b102410h/

covalent polymers.7 Self-assembled monolayers of sulfide end-
functionalized oligo(cyclohexane-1,4-diylidene) derivatives
have recently been used as rigid spacers in a study of photo-
induced electron transfer between CdSe quantum dots and a
gold surface.8

An interesting property of oligo(cyclohexane-1,4-diylidene)s
is their alternating σ–π topology. It has been shown by photo-
electron spectroscopy (PES) in combination with ab initio cal-
culations that significant ground state through-bond electronic
interactions occur between α and ω substituents of appropri-
ately α,ω-substituted oligo(cyclohexane-1,4-diylidene)s (Chart
1) 9 while in the corresponding α,ω-substituted bi(cyclohexyl)s

they are very small.10 Thus, it is expected that the presence of an
olefinic bond in the saturated hydrocarbon bridge enlarges the
ground state interaction between D and A which in turn
promotes the coupling between the D–B–A and D��–B–A��

states, thus affecting the rate constants of (photoinduced)
charge separation and recombination processes. Therefore, it is

Chart 1 α,ω-Substituted bi(cyclohexylidene)s (a) and bi(cyclohexyl)s
(b).
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Table 1 Crystallographic data for 1 and 2

Compound 1 2

Formula C20H21N3 C20H23N3

Mr 303.40 305.41
Crystal system Monoclinic Monoclinic
Space group P21/m (No. 11) P21/m (No. 11)
Z 2 2
a/Å 7.0681(12) 7.0137(10)
b/Å 11.9013(12) 11.941(2)
c/Å 9.3556(12) 9.6449(17)
β/� 90.931(7) 92.286(11)
V/Å3 786.89(19) 807.1(2)
T /K 125 150
Dcalc./g cm�3 1.281 1.257
µcalc./mm�1 (Mo-Kα) 0.08 0.08
Measured refl. 4846 4551
Independent refl., Rint 1871, 0.0384 1724, 0.0446
Ra 0.0396 [1492 I > 2σ(I )] 0.0545 [1346 I > 2σ(I )]
wR2b 0.1112 0.1277
GoF 1.047 0.954

a R = Σ||Fo| � |Fc||/Σ|Fo|. b wR2 = [Σ[w(Fo
2 � Fc

2)2]/Σ[w(Fo
2)2]]½.

Chart 2 Compounds under investigation.

of interest to study the possible occurrence of ground state
interactions in the corresponding donor–acceptor molecules 1
and 2 (Chart 2). In these molecules the anilino moiety acts as an
electron donor and the dicyanoethylene moiety as an electron
acceptor. Upon excitation the formation of a charge separated
state was detected for both molecules.4a Interestingly, it was
found that the rate of charge recombination in 1 was about a
factor of 20 higher than in 2 which was thought to be the result
of a significantly enlarged electronic coupling between D–B–A
and D��–B–A�� in 1.

Although in the excited state the effect of the presence of a
double bond is thus manifest, the role of the double bond in the
ground state is not clear. In this study the occurrence of ground
state electronic interaction between the chromophores in 1 and
2 is evaluated experimentally in the solid state and in the gas
phase using single crystal X-ray diffraction, electronic absorp-
tion spectroscopy and photoelectron spectroscopy in combin-
ation with natural bond orbital (NBO) analyses, respectively.

Results and discussion

Single crystal X-ray structures of 1 and 2

The molecular structures of 1 and 2 were determined by single
crystal X-ray diffraction. Both crystallize in the P21/m space
group and their crystal data are given in Table 1. ORTEP repre-
sentations of 1 and 2 are shown in Fig. 1 and salient structural
data (bond lengths, valence angles) are presented in Tables 2
and 3. In addition the structures of 1 and 2 were optimized at
the RHF/6–31G level of theory (see below and also Tables 2
and 3). A satisfactory agreement was obtained between the
X-ray and calculated data.

In both 1 and 2 the cyclohexane-type rings adopt a chair-type

conformation ‡ 11 as was earlier found for 4-(1-phenylpiperidin-4-
ylidene)cyclohexanone (6),12 an analogue of 1, which contains a
carbonyl moiety instead of the dicyanoethylene acceptor.
Although the phenyl group in 1 and 2 (as well as in 6) adopts an
equatorial orientation, it should be noted, that for the related
compound 3 the phenyl group has been found to occupy an
axial orientation.13 Initially this was thought to be the con-
sequence of a stabilization in the solid state of this conformer
due to optimal TBI between donor and acceptor.13 Ogawa et
al.,14 however, concluded that the preferred geometry around
the N atom in N-arylpiperidines in the solid state is primarily
determined by intermolecular interactions.

Fig. 1 ORTEP drawings of the X-ray structures of 1 and 2 made with
PLATON.18 Displacement ellipsoids at the 50% probability level are
shown.

‡ Cremer and Pople 11 parameters θ found for 1 are: 5.1(1)� [N(5)–C(6)]
and 7.2(1)� [C(9)–C(12)]. For 2 these are 3.3(2)� [N(5)–C(8)] and 16.3�
[C(9)–C(12)]. A perfect chair conformation has θ = 0�.
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Table 2 Selected bond lengths (Å) in 1 and 2 in the crystal structures and their Cs symmetry optimized RHF/6-31G geometries. Values correspond-
ing to comparable bond lengths in the two structures of 6 (both C1 symmetry) are also given

