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Electron Delocalization in Linearly m-Conjugated Systems: A Concept for

Quantitative Analysis

Maria Grazia Giuffreda,'”’ Maurizio Bruschi,”’ and Hans Peter Liithi*"!

Abstract: Donor- and/or acceptor-sub-
stituted m-conjugated systems represent
an important class of compounds in or-
ganic chemistry. However, up to now, a
general method to quantitatively ad-
dress the efficiency of a conjugated
path is still missing. In this work, a
novel computational approach based
on deletion energies and on second-
order orbital interaction energies in a

(“measure”) delocalization energies.
Moreover, the purpose of this work is
to assess the efficiency of distinct r-
conjugated paths, that is, geminal, cis,
and trans, as well as to predict the
impact of substituents on a given back-
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tion energy - density functional cal-
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bone. This study is focused on various
mono-, di-, tri-, and tetrasubstituted
tetracthynylethenes (TEEs). These
model systems are suitable for our
analysis, because they offer distinct
conjugation paths within the same mol-
ecule, and can also be substituted in
multiple ways. Differences between
conjugation paths, the effect of neigh-
bor paths, and the impact of donor and

natural bond orbital (NBO) scheme is local properties

employed to quantitatively assess
Introduction
Tetraethynylethene  (TEE,  3,4-diethynylhex-3-ene-1,5-

diyne), diethynylethene (DEE, (FE)-hex-3-ene-1,5-diyne),
and their derivatives represent a class of compounds of
great interest due to the acetylenic scaffolding that provides
carbon-rich compounds with very interesting physicochemi-
cal properties. In fact, these systems, as well as other poly-
ethynylethenes,!! give access to advanced materials for elec-
tronic and photonic applications, such as chromophores with
nonlinear optical properties of higher order,” molecular
photochemical switches,” and extensive m-conjugated poly-
mers.™

The trans and geminal DEEs as well as TEE have been
studied both theoretically and experimentally, because of
their use as building blocks of linearly conjugated polymers,
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acceptor substituents on the various
paths are discussed.

that is, polyacetylenes (PAs), polydiacetylenes (PDAs), and
polytriacetylenes (PTAs).F) Moreover, they show two rele-
vant characteristics. First, they allow through- (or trans) and
cross- (or geminal) conjugation. Second, they can easily be
functionalized with a wide range of donor and acceptor sub-
stituents. The presence of donor and acceptor substituents
has a strong effect on the properties of these systems.!'*'

In this article we present a novel method, based on the
NBO analysis of Weinhold,™ that allows us to quantify the
delocalization energy (o or m) of distinct conjugation paths
within a given molecule. Furthermore, the method allows us
to address the issue of quantifying donor/acceptor substitu-
ent effects on given backbones, and, finally, to evaluate the
effect of neighboring paths on the conjugation path under
consideration. In this work, we study simple model com-
pounds, such as TEE substituted with NO,, CHO, and CN
(acceptors), and OH, OCHj3, and NH, (donors).

The NBO analysis offers a way to quantify electron deloc-
alization in terms of intramolecular donor-acceptor interac-
tions. In our method, we “measure” the delocalization
energy by applying the orbital deletion procedure described
in reference [5]. The orbitals deleted are the m* (or o*)
NBOs responsible for the delocalization. The difference be-
tween the total energies before and after the deletion gives
the delocalization energy (Eg,.), Which represents the devi-
ation from the idealized Lewis structure. The term FEg,,
therefore, is closely related to the non-Lewis (NL) contribu-
tion to the total energy along the conjugation path consid-
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ered, that is, Eyeoc=FEn.=FEg4. These non-Lewis contribu-
tions can be approximated by the sum of second-order inter-
action energies between the strongly occupied Lewis type
NBOs (donor orbitals) and the weakly occupied non-Lewis
NBOs (acceptor orbitals) involved in the path. These inter-
actions are responsible for the loss of occupancy of the
donor in favor of the acceptor orbitals, and, hence, for the
departure from the idealized Lewis type structure descrip-
tion. In other words, they represent the non-Lewis correc-

tions to the natural Lewis structure, that is, ) Esoig, = Ext.-
ij

Thus, these second-order perturbation energies and the de-

letion energies can be viewed as tools to evaluate delocaliza-

tion by means of single orbital interactions.

