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Abstract—Ketones containing a 8-substituent with readily ionizable lone pair or m-electrons are studied by UV
spectroscopy. When the geometry favours through-bond interaction between the carbonyl group and the
y-substituent a sigma-coupled transition is observed in the near UV region. Replacement of the CO group by more
electronegative systems such as the gem-dicyanovinylidene group is shown to enhance the intensity of the
sigma-coupled transition and to shift it bathochromically. These phenomena are interpreted to result from a
charge-transfer character of the sigma-coupled transition. Furthermore it is shown that intensity borrowing from
locally excited states plays an important role in determining the intensity of this sigma-coupled transition.

INTRODUCTION

The concept of *‘through-space” and “‘through-bond”
interaction*® has greatly aided the qualitative classifica-
tion of electronic interactions between functional groups
separated by two or more sigma-bonds. A quantitative
separation in *“through-space” and “through-bond” com-
ponents has also been attempted but this is much more
difficult and often rather arbitrary.’

Extensive studies have been directed>'' towards the
absorption spectra of compounds in which a CO group and
a group with lone pair or 7-electrons (e.g. amino, mercapto
or vinyl) are separated by two or more sigma-bonds. For
such compounds—in addition to change in intensity and
absorption maximum of the CO n—* transition’—a so
called sigma-coupled transition® is observed in the 230-
260 nm region of the UV spectrum if their conformation
fulfills the requirements for efficient through-bond interac-
tion. Thus in the case of three sigma-bonds between n or 7
electron systems an orientation of their orbitais parallel or
nearly parallel to the central sigma-bond is required.

For the B-aminoketone 1-aza-adamantanone 1a (Table
1), it was recently shown,' that the sigma-coupled
transition is considerably enhanced and shifted to the red
when the carbonyl group is replaced by the more
electronegative gem-dicyanovinylidene group (Ib). From
the large solvatochromism of the fluorescence for 1b it
was concluded that the sigma-coupled transition has a
strong charge-transfer character.

The present paper describes a study on the absorption
spectra  of compounds containing the gem-
dicyanovinylidene group or a related electronegatively
substituted double bond and a readily ionizable functional
group separated by three sigma-bonds.

RESULTS AND DISCUSSION

The compounds 1-7 compiled in Table 1 all contain the
general array A-C-C-D in which D(onor) denotes a group
of relatively low ionization potential (D =-NR,, -SR,
-OR or -CR=CR;) and A(cceptor) denotes a group with
electron acceptor properties. For intramolecular interact-
ing systems—in contrast to the case of intermolecular

interactions—dissection into ‘‘non-interacting” basis sys-
tems is a purely theoretical process and always rather
arbitrary on a molecular level. Nevertheless compounds 8
and 9 (Table 1) and le—6e (Table 2) seem reasonable
model systems to estimate the properties of the A resp. D
groups in the absence of interaction. In compounds 1-5
the relative orientation of D and A is fixed while in 6 and 7
rotation around the C-D bond is possible.

For the bifunctional compounds except 2a, ¢, 5a and 7a,
¢ a sigma-coupled transition is observed (Table 1), Its
absence in 2a has been attributed®” to the axial position of
the lone pair on nitrogen which does not fulfill the
conformational requirements for through-bond interac-
tion;’ the same explanation apparently applies to 2¢. From
the position of the sigma-coupled transition in the
oxa-derivative 5b (46,700 cm™') and the average blue-shift
of 8000cm ' observed upon going from X = C(CN), to
X =0 a sigma-coupled transition in Sa, (if any) is
calculated to appear at approximately 54,700cm™
(183 nm). Consequently it is not observed in the near UV
region.

The presence of rather strong sigma-coupled transitions
for 6b and 6¢ implies that rotamers allowing for
through-bond interaction, form a sizable fraction of the
total rotameric distribution around the C-D bond in these
molecules, but for the nitrogen analogues 7a, ¢ this is
obviously not the case. The present data do not allow any
conclusion concerning the eventual influence'? of the
through-bond interaction on this rotameric distribution.

In a localized orbital description the appearance of a
sigma-coupled transition in compounds containing the
array A-C-C-D can be attributed to the availability of a
low lying charge-transfer (CT) configuration A~——C-C-D*
(see Fig. 1). When A is an electronegatively substituted
double bond its first = —7* excited state (energy E.)
provides a locally excited configuration A*~-C-C-D which
is rather close in energy to the CT configuration.