 1 2
6 A 6 B

Bond Crystal Calc. Crystal Calc. Crystal Crystal

C(1)–C(2) 1.3832(13) 1.3847 1.388(2) 1.3846 1.373(4); 1.381(4) 1.375(4); 1.373(4)
C(2)–C(3) 1.3909(15) 1.3853 1.389(2) 1.3853 1.374(4); 1.375(4) 1.383(3); 1.381(4)
C(3)–C(4) 1.4072(13) 1.4033 1.408(2) 1.4035 1.398(3); 1.403(4) 1.398(3); 1.403(3)
C(4)–N(5) 1.4072(18) 1.4095 1.410(3) 1.4088 1.413(3) 1.413(3)
N(5)–C(6) 1.4659(12) 1.4609 1.466(2) 1.4602 1.465(3); 1.460(3) 1.462(3); 1.459(3)
C(6)–C(7) 1.5319(15) 1.5344 1.529(2) 1.5287 1.513(3); 1.512(3) 1.517(3); 1.521(3)
C(7)–C(8) 1.5100(13) 1.5108 1.528(2) 1.5350 1.513(3); 1.504(3) 1.509(3); 1.507(4)
C(8)–C(9) 1.3450(19) 1.3351 1.541(3) 1.5501 1.327(3) 1.335(3)
C(9)–C(10) 1.5103(13) 1.5169 1.525(2) 1.5414 1.506(3); 1.517(4) 1.506(4); 1.514(3)
C(10)–C(11) 1.5523(15) 1.5475 1.540(2) 1.5419 1.529(4); 1.519(4) 1.527(4); 1.529(4)
C(11)–C(12) 1.4958(13) 1.5048 1.496(2) 1.5033 1.503(4); 1.488(4) 1.504(4); 1.492(4)
C(12)–C(13) 1.358(2) 1.3456 1.355(3) 1.3452   
C(13)–C(14) 1.4414(13) 1.4339 1.437(2) 1.4338   
C(14)–N(15) 1.1476(14) 1.1474 1.150(2) 1.1474   

Table 3 Selected bond angles (�) in the crystal structures of 1 and 2 and in their Cs symmetry optimized RHF/6-31G geometries. Values correspond-
ing to comparable angles in the two structures of 6 are also given

 1 2
6 A 6 B

Bond angle Crystal Calc. Crystal Calc. Crystal Crystal

C(1)–C(2)–C(3) 121.17(10) 121.27 121.02(19) 121.28 120.9(2); 120.6(2) 121.4(2); 121.0(2)
C(2)–C(1)–C(2)A 118.53(12) 118.05 118.5(2) 118.03 119.0(2) 118.5(2)
C(2)–C(3)–C(4) 121.09(10) 121.37 121.35(17) 121.40 121.2(2); 121.1(2) 120.9(2); 121.2(2)
C(3)–C(4)–C(3)A 116.93(11) 116.66 116.79(17) 116.61 117.0(2) 116.8(2)
C(3)–C(4)–N(5) 121.47(6) 121.67 121.55(10) 121.69 120.2(2); 122.7(2) 120.8(2); 122.3(2)
C(4)–N(5)–C(6) 118.93(6) 119.59 117.15(11) 119.82 116.06(18); 118.05(19) 117.62(18); 117.95(19)
C(6)–N(5)–C(6)A 111.96(9) 112.44 113.15(16) 113.78 110.99(17) 111.29(17)
C(6)–C(7)–C(8) 113.15(9) 111.74 113.14(15) 112.90 112.1(2); 114.0(2) 113.7(2); 112.9(2)
C(7)–C(8)–C(7)A 111.00(10) 108.56 107.17(15) 106.92 110.68(19) 110.9(2)
C(7)–C(8)–C(9) 124.47(6) 125.72 112.02(11) 112.65 123.8(2); 125.5(2) 124.4(2); 124.6(2)
C(8)–C(9)–C(10) 124.49(6) 124.68 112.85(11) 111.97 125.4(2); 123.8(2) 124.6(2); 124.4(2)
C(9)–C(10)–C(11) 110.58(9) 111.60 111.55(14) 112.93 111.1(2); 112.3(2) 110.7(2); 111.5(2)
C(10)–C(9)–C(10)A 110.95(10) 110.64 108.09(15) 109.15 110.8(2) 111.0(2)
C(10)–C(11)–C(12) 110.62(9) 110.89 113.08(15) 111.00 111.9(2); 111.7(2) 111.8(2); 111.3(2)
C(11)–C(12)–C(11)A 116.11(11) 114.17 116.87(16) 113.61 114.7(2) 114.5(2)
C(11)–C(12)–C(13) 121.93(6) 122.91 121.49(9) 123.19   
C(12)–C(13)–C(14) 123.23(6) 122.23 122.89(9) 122.19   
C(13)–C(14)–N(15) 175.89(11) 179.55 176.57(17) 179.52   
C(14)–C(13)–C(14)A 113.52(11) 115.54 114.22(16) 115.61   
Σθi/� 349.82(12) 353.80 347.4(2) 353.42 345.1(3) 346.9(3)
τ/� 30.16(13) 23.89 34.1(2) 24.45 36.6(2) 34.3(2)

In order to compare the configuration of the piperidino
nitrogen atom for 1 and 2 two parameters are introduced which
describe the degree of pyramidalization;14 (1) the sum of the
bond angles around the N atom, Σθi, which should be ∼328.4�
for a purely tetragonal sp3 geometry and 360� for a purely tri-
gonal sp2 geometry, and (2) the angle τ, which is defined as the
angle between the plane through C(6), N(5) and C(6A) and the
N(5)–C(4) bond (Fig. 2). The angle τ is 0� for an sp2 nitrogen
atom and ∼60� for an sp3 nitrogen atom. From the values of Σθi

and τ it can be deduced that the degree of pyramidalization in
the crystal structures of 1, 2 and the two molecules found in the
structure of 6 is similar (Table 3).