In the section “Results and Discussion” we present the
method in more detail and use the approach outlined here
to predict the impact of donor/acceptor substituents on dis-
tinct paths within the same system, as well as to characterize
the differences between the cross- (geminal) and through-
(trans) conjugation paths.

Results and Discussion

The method of analysis: The complete information con-
tained in the first-order reduced density matrix y(r|r) of an
N electron LCAO-MO (LCAO-MO =linear combination of
atomic orbitals to molecular orbitals) wavefunction ¥ can
be obtained by solving the eigenvalue equations [Eq. (1)] in
which 6, are natural orbitals and #; is their occupancy.

70, = n;6; 1)

By searching for the highest occupancy eigenorbitals in
each diatomic region, one finds the optimal natural bond or-
bitals (NBOs) 6\*P. This set of high-occupancy NBOs, each
taken doubly occupied, is considered to represent the “natu-
ral Lewis structure” of the molecule. Moreover, the transfor-
mation from LCAO-MOs to NBOs also produces orbitals
that are unoccupied in the Lewis description. The most im-
portant of these orbitals are usually the antibonding ¢* and
nt*. These weakly occupied (non-Lewis) NBOs represent the
irreducible departure from the idealized Lewis picture. The
energy associated with these orbitals is calculated by delet-
ing them from the NBO basis set and by recomputing the
total energy (E',,) in the reduced orbital space.

The total energy (E,,) can, therefore, be expressed as sum
of Lewis (L) and non-Lewis (NL) contributions [Eq. (2)] in
which E; and Ey; are given by Equations (3) and (4), re-
spectively.

Ey=FEL+ Ex. (2)
EL = Ellol (3)
ENL = Etol_E/tot (4)

In linearly m-conjugated systems, the n* and o* NBOs are
considered to be responsible for electron delocalization. The
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energy associated with their deletion may thus be used as a
measure of delocalization.

In this picture, the delocalization energy (Eg,.) is then
obtained as Equation (5):

Edeloc = ENL_Eslrﬂin_ERydberg (5)

If the contributions of the Rydberg orbitals (Erygber,) are
negligible, and if the steric repulsion (Eg.,y,) is very small,
then we get Equation (6).

Edclnc = ENL = Edcl (6)

Therefore, Eg4, or Ey are equivalent to Ey,,. and may, for
example, be used to quantitatively assess the delocalization
energy differences in conformational isomers.[>*!

In a previous study,”! we showed that E,, can be decom-
posed into o and m contributions by using the same proce-
dure on specific orbitals [Eq. (7)].

Ey = Eg(0) + Egq () (7)

In cases in which the in-plane & orbitals (7)) can only in-
teract with the o framework, but not with the perpendicular
orbitals (7, ), the delocalization energy can be further ex-
pressed as Equation (8) with E, (o)) as defined in Equa-
tion (9).

Eg = Eqa(0)) + Ega(,) (8)

Eg(0)) = Egu(o +m)) )

This means that the energy associated with o is calculat-
ed by deleting all the o* and nﬁk orbitals simultaneously.

This approach [Eq. (8)] has the advantage of giving an
energy-based measure for in-plane conjugation (Eg(0)))
and vertical m-conjugation (Eg(m,)). It even allows us to
quantitatively analyze the efficiency of conjugation in a
given path within the same system.

In non-aromatic compounds, the non-Lewis contributions
are typically very small relative to the Lewis type ones, they
amount to less than 1%. The corrections to the Lewis type
picture can thus be approximated by second-order perturba-
tion theory.