Inspection of the data from Table 1 reveals that the
appearance of a sigma-coupled transition is accompanied
by weakening of the = - = * transition for A as compared
to its value in the model compounds 8 and 9. Furthermore
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Table 1. Absorption data for sigma-coupled systems (1-7) and some reference chromophores (8-9). Near UV transitions are

gIVen as: A g, (NM); [Fpu,(cm™ X 10°)]; €0.(1 . mole '.cm™')
(€C=X)
Structure No. X Tt Sigma-coupled n-on* Solvent Ref.
la 0 —_ 243[41.111366  290(34.5)33t n-hexane i
b C(CN), 228(43.9]8300  317[31.5)4500 — n-hexane 1
N 1c  C(CN)COOEt 229[42.718780  316[31.6]4900 — n-hexane 1
M Id CHCOOEt 207[48.3]12630  275[36.4]4530 — n-hexane 1
N-CH, 2a O — - — cyclohexane
) % % C(CN)COOEt 240417114200 _ _ Cyclohexane
3a O - 233[42.9]640 291[34.5121  cyclohexane 1S
A?s 3b C(CN), 230[43.5]13500  294(34.0)2860 -— cyclohexane
x 3 C(CN)COOEt 229[43.7]10000  288(34.7]2100 — cyclohexane
3d CHCOOMe 210{47.6]15700  254[39.4]2920 — cyclohexane
CH,
N CHy 4a O — H — cyclohexane 16
« 4 C(CN), 228(43.9]13000  272(36.8]3300 — cyclohexane
5a (6] — — 288[34.8]30  cyclohexane 17
AT s C(CN), 251[39.8]13000  214{46.712300 - cyclohexane
X 8  C(CN)COOEt 248{40.3]13000  210(47.6]5500 -— cyclohexane
62 0 — 233{42.91420 296[33.8]35  cyclohexane 18
Nsa 6b  C(CN), 238[42.0]12900  286{35.0]1680 — cyclohexane
X 6c  C(CN)COOEt 234[42.7)13800 278(36.0)2150 — cyclohexane
NN/?CH 7 O — - - cyclohexane 19
X NI 25 Te CHCOOMe 213[46.9]15300 — — cyclohexane
8a 0 — —_ 290(34.5119 n-hexane 1
8b  C(CN), 242(41.3]12000 — — n-hexane 1
8 C(CN)COOEt 242(41.3]14400 — - n-hexane 1
X 8¢ CHCOOEt 224[44.6]18150 — — n-hexane 1
9a (0] — —_ 280[35.7]26  cyclohexane
N 9 C(CN), 235{42.5]18200 — — cyclohexane
9¢ C(CN)YCOOEt 235[42.5114700 — — cyclohexane
X 9d CHCOOMe 218[45.9]15400 — — cyclohexane

Table 2. Energies of sigma coupled transitions (hs,) in in-
tramolecular donor-acceptor systems and vertical ionization
potentials (Ip) for model donor compounds as measured by He-I

#Shoulder.
{Not obtained in pure form (cf. experimental).

photoelectron spectroscopy

a blue-shift of the 7 — 7* transition generally occurs
when the sigma-coupled transition is located at its
long-wavelength side (e.g. 1, 3, 4, 6), but a red-shift when
the sigma-coupled transition lies at its short-wavelength
side (e.g. 5).

Compound hv,(eV) donor model In(eV) Ref. These phenomena can be rationalized by assuming
interaction between the A—C-C-D* and the A*-C-C-D
configurations (see Fig. 1) leading to two excited states of

b 390 le 794 2 “mixed character” with energies E, and E, (see Fig. 1).
3b 421 5 3¢ 845 19
k} A*C‘C':) _______ _— EZ IAE
CH3 <a
o 456 N\CHJ de 834t THECCOT e, loe
6b 434 Et,S 6e 8.4 23 P
hv,
g
sb 579 L0 Se 950 20

Fig. 1. Interaction diagram for the Charge-Transfer and the first

+This work (see Experimental).

locally (in A) excited configuration.
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The sigma-coupled transition (hy,) probably borrows"
most of its intensity from the 7= —» #* transition through
this configuration interaction.t

The interaction diagram of Fig. 1 also rationalizes the
general blue-shift observed for the = — m* transition.
From first order perturbation theory this shift can be
approximated by AE = B*/(E. — E,) where 8 denotes the
interaction matrix element between the locally excited and
the CT configurations. For 5b and 5¢ E. and E are
reversed, leading to a red-shift of the 7 - 7 * transition.

Theoretically' E.y can be expressed by:

Ecr=1o-E,-C. (n

In (1) Ip denotes the ionization potential of a suitable
reference donor system (e.g. e-6e from Table 2), E, the
electron affinity of A and C measures the Coulomb
interaction between D~ and A at a distance rp,
(C~ ezerA).

In Table 2 the hy, values for 1b, 3b, 4b, Sb and 6b are
compared with the I, values for le, 3e, 4e, Se and 6e
respectively. A discrete trend towards lower hy, values
upon decreasing I, (i.e. increasing donor capability) is
observed which supports the CT character of the
sigma-coupled transitions.

The absence of a strict correlation (especially the
inversion observed between 3b and 4b) has to be
attributed to variations of rp, in the series of compounds
studied and to the different contributions of locally
excited configurations to the CT excited state (see Fig. 1).

In conclusion the present results show that, in systems
in which through-bond interaction can occur, substitution
of the carbonyl group by a stronger electron acceptor
increases the chromophoric effects displayed by these
systems, and leads to sigma-coupled transitions which are
mainly charge-transfer in nature.