A remarkable point in the crystal structures of 1 and 2 is their
molecular Cs symmetry, i.e. the phenyl group in these molecules
is not rotated around the C–N bond. Generally, the phenyl
group in N-phenylpiperidines is rotated around the C–N bond
by a twist angle θ (Fig. 2). For instance, using PES for
1-phenylpiperidine (7) in the gas phase a preferred twist angle
θ of 48� was inferred.15 The twist angles for the two crystal-
lographically independent molecules found in the unit cell of 6
are 17.4 and 26.5�, respectively.12 For comparison, the struc-
tures of 1 and 2 were optimized at the ab initio RHF/6-31G
level of theory with and without a Cs constraint. At this level of
theory the preferred twist angle θ is ∼42� (Table 4), which is in

accordance with the value found for 7 in the gas phase. Under
the constraint of Cs symmetry, the calculated structures for 1
(Cs) and 2 (Cs) are positioned only 2.4 and 2.5 kcal mol�1 higher
in energy, respectively. These geometries were characterized as
transition states for rotation around the phenyl C–N bond
[�67.4 cm�1 for 1 (Cs) and �78.7 cm�1 for 2 (Cs)]. The bond
lengths and valence angles of the Cs symmetric structures are in
satisfactory agreement with those found in the solid state
(Tables 2 and 3). An explanation for the presence of the ‘gas
phase’ transition state geometry in the solid state is provided by
the fact that the N,N-dialkylanilino moieties of 1 and 2 form
charge transfer (CT) complexes with the dicyanoethylene
groups of neighbouring molecules (see below).

The molecules in the crystal structures of 1 and 2 are
arranged in a head-to-tail fashion. In both cases the π system of
the dicyanoethylene moiety of one molecule and the dialkyl-
anilino unit of another molecule are positioned in a co-facial
arrangement (Fig. 3). Interestingly, these intermolecular CT
complexes are not present in the crystal structure of 6, where all
carbonyl moieties are stacked above each other and are accom-
panied by hydrogen bonds with axial hydrogen atoms.12 The
stabilizing interaction 16 due to the formation of the complexes
probably accounts for the difference in packing from that
observed for 6. The packing of 1 and 2 (both containing one
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Table 4 Values for Σθi, θ, relative total energies Erel (kcal mol�1) and orbital energies �εj of the RHF/6-31G optimized geometries of (conformers
of ) 1, 2, 4, 5, 7, 8, 9, 10 and 11. The energy of the lowest energy conformer was set to zero

     �εj/eV

Compound Symmetry Σθi/� θ/� Erel Lp–πar πc πar πar–Lp πacc σ

1 C1 351.22 42.33 0 8.14 9.40 9.26 10.78 10.40 12.07
1 Cs 353.80 0 2.4 7.77 9.46 9.22 11.25 10.45 12.08
1 ⊥ Cs 347.16 90 0.9 9.14 (πar) 9.23 9.30 9.78 (Lp) 10.40 12.01
1 ax Cs 356.46 0 3.0 7.60 9.49 9.25 11.33 10.43 12.09
2 C1 350.85 41.74 0 8.08  9.23 10.60 10.28 11.95
2 Cs 353.42 0 2.5 7.71  9.18 11.08 10.31 11.95
2 ⊥ Cs 346.03 90 0.8 9.09 (πar)  9.26 9.56 (Lp) 10.26 11.89
2 ax Cs 356.16 0 2.8 7.57  9.20 11.00 10.30 11.98
4 C1 351.36 41.73 0 7.79 8.66 9.02 10.42  11.14
5 C1 351.50 40.90 0 7.79 8.73 9.02 10.45  11.68
5 Cs 353.65 0 2.2 7.46 8.81 8.97 10.90  11.70
7 C1 351.36 41.98 0 7.81  9.01 10.31  12.09
8 C1 350.70 40.69 0 7.79  9.01 10.30  11.04
9 21b C2h     8.48    10.89

10 C1     8.45    11.25
11 Cs     9.26   10.36 11.71

crystallographic independent molecule) is more efficient than in
that of 6 (containing two independent molecules) as indicated
by the packing coefficient k (calculated according to Kitaigor-
odskii 17 using the VOID option of PLATON 18) which amounts

Fig. 2 (a) Definition of the angle τ. (b) Graphical representation of
the twist angle θ as the angle between planes a and b in an N,N-
dialkylaniline. Plane a is the plane perpendicular to the benzene ring
and through the C(4)–N(5) bond. Plane b is the plane through the same
C–N bond and through the axis of the lone pair on nitrogen. (c)
Newman projections along the C(11)–C(12) bond for different signs of
the value of Θ, which is defined 13 as Θ = (α � β) � 180.

Fig. 3 Stacking of four molecules of 1 in the unit cell. The view is
perpendicular to a plane through C(1), C(3) and C(3A). Hydrogen
atoms are omitted for clarity.

to 0.729 and 0.723 for 1 and 2 respectively, while for 6 a lower
value of 0.686 is found. The closest distance between the two
co-facial π systems in the structures of 1 and 2, taken as the
distance between the atoms C(1) and C(12), is 3.455(2) Å for 1
and 3.560(4) Å for 2. The distances between atoms C(3) and
C(14) amount to 3.6983(16) Å and 3.841(2) Å for 1 and 2,
respectively. As indicated by these distances, the π complex of 1
is stronger than that of 2.

Solid state UV–Vis absorption spectroscopy

Solid-state UV–Vis diffuse reflectance spectra were recorded of
1, 2, 1-phenyl-4-cyclohexylpiperidine (8) and 2-[1,1�-bi(cyclo-
hexyliden)-4-ylidene]malononitrile (11) dispersed in solid KBr.
The spectra are presented in Fig. 4 along with solution spectra
of 1 and 2 in cyclohexane. In addition to all absorption bands
found in the solution spectra, in the solid state 1 and 2 exhibit
an additional absorption tail above 350 nm, which is present
neither for 8 and 11 in the solid state nor for 2 in solution. These
tails visible in the case of 1 and 2 in the solid state are likely to
stem from an intermolecular CT absorption and demonstrate
the occurrence of intermolecular CT interactions in the solid
state (Fig. 3).