In this case, we examine all possible interactions between
filled Lewis type NBOs (donor orbitals) and weakly occu-
pied non-Lewis type NBOs (acceptor orbitals), and evaluate
their relevance by means of second-order perturbation
theory. These donor—acceptor interactions are responsible
for the loss of occupancy in filled NBOs, and measure the
deviation from the idealized Lewis structure. Therefore,
they are also referred to as “delocalization corrections” to
the natural Lewis structure. The second-order interaction
energy (SOIE) for a pair of donor and acceptor NBOs, la-
beled i and j, is given by Equation (10) in which ¢; is the
donor orbital occupancy, ¢ and ¢; are orbital energies, and
F(i,j) is the corresponding element of the Fock matrix in the
NBO basis.
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F(ij)
E(2) = Esorr, = AE; =g, 8_(_]8)' (10)
i

For a system of two pairs of & orbitals (mr; and m;), the
leading second-order interaction terms are: t;—*;: SOIE,;
m;—*;: SOIE;

The m;—n*; and ;;—m*; are usually very small and do not
play an important role. The sum of SOIEs corresponds to
the non-Lewis contribution to the total energy [Eq. (11)]

Ext = Esor, + Esorg, + higher order terms (11)

From the above discussion, we can conclude that Equa-
tion (12) is valid, and as long as higher order contributions
can be neglected, this leads to Equation (13).

Z EsouzU =Ex (12)
ij

Ea = Z ESOIE,»J» (13)
ij

The approaches to calculate delocalization energies are
summarized in Figure 1, in which we schematically show the
relationship between Eyyo. (or Eey), Enp, Ego, and

> ESOIE,,-

i

Exyt = Egeloc (OT Econj)

Figure 1. The relationship between conjugation energy, Eg4,, and
>° Esoi, Both Ey, and Y- Egop, allow us to “measure” the total or
ij if

the local conjugation energy (1,1'); the results, however, may not be iden-
tical (higher order corrections). The SOIE approach further allows us to
identify the donor/acceptor orbital interactions responsible for the conju-
gation energies observed (2).

In summary, whereas Ey; just gives the total delocaliza-
tion energies, both the E,, and the sum of second-order en-
ergies (Y Eso,) approaches allow to “measure” distinct

ij
conjugation paths, looking at delocalization as a local prop-
erty. Moreover, the SOIE approach further allows us to
identify the donor-acceptor orbital interactions responsible
for the conjugation energies observed.

In the present text, we will refer to delocalization energy
or m-conjugation energy (Egeo. OF Ec,y, Tespectively) without

distinction between FE,, and 3} Egop, unless otherwise
i
mentioned.
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1,3-Butadiene—an illustration of the method: We applied
the above method to one of the simplest examples of a m-
conjugated system, 1,3-butadiene (Figure 2), with the goal to

Figure 2. The trans and cis 1,3-butadiene. m; and m; are the two out-of-
plane occupied orbitals, m* and n}* are the corresponding unoccupied
ones.

reproduce the cis—trans rotational barrier solely based on
the change in the delocalization energy. We will show that
the approximations expressed by Equations (6) and (13) are
accurate. We need to remind the reader that the planar cis
structure is a transition state, and that the minimum for the
cis structure is found at a torsional angle of 30.9° (steric re-
pulsion). Similarly, the maximum of the rotational barrier is
shifted towards the trans structure, and occurs at 100°.
Figure 3 displays E, and E,; as a function of the torsion-
al angle ¢. E,, is calculated by removing all the antibonding
orbitals simultaneously (o* and m*). The graph shows that

20 —
| oo ALy
—x  AEy,

15+
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AE / kecal mol™
wn

e e B S |
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C=C-C=C dihedral angle

Figure 3. The calculated E,, and E, as function of the C=C—C=C dihe-
dral angle. The energies are computed for all the structures obtained
after a rotation of 10° about the single central bond. All energies are cal-
culated with respect to the trans isomer (180°), which is taken as refer-
ence structure.

in the range of 180 to 90°, that is, from the trans structure to
the region slightly beyond the maximum, E and E,, are
nearly identical, indicating that Equation (6) is accurate.
Moreover, the results show that the Lewis component of the
energy (E|) remains constant during the rotation, and that
the energy variation is exclusively due to the non-Lewis
component (Ey,), that is, the rotational barrier of 1,3-buta-
diene is entirely due to changes in the delocalization energy.
On the other hand, in the range of 0 < ¢ <80° the discrepan-
cy between Eu(¢) and E(¢) is noticeably larger due to
steric repulsion; this means that E.;, [Eq. (5)] is no longer
negligible. Furthermore, it is worth noting that both curves
exhibit the maximum at the exact same angle; this means
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that the deletion approach predicts the transition state to
occur at the correct dihedral angle.