Further research on the theoretical aspects of such
chromophoric systems and their applicability in conforma-
tional studies is in progress.

EXPERIMENTAL

All mps are uncorrected. IR spectra were recorded on a Unicam
SP 200 spectrometer. UV spectra were recorded on a Cary 14
spectrophotometer. NMR spectra were measured on a Varian
A60D instrument.

The photoelectron spectrum of 4e was measured with a Vacuum
Generators ESCA spectrometer, employing He-1 emission
(21.21 eV) as the ionizing radiation. Calibration was achieved by
the use of Ar as an internal reference.

The preparation of 1a-d and 8a~d has been described in Ref. 1.
Compounds 2¢, 3b-d, 5b, 6b, 7c, 9b-d were prepared from the
corresponding ketones following the general procedures described
in Ref. 1.

N-Methyl -piperidone -4 (2a) was obtained commercially from
“Fluka™,

4-Thia-cyclohexanone (3a) was prepared according to Bennet
and Scorak."

4 - Thia - cyclohexylidene malonitrite  (3b). IR
{CHCI, C=C: 1580; C = N: 2230; NMR (CDCl,): 2.76-3.1 (m); M.p.
111°-114° after recrystallization from methanol.

Ethyl 4-thia-cyclohexylidene-cyanoacetate (3¢). IR (CHCl,)
C=C: 1610; C=0: 1730; C = N: 2230; NMR (CDCl,): 4.0-4.5 (2H,
q); 2.5-3.5 (8H, m); 1.1-1.6 (3H. t); B.p. 114°/3 mm Hg.

Methyl-4-thia-cyclohexylidene-acetate (3d). IR (CHCI;) C=C:

*For carbony! compounds the = = 7* transition occurs at much
higher energy: intensity borrowing by the sigma-coupled transition
from other locally excited configurations (e.g. in D) may then
become significant.
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1650; C=0: 1700; NMR (CDCL,): 5.6 (1H, s); 3.6 (3H, s); 3.0-3.35
(2H, m); 2.3-3.0 (6H, m); B.p. 60-2°/0.05 mm Hg.

Isopropylidene cyclohex-4-ylidene-malonitrile (4b). Compound
4a was prepared by the method of Frank and McPherson.'® In this
reaction a 1:1 mixture of 4a and isopropyicyclohexene4-one was
obtained. This mixture was treated with malonitrile in a
Knoevenagel condensation, using piperidine as a catalyst. 4b was
obtained in 20% vyield from the reaction mixture by column
chromatography with CHCl. on SiO:. IR (CHCly) C=C: 1600:
C =N: 2250; NMR (CDCl): 2.70 (4H. m); 2.45 (4H, m); 1.7 (6H,
s); M.p. 100°-102° after sublimation (60°/0.05mm Hg) and
recrystallization from MeOH. (Found: C, 77.5; H, 7.5; N, 14.9.
Calc. for C,,;H,.N, (M = 186.25): C, 77.38: H, 7.58, N, 15.04%).

Isopropylidene cyclohexane (4e) was prepared following the
directions of Wallach.?

4-Oxa-cyclohexanone (5a) was prepared according to Owen
and Reese.'’

4-Oxa-cyclohexylidene-malonitrile (Sb). IR (CHCI,) C=C: 1600;
C =N:2230; NMR (CCL,): 3.84 (4H, t); 2.88 (4H, t); M.p. 146°-8°
recrystallized from EtOH. (Found: C, 65.0; H, 5.5; N, 18.9. Calc.
for CxH¢N,O (M = 148.17): C, 64.85; H, 5.44; N, 18.91%).

Ethyl-4-oxa-cyclohexylidene-cyanoacetate (5¢). IR (CHCI,)
C=C: 1610; C=0: 1720; C = N: 2240; NMR (CCL,): 4.26 (2H, q);
3.78 (4H, q): 3.14 (2H, 1); 2.47 (2H. 1); 1.33 (3H, t); M.p. 65°-66°
after recrystailization from pentane. (Found: C, 61.7; H, 6.7; N,
7.2. Calc. for C,oH,\NO, (M = 195.22: C.61.52; H,6.71; N, 7.18%).

3-Ethylthio-cyclohexanone (6a) was prepared according to
Bateman and Shipley."

3-Ethylthio-cyclohexylidene-malonitrile (6b). IR (CHCIl,) C=C:
1600; C = N: 2220.

Ethyl - 3 - ethylthio - cyclohexylidene - cyanoacetate (6¢). IR
(CHC1) C=C: 1610; C=0: 17.30; C = N: 2240; (Found: C, 61.7; H,
7.7.N, 5.6 S, 12.7. Calc. for C,;H,sNO,SCM = 253.37): C, 61,62;
H, 7.56; N, §.53; S, 12.66%).

3-Piperidino -cvclohexanone (7a) was prepared following the
procedure of Laryntina.”'

Methyl-(3-piperidino )-cyclohexylidene-acetate (7c). IR (CHCly)
C=C: 1650; C=0: 1700; NMR (CCL): 5.52 (1H, s); 3.55 (3H, s).
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