A close inspection of the spectra in Fig. 4 reveals that the
CT absorption in 1 is more intense and slightly red-shifted as
compared to that found for 2. This is expected on account of
the closer (intermolecular) proximity of the donor and acceptor
in 1 in comparison to 2 in the solid state (see above). A

Fig. 4 Solid state UV–Vis absorption spectra (solid lines) of
dispersions of 1, 2, 8 and 11 in KBr (ordinate in Kubelka Munk units)
together with solution spectra 4a (dotted lines) of 1 and 2 in
cyclohexane.
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contribution of an intramolecular absorption to the spectrum
of 1 can however not be excluded. Interestingly, 1 exhibits a
(very) weak absorption band in cyclohexane solution (esti-
mated maximum at ca. 300 nm) extending to 350 nm. This
absorption is neither present in the spectrum of 11 nor in that
of 4 and is attributed to an intramolecular transition involv-
ing charge transfer from the dialkylanilino donor to the
dicyanoethylene acceptor.19 For 2 such an intramolecular CT
absorption is absent.

The fact that in the solid state a CT absorption is found for 2
which is absent in solution, suggests that intermolecular
through-space (TS) orbital interactions between the donor and
acceptor moieties in the crystals of 1 and 2 are much larger than
the intramolecular interaction between donor and acceptor.
Hence in the solid state the orbital interactions in the case of
1 and 2 are primarily of an intermolecular nature and hamper
the detection of possible weak intramolecular interactions
mediated by the hydrocarbon bridge.

Photoelectron spectroscopy of 1 and 2

To gain insight into the occurrence of possible weak inter-
actions we focussed our attention on PES and ab initio
quantum chemical calculations. By a combination of these
methods it has been shown that in α,ω-bifunctionalized
oligo(cyclohexane-1,4-diylidene)s sizable electronic interactions
between the α and ω substituents and part of the cyclohexane
based orbitals mediated by the central olefinic bond can be
present.9a,10 This occurs in particular when the interacting
orbitals of the functionalities and the central olefinic bond of
the bridge possess similar self-energies and then only when they
belong to the same irreducible representation. To probe the
occurrence of ground state TB or TS orbital interactions
between the chromophores in 1 and 2 in the gas phase, a He (I)
PES study was performed.

The He (I) photoelectron (PE) spectra are analysed using the
following procedure. Firstly, the observed PE bands of 1, 4, 5,
and 8 are correlated with those of model compounds. Secondly,
the experimental vertical ionization potentials Iv, j are correlated
with ab initio molecular orbital energies using Koopmans’
theorem (Iv, j = �εj).

20 The TB and TS orbital interactions
between the chromophores are subsequently assessed by means
of natural bond orbital (NBO) analyses.

Selected geometrical data on the optimized geometries of 1,
4, 5, 8 and some model compounds are given in Table 4. The Iv, j

Table 5 Vertical ionization energies Iv,j from PES, RHF/6-31G orbital
energies �εj and assignments for 1, 4, 5 and 8

Compound Band (j) Iv,j/eV �εj/eV Assignment

1 (C1) 1 7.6 8.14 81a πar–Lp

 2 8.9a 9.26 80a πar–πc

3 9.40 79a πc–πar–πacc

 4 9.8a 10.40 78a πacc–πc–Lp
5 10.78 77a πar–Lp

 6 10.4 12.07 76a σ
 7 — 13.03 75a σ
4 (C1) 1 7.4 7.79 66a πar–Lp
 2 8.3 8.66 65a πc

 3 8.9 9.02 64a πar

 4 9.8a 10.42 63a Lp–πar

5 11.14 62a σ
5(C1) 1 7.5 7.79 55a πar–Lp
 2 8.3 8.73 54a πc

 3 8.9 9.02 53a πar

 4 9.6 10.45 52a Lp–πar

 5 10.4 11.68 51a σ
8 (C1) 1 7.36 7.79 67a πar–Lp
 2 8.97 9.01 66a πar

 3 — 10.30 65a Lp–πar

 4 — 11.04 64a σ
a Overlap of bands. 

values for 1, 4, 5 and 8 are given in Table 5 together with RHF/
6-31G orbital energies �εj and their assignments. § 21 Unfortu-
nately, due to its low vapour pressure the PE spectrum of 2
could not be recorded. In the PE spectrum of 8 (Supplementary
Data, Fig. 1S) the two bands with lowest energy can be associ-
ated with the first two bands found in the PE spectrum of
1-phenylpiperidine (7), for which three bands positioned at
7.72, 9.09 and 9.72 eV were found.15 The first and third bands
of 7 were assigned to the two linear combinations of one of the
two degenerate π(e1g) HOMO’s of benzene with the nitrogen
lone pair Lp (Lp–πar and πar–Lp). ¶ 22 The second band was
assigned to the benzene π(e1g) MO with a nodal plane running
through nitrogen. The third band of 8, associated with the πar–
Lp MO, overlaps with one or more bands associated with
‘ribbon-type’ 23 σ MO’s of the saturated hydrocarbon skeleton.
These MO’s are positioned at higher energy than those of 7 due
to the larger extension of the saturated hydrocarbon skeleton.23b

The PE spectrum of 4 is depicted in Fig. 5. The double bond
πc in 4 does not significantly influence the position of the two
lowest energy bands of the N,N-dialkylaniline chromophore.
Its Iv,j value (8.3 eV) is shifted to higher energy by 0.1(4) eV
(calculated shift: 0.18 eV, Table 4) as compared to its position 9a

in bi(cyclohexylidene) (9, 8.16 eV). As shown below, the NBO
analysis of 4 shows that this can be attributed to an inductive
shift. || The broad band at 9.8 eV is associated with the over-
lapping bands belonging to ribbon σ MO’s and the πar–Lp MO.
For 9 the highest energy ribbon MO-type band is positioned at
9.80 eV,9a also well separated from the σ manifold. The PE
spectrum of 5 (Supplementary Data, Fig. 2S), which has a
smaller hydrocarbon skeleton so that the σ ribbon MO is
located at lower energy (Iv,j = 10.4 eV) and does not overlap
anymore with the Lp–πar band (Iv,j = 9.6 eV), supports this
assignment. A comparison with the Iv,j values of 7 (see above)
and isopropylidenecyclohexane (10), for which a value of 8.34
eV for the Iv,j of the double bond has been reported,24 suggests
that for 5, as for 4, interactions between the N,N-dialkylanilino
chromophore and the double bond are small.