Figure 4 shows the accuracy of the relationship between
the sum of Egqz and Ey, as well as Ey;. We find that all en-
ergies show the same pattern, and that they compare rea-
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Figure 4. The SOIE, Eg4,(1) calculated by deletion of all t orbitals simul-
taneously, and E4,(2) calculated as sum of deletion of single orbitals, as
function of the C=C—C=C dihedral angle.

sonably well also in a quantitative way. It is also evident
that the F,, calculated from the sum of the single mt;; dele-
tions compares more favorably with Esqe than the deletion
energies obtained by removing all the x5 orbitals simultane-
ously. In the first case, both E,, and Ego consider only
single orbitals, whereas in the latter case the deletion energy
also takes into account the coupling between orbitals, which
in general has the effect of reducing the interaction energy.
Moreover, from Figure 4 we see that the discrepancy be-
tween the Eso, and Ey, is larger for those structures
q

with a dominant m—m out-of-plane conjugation. In fact the
most significant energy difference is found for the trans
isomer (180°) and the planar cis one (0°), in which the out-
of-plane conjugation is purely given by m—sm interactions.
This indicates that for these geometries the second-order en-
ergies are insufficient to accurately describe these interac-
tions, and that higher order terms should be taken into ac-
count [Eq. (11)].

trans and geminal diethynylethene (DEE): We have
shown® that the deletion approach allows us to discriminate
between geminal and trans paths in pairs of isomers, such as
the trans and geminal DEEs (1a and 1b). By breaking the
delocalization energies into contributions for each type of
bond, that is, & |, 7, and o, we can show that the difference
between trans and geminal conjugation in la and 1b is
mainly due, as expected, to the vertical st conjugation (7
conjugation). The deletion energy difference AE, calculat-
ed as the energy difference between the trans and geminal
isomers (1a, 1b) amounts to 5.42 kcalmol™! in favor of
the trans isomer, which compares to a difference of
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4.81 kcalmol ! in total energy. Looking at single orbital con-
tributions, we find that AE | is 5.45 kcalmol ™' in favor of
1a, whereas AE(TH favors 1b by 0.35 kcalmol™'. However,
closer inspection of the o deletion energies reveals that
there are also considerable differences in the in-plane o con-
jugation. In fact, we observed that the deletion of all the oy
orbitals (corresponding to the single C—C bonds) amounts
to 15.96 kcalmol™! in favor of 1b, whereas the deletion of all
the o, orbitals (corresponding to C—H bonds) favors 1a by
12.54 kcalmol . These contributions are interestingly high,
but due to their opposite effect they cancel each other.

In summary, the difference in stability between the cross
and through conjugation is controlled by the vertical mt de-
localization. However, the in-plane o conjugation should be
exploited to differentiate geminal and trans isomers.

Tetraethynylethene (TEE) and its derivatives

Scope of the study and notation: Tetraethynylethene (TEE)
and its substituted derivatives offer an example of com-
pounds with several distinct conjugation paths within the
same molecule. The donor/acceptor-substituted TEEs fur-
thermore allow us to address the effect of donor/acceptor
functionalization on a specific path.

For this purpose, we studied the complete set of mono-,
di-, tri-, and tetra-substituted TEEs (TEE-nX, n=1-4,
Figure 5). The substituents considered are NO,, CN, CHO
(acceptor groups), and OH, OCH;, NH, (donor groups).
None of these compounds has been studied experimentally.
However, in the context of the validation of the analysis, it
is sufficient to compare among computed data.