The PE spectrum of 1 is shown in Fig. 6. The very broad band
at 7.6 eV (πar–Lp MO) is shifted to higher energy in comparison
with the same band in 4 and 5 by 0.2 eV due to an inductive

Fig. 5 Photoelectron spectrum of 4.

§ In previous papers we have shown that RHF/6-31G 21a calculations
give a good description of the energies and order of valence occupied
molecular orbitals of bi(cyclohexylidene) 21b,c and various end-
functionalized derivatives.9a,10 Re-optimization at the RHF/6-31G* or
RHF/6-311G** levels of theory gave nearly identical results for the
energies and order of the occupied valence molecular orbitals.
¶ The splitting between these two bands has been used to assess the
resonance interaction between the lone pair on nitrogen and the π-
electrons on the phenyl ring.15,22

|| The ionization energy of the σ skeleton will shift by �0.1(4) eV,
which is difficult to observe because of band overlap.
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shift (calculated shift: 0.35 eV).** The broad band at 8.9 eV is
composed of two peaks, one presumably of the double bond
and one of the πar MO of the N,N-dialkylanilino moiety.
Between 9.5 and 10.8 eV three bands are expected on the basis
of the calculations and correlation with related compounds (4,
5, 11). The band (6) at 10.4 eV is associated with ribbon type
σ MO’s by correlation with corresponding bands in 5 (10.4 eV)
and 11 10 (10.3 eV). The bands expected for the πar–Lp MO and
the π(C��C(CN)2) MO overlap considerably around 10 eV.
Nevertheless, on the basis of the 7.6 eV and broad 8.9 eV bands
(the latter consisting of two superimposed bands), it can be
concluded that the PE spectrum of 1 is virtually a superposition
of those of 7 and 11. Hence, supported by the PE measure-
ments and calculations it is concluded that TBI between these
two parts of the molecule is very small.

NBO analyses

The occurrence of TB and TS interactions in 1, 2 and 4 was
probed by means of NBO analyses using the definition of TBI
given by Hoffmann.25 To determine the interaction between
(localized) chromophores, the RHF/6-31G wavefunctions were
subjected to a Weinhold natural bond orbital (NBO) localiz-
ation procedure.26 The canonical molecular orbitals (CMO’s)
were transformed into an orthonormal set of localized NBO’s,
which represent formal core s orbitals, σ, σ*, π and π* orbitals,
lone pairs and Rydberg orbitals. The contribution of an NBO
or a set of NBO’s forming a precanonical MO (PCMO) to the
energy of the CMO’s can then be evaluated.

It has been found previously 9a,10 that in α,ω-end-function-
alized oligo(cyclohexane-1,4-diylidene)s with π type function-
alities, the main contribution of TB interaction is mediated by
the Hax–C–C–Hax PCMO’s in between the two π systems. The
compounds on which this conclusion was based were more
symmetrical (C2h) than the compounds under study here. Due
to this lack of symmetry the contribution to TBI of NBO’s
other than those present in the Hax–C–C–Hax PCMO’s is
enlarged. Therefore it is not straightforward anymore to select a
subset of NBO’s responsible for TBI and we choose to use
all NBO’s in order to be able to compare the affects of TBI
independently of the chosen set.

NBO analysis of 4. In Fig. 7 the NBO interaction diagram of
4 is shown. In step 1 the highest energy levels of the phenyl
π system PCMO’s (πar: �8.90 and �9.01 eV), the self-energy of

Fig. 6 Photoelectron spectrum of 1.

** It is known that as a consequence of the introduction of a dicyano-
ethylene moiety the ionization potential of the olefinic bond in 11 is
inductively raised by ca. 0.6 eV compared to 9.10 Calculations presented
in ref. 10 indicate, however, that a substantial amount of TBI is present
in 11, probably contributing to the 0.6 eV shift.

the olefinic π NBO (πc: �9.44 eV) and the self-energy of the
nitrogen lone pair NBO (Lp: �10.25 eV) are shown. In step 2
interactions between the nitrogen lone pair and the phenyl
π system are allowed, giving the two linear combinations πar–Lp
and Lp–πar. When the πc NBO and the N-phenyl π system are
allowed to interact mutually, the energy levels do not change,
leading to the conclusion that TS interaction is negligible.27

In step 3, the πc NBO and the N-phenyl π system are both
allowed, albeit independently, to interact with all bonding C–C,
C–N and C–H σ NBO’s. This strongly destabilizes all PCMO’s,
with the exception of the πar PCMO due to its nodal character.

In step 4 a simultaneous interaction between the πc NBO, the
N-phenyl π system PCMO’s and the aforementioned σ orbitals
is allowed. A small TB interaction between the chromophores is
present, destabilizing the πar–Lp PCMO by 0.03 eV, while
stabilizing the levels of the πc NBO and the Lp–πar PCMO by
0.02 and 0.05 eV, respectively. This minute TB interaction is
mainly relayed by the Hax–C–C–Hax PCMO’s in between the
two π systems.

In order to test whether the TB interactions found in going
from step 3 to step 4 are affected by addition of antibonding
and Rydberg NBO’s steps 3 and 4 were repeated in steps 5 and 6
with an enlarged set of NBO’s comprising also the mentioned
antibonding and Rydberg NBO’s. The results show that the
influence of the antibonding and Rydberg NBO’s in mediating
TBI is negligible since the changes in the energy levels remain
the same.

One should realize that the energy of the πc level in 4 is not
indicative of the occurrence of TBI. Whereas the πc level is
lowered in energy by TBI with the πar–Lp level, it can be raised
by TBI with the Lp–πar level. Hence, to probe possible TB
interactions involving πc the change in energy of the πar–Lp and
Lp–πar levels should be monitored. Indeed a weak TBI between
the N-phenyl π system and πc is present [∆E(πar–Lp) = 0.03eV;
∆E(Lp–πar) = �0.05 eV]. However, the overall effect on the
πc CMO energy [∆E(πc) = �0.02 eV] is insignificant with respect
to the difference of 0.18 eV between the CMO energy of πc in 9
and 4, which thus predominantly arises from an inductive
shift (Tables 4 and 5). A similar MO interaction diagram
was obtained for 1-phenyl-4-(isopropylidene)piperidine (5)
(Supplementary Data, Fig. 3S).

NBO analysis of 1. The NBO interaction scheme for 1 (C1

symmetry) is depicted in Fig. 8. In addition to the levels already
present in 4, the πacc level due to the π system of the dicyano-
ethylene acceptor is present. Step 2 allows the interaction

Fig. 7 TS–TB interaction diagram (RHF/6-31G NBO analysis) of 4.
For a description of the steps: see text.
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between the phenyl π system and the lone pair on nitrogen (Lp).
As expected TS interaction between the anilino group, πc

and πacc was found to be negligible. Step 3 shows to what extent
the π systems interact with the σ NBO’s of the hydrocarbon
skeleton. In step 4 TB interaction between all π systems is
allowed. The Lp–πar PCMO and the πacc PCMO are slightly
stabilized [∆E(Lp–πar) = �0.07 eV; ∆E(πacc) = �0.03 eV], indi-
cating that some interaction between the πc level, of which the
energy again does not change, and the chromophores at the
termini of the molecule is present. The effect becomes more
pronounced when going from step 5 to 6, when antibonding
and Rydberg NBO’s are allowed to participate in TBI {step 3 to
4 [5 to 6]: ∆E(Lp–πar) = �0.07 [�0.09] eV and ∆E(πacc) = �0.03
[�0.08] eV}. Based on the interaction diagram it is con-
cluded that the main shift for πc in going from 9 to 1 has to be
attributed to an inductive shift.

Although a (small) interaction between the olefinic bond and
the groups at the termini has now been demonstrated, this is not
yet the case for interaction between the anilino moiety and the
dicyanoethylene acceptor. In order to probe this direct inter-
action the following steps (not shown in the figure) were per-
formed. All NBO’s were allowed to interact with the exception
of all NBO’s forming the Lp–πar system. Values found:
πc = �9.42; πacc = �10.42 eV. Comparison of these values with
those of step 6 leads to the conclusion that the direct TBI effect
of the anilino moiety on the energy of the acceptor is only 0.02
eV. The effect of the acceptor on the energy levels of the anilino
π system are evaluated by allowing all NBO’s to interact with
the exception of the πacc PCMO. This results in the following
energy levels: πc = �9.44, πar–Lp = �8.15, πar = �9.27, Lp–
πar = �10.78 eV. Comparison with the values for step 6 shows
that the TBI influence of the acceptor on the energy levels of
the anilino π system does not exceed 0.01 eV. The direct inter-
action between the π systems of the donor and that of the
acceptor thus is in the order of 0.01 eV.

Effects of the geometry around N in 1 on TBI. A similar inter-
action diagram was obtained for 1 optimized in Cs symmetry
(Supplementary Data, Fig. 4S) as for 1 in C1 symmetry. The Cs

geometry largely corresponds to the geometry found for 1 in the
crystal (see above). Due to the optimal alignment of the Lp
with respect to the phenyl π system, the Lp–π interaction in 1
(Cs) is enlarged compared to 1 (C1), giving a splitting between
the πar–Lp and Lp–πar levels of 4.17 eV (Cs) instead of 3.38 eV
in 1 (C1) in step 2. As a result of the lower lying Lp–πar level TBI

Fig. 8 TS–TB interaction diagram (RHF/6-31G NBO analysis) of 1.
For a description of the steps: see text.

with πc is reduced moderately compared to 1 {step 3 to 4 [5 to
6]: ∆E(Lp–πar) = �0.06 [�0.07] eV for 1 (Cs) versus �0.07
[�0.09] eV for 1}, while the TBI between πc and πacc is con-
comitantly increased {step 3 to 4 [5 to 6]: ∆E(πacc) = �0.05
[�0.10] eV for 1 (Cs) versus �0.03 [�0.08] eV for 1}. Thus the
NBO analyses indicate that TBI between phenyl N and πc in
the lowest energy C1 conformer and in the closely related Cs

symmetric conformer of 1 are very small and almost identical.
A different picture arises for Cs symmetric 1 in which the

phenyl group is rotated by 90� (Supplementary Data, Fig. 5S).
In this conformation, 1 ⊥ (Cs),†† the phenyl π system is oriented
orthogonal to the nitrogen lone pair so that Lp–πar interaction
is absent (step 2). As a result, upon interaction with all σ NBO’s
the energies of the Lp PCMO (�8.71 eV) and the πc PCMO
(�8.74 eV) are nearly identical (step 3), bringing about a con-
siderable TB splitting in going to step 4 {∆[E(Lp) � E(πc)] =
0.45 eV}. Upon admixture of all antibonding and Rydberg
orbitals the TB splitting between Lp and πc in going from 5 to 6
is reduced {∆[E(Lp) � E(πc)] = 0.30 eV}, while the interaction
with πacc is slightly increased {step 3 to 4 [5 to 6]: ∆E(πacc) =
�0.06 eV [�0.10 eV]}.

A similar test for the occurrence of direct TBI between the
anilino donor and the dicyanoethylene acceptor as for 1 was
performed. Omission of the Lp–πar NBO’s gives the following
energies: πc = �9.36; πacc = �10.39. Omission of the πacc NBO’s
gives: πc/Lp = �9.25; πar = �9.14; Lp/πc = �9.81. Comparison
of these values with those of step 6 shows that, even though the
TBI between the Lp and πc is very large in 1 ⊥ (Cs), the direct
interaction between the Lp and the acceptor does not exceed
0.01 eV.

From the interaction schemes of 1, 1 (Cs) and 1 ⊥ (Cs) it can
be concluded that rotation of the phenyl group has a pro-
nounced effect on the TBI between πc and the anilino π system.
When going from 1 ⊥ (Cs) to 1 the Lp–πar PCMO is less stabil-
ized (step 2), while the interaction with the σ NBO’s is increased
(step 3). In effect, upon further rotation, the energy level of the
Lp–πar PCMO will approach and eventually cross that of the πc

PCMO. The increased interaction with the σ skeleton and the
improved energy matching with the πc PCMO will increase TBI
between the Lp and πc. Due to the minor effect on the energy of
the πc level, TBI between πc and πacc is hardly affected by
rotation around the N–phenyl bond. It can therefore be con-
cluded that, according to our calculations, this low energy
barrier process {E[1 ⊥ (Cs)] � E(1) = 0.9 kcal mol�1}, should be
able to temporarily increase the ground state electronic inter-
action between the anilino moiety and the double bond
substantially.

It has been found 13 that an axial orientation of the phenyl
group in 3 significantly increases the intensity of the CT absorp-
tion. Since this should originate from a better ground state
donor–acceptor coupling, it is of interest to investigate the
ground state TBI of 1 with an axial phenyl group. At the RHF/
6-31G level of theory, however, all attempts to find a minimum
for the axial conformer failed. Only when imposing a Cs sym-
metry constraint, could a transition state (see the Experimental
section) be found for the axial conformer, which is only 3.0 kcal
mol�1 higher in energy than the fully optimized geometry. ‡‡ 28 As
can be seen in going from step 3 to 4 and from 5 to 6 in the
interaction scheme of 1 ax (Cs) (Supplementary Data, Fig. 6S)
the ground state TBI between πc and both the Lp–πar level and
the πar–Lp level is increased compared to 1 (C1) and 1 (Cs).
While the absolute numbers remain low {step 3 to 4 [5 to 6]:
∆E(πar–Lp) = 0.04 eV [0.05 eV] and ∆E(Lp–πar) = �0.07 eV
[�0.13 eV]}, the increase relative to 1 (C1) is significant.

†† RHF/6-31G calculations revealed this to be a minimum (see Experi-
mental section).
‡‡ At the B3LYP/6-31G level of theory the axial conformer of 4 could be
optimized.28 It was found to be only 0.79 kcal mol�1 higher in energy
than the equatorial conformer.
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The results presented here indicate that rotational states of
the phenyl group, which modulate the energy of the πar–Lp and
the Lp–πar levels, may be very important for the ground state
TBI between donor and acceptor in molecules such as 1 and 3.
Processes which depend strongly on such TBI, such as CT
absorption and charge recombination of the excited CT state,
may thus be strongly affected by rotation of the phenyl group.

NBO analysis of 2. The NBO interaction diagram of 2 (fully
optimized geometry; C1 symmetry) is given in the Supple-
mentary Data (Fig. 7S). Steps 1 to 3 are similar to those in 1
(C1) (Fig. 8) albeit that πc is absent. Step 4 reveals that TBI is
virtually absent in this compound despite the good match of
the Lp–πar and πacc energies. The presence of the π bond
thus is essential to mediate TBI between the anilino donor
and the dicyanoethylene acceptor. Rotation around the C–N
bond placing the π system orthogonal to the lone pair on
nitrogen does not change this picture (Supplementary Data,
Fig. 8S).

Structural consequences of TBI in 1 and 2

There is a discussion in literature as to whether TBI can cause
appreciable bond lengthening of C–C bonds.29 It has been
claimed 13 that the length of a C–C bond participating in TBI
between a donor and an acceptor can be increased by 0.02 Å
due to TBI. In 1 such a bond would be the C(10)–C(11)
bond.9a,10 While in 1 a TBI between the olefinic bond and the
dicyanoethylene acceptor is present as concluded from the
NBO analyses (see above) and as is also evident from the pres-
ence of an intramolecular CT absorption in 11 and a related
compound,4a,30 in 6 any TBI between the olefinic bond and the
carbonyl group is expected to be very small.10 As concluded
from the NBO analyses TBI between the dicyanoethylene
acceptor and the N,N-dialkylanilino chromophore 2 is
negligibly small. Moreover, a CT absorption is not observed in
2.5 For 1, 2 and 6 the C(10)–C(11) bond lengths amount to
1.5523(15), 1.540(2) and 1.519(4)–1.529(4) Å, respectively. For
the parent compound of 1 and 6, viz. 1,1�-bi(cyclohexylidene)
(9) the corresponding (mean) bond length is 1.530(2) Å.31 The
longest bond is the one in 1, which seems to be consistent with
the occurrence of TBI in this compound. It is however not clear
whether TBI is responsible for the full 0.01–0.02 Å difference,
since such a small TBI is not expected to give this difference.
Moreover, more factors may contribute to the observed bond
lengthening.

Another geometrical consequence of TBI between an elec-
tron donor and the dicyanoethylene acceptor would be the
pyramidalization of the C(12) atom.13 This would occur in such
a way that the acceptor would point in an axial direction with a
positive angle Θ (defined in Fig. 2). In the absence of TBI the
acceptor would point in an equatorial direction (negative Θ).
Values of Θ were found to vary between �8 (largest TBI) and
�5� (no TBI). For 1 and 2 these values are �1 and �4�. This
would indicate a small TBI in 1 between the olefinic bond and
the acceptor and no TBI in 2, which is in agreement with
predictions.

Conclusions
In the crystal structures of 1 and 2 intermolecular electron-
donor–acceptor complexes are formed. As a result, a clear
intermolecular CT absorption is observed in the solid state
which is either very weak and of an intramolecular nature (1) or
not present at all (2) in the solution spectra. It is therefore con-
cluded that in the crystal intermolecular TS orbital interaction
dominates over TB orbital interaction. Complex formation
finds expression in a twist of the phenyl group in 1 and 2 in
order to optimize contact between the π systems of the anilino
moiety and the dicyanoethylene acceptor.

PES results correlate well with RHF/6-31G calculations and
indicate that the energy levels of 1 and 2 are hardly affected by
TBI. NBO analyses support this conclusion. Furthermore, the
NBO analyses indicate that there is a small but distinct TBI
between the olefinic bond and the dicyanoethylene acceptor on
one hand (order of 0.2 eV) and between the olefinic bond and
the anilino donor on the other (order of 0.1 eV). The latter is
significantly affected by rotation of the phenyl group around
the C–N bond. An axial orientation of the N,N-dialkylanilino
donor may also increase TBI with the πc orbital as compared to
the equatorial conformer. The effect is, however, much smaller
than that of rotation. Direct ground state TBI between the
anilino donor and the acceptor in 1 is hardly detectable (order
of 0.01 eV). The same holds for 2.

Furthermore, TB effects obtained by only allowing bonding
NBO’s to interact do not account for all TBI. Thus, in the
RHF/6-31G NBO description of TBI the σ* and/or Rydberg
NBO’s are also of importance.

Structural consequences of TBI between the olefinic π bond
and the anilino donor or the dicyanoethylene acceptor as
bond lengthening and pyramidalization in the acceptor may
be present in 1.

Experimental
The syntheses of compounds 1,4a 2,4a 4,4a 5 32 and 8 4a are
described elsewhere.

X-Ray crystal structure determination of 1 and 2§§

Crystals of 1 and 2 suitable for X-ray analysis were obtained by
slow evaporation of a solution (1.0 mg mL�1) in CH2Cl2–ethyl
acetate (1 : 1 v/v) at 20 �C. Crystals were glued to a Lindemann-
glass capillary and transferred into the cold nitrogen stream on
a Nonius KappaCCD diffractometer. Data sets were measured
using graphite monochromated Mo-Kα radiation (λ = 0.71073
Å) from a rotating anode source. Pertinent data for the struc-
ture determinations are collected in Table 1. Both structures
were solved by direct methods, using SHELXS86 33 for com-
pound 1 and SHELXS97 34 for compound 2, and refined on F 2,
using full-matrix least-squares techniques (SHELXL-97-2 35).
Hydrogen atoms were located on a difference Fourier map and
their co-ordinates were refined. The non-hydrogen atoms were
refined with anisotropic thermal parameters, hydrogen atoms
were refined with a fixed isotropic displacement parameter
related to the value of the equivalent isotropic displacement
parameter of their carrier atoms by a factor of 1.2. Neutral
atom scattering factors and anomalous dispersion corrections
were taken from the International Tables for Crystallography.36

Solid state UV–Vis absorption spectroscopy

Solid state UV–Vis diffuse reflectance spectra were recorded on
a Varian Cary5 UV–Vis-NIR spectrophotometer equipped
with a Harrick Praying Mantis diffuse reflectance accessory.
Reflectance ordinates R were transformed into Kubelka Munk
units F(R) by F(R) – (1 – R)2/2R.

He (I) photoelectron spectroscopy

He (I) PE spectra were recorded on a Perkin Elmer PS 18
spectrometer at the following temperatures T /�C: 1: 200; 4: 100;
5: 60 and 8: 90. 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 2P 3

2
Ar line.

Ab initio calculations

All quantum mechanical calculations were run on a Silicon

§§ CCDC reference numbers 160667 and 160668. See http://
www.rsc.org/suppdata/p2/b1/b102410h/ for crystallographic data files
in .cif or other electronic format.
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Graphics Power Challenge and Origin 2000 computer
using GAMESS-UK.37 Geometries were optimized at the
RHF/6-31G level of theory [cartesian coordinates files are
available upon request (L. W. J.)]. The total RHF/6-31G
energies (in hartree) obtained were: 1: �932.514877; 1 (Cs):
�932.511006; 1 ⊥ (Cs): �932.513730; 1 ax (Cs): �932.510103;
2: �933.697564; 2 (Cs): �933.693658; 2 ⊥ (Cs): �933.696255; 2
ax (Cs): �933.693090; 4: �711.306125; 5: �595.411714; 5
(Cs): �595.408199; 7: �479.541747; 8: �712.488276; 10:
�349.978403; 11 (Cs): �687.084442; NBO analyses were done
using the NBO 3.0 program 38 as implemented in GAMESS-
UK. Second derivatives for 1 and 2 were numerically calculated
at the RHF/6-31G level of theory. The geometries of 1 (Cs)
(�67.4 cm�1), 1 ax (Cs) (�48.0 cm�1), 2 (Cs) (�78.7 cm�1) and 2
⊥ (Cs) (�19.2 cm�1) were characterized as transition states for
rotation around the phenyl C–N bond. The geometry of 2 ax
(Cs) was found to be a transition state both for rotation around
the phenyl C–N bond (�56.9 cm�1) and for the axial–equatorial
motion of the phenyl group (�26.7 cm�1) and 1 ⊥ (Cs) was
found to be a minimum.
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