The notation used in the following discussion is explained
in Table 1 and Figure 5. Three types of paths are distinguish-
ed: trans (a) geminal (b), and cis (c). We refer to the pure
ethynyl unit (-C=C—H) as E, and to the ethynyl unit with a
substituent (-C=C—X) as X. We will not investigate cis con-
jugation (c) any further in the present study, since the focus
of this work is on through (cis, trans) versus cross (geminal)
conjugation. Through conjugation will be represented by
trans conjugation. Moreover, the specific path considered is
referred to as conjugation path, whereas the other is always
referred to as neighbor path. For example, if the geminal
XX path (a') in 2d (Figure 5) is the analyzed conjugation
path, the second geminal path EE (a) is the neighbor path.
Finally, in the following discussion, we will label the orbitals
according to the bond they are associated with, that is, mp
and m; are the vertical occupied m orbitals of the double
bonds (D) C=C and the triple bonds (T) C=C, whereas m;;
and m; are the corresponding antibonding orbitals.

www.chemeurj.org Chem. Eur. J. 2004, 10, 5671 — 5680
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2a 2f

Figure 5. The tetracthynylethene derivatives (TEE-nX, n=0-4 (2a-f))
studied in the present work (X=H, NO,, CHO, CN, OH, OCH,, and
NH,). The grey-shaded lines indicate the conjugation paths (frans and
geminal) (see also Table 1).

Table 1. The distinct paths (geminal and trans conjugation) in substituted
and unsubstituted TEEs (TEE-n X with n=0-4). The labels a and b indi-
cate geminal and trans paths, respectively. Non-equivalent geminal and
trans paths are marked as a’ and b’, respectively. The neighbor paths are
indicated in parentheses.

n Compound Paths Occurrence
2a a: EE (EE) 2
b: EE (EE) 2
1 2b a: EE (EX) 1
a': EX (EE) 1
b: EE (EX) 1
b': EX (EE) 1
2 2¢ a: EX (EX) 2
b: EE (XX) 1
b': XX (EX) 1
2 2d a: EE (XX) 1
a': XX (EE) 1
b: EE (EX) 2
3 2e a: EX (XX) 1
a': XX (EX) 1
b: EX (XX) 1
b XX (EX) 1
4 2f a: XX (XX) 2
b: XX (XX) 2

Technical details on the analysis: For the comparison of
SOIEs with deletion energies, one needs to carefully consid-
er which orbital interactions have to be taken into account.
Figure 6 shows the two geminal paths, that is, EX (/) and

Figure 6. The geminal conjugated paths for a monosubstituted tetraeth-
ynylethene molecule. 7 and 2 represent EX and EE conjugation paths, re-
spectively. (a, @', a*) are the my—m;,; contributions; (b, b') are the m,—my
contributions; (c) are the Xlonepahan: or nD(T)—>n1"f when X is a donor or
an acceptor, respectively.

EE (2), in a generic monosubstituted TEE. For example, the
deletion energy Ey,(EX) of the geminal path (I) should cor-
respond to the SOIE given by the sum of all wp—m;; contri-
butions, of the mp—m} contributions involved in the EX
path, and of the contributions due to the substituents, that
is, YX—>n;‘. If X is a donor, Yy stands for the donor lone
pairs, whereas if X is an acceptor, Y stands for &t} or } de-
pending on the nature of the substituents (see a, a’, b, and ¢
in Figure 6, respectively). In the deletion procedure, remov-
ing the central &t; orbital in a specific path means deleting
an orbital that is unavoidably affected by the neighbor path.
Therefore, in order to have the appropriate comparison be-
tween E,, and Esop, also the mp—); contributions of the
neighbor path need to be taken into account. Finally, the
nTHY;z contributions do not need to be considered because
the antibonding orbitals of X do not play an important role
in characterizing the substituent effects on the backbone.

Through- (trans) versus cross- (geminal) conjugation: By
comparing distinct geminal or trans paths within TEE-nX,
(n=1-3), we observe considerable differences in the deloc-
alization energies (Figure 7 and 8). These energy differences
are also summarized in Table 2.

Table 2. The conjugation energy splitting [in kcalmol™'] calculated at
B3LYP/cc-pVDZ level for TEE-n X with n=1-3.

TEE-nX Splitting Acceptors Donors
NO, CHO CN OH OCH; NH,

n=1

geminal EX-EE 15 13 18 34 34 11
trans EX-EE 13 11 16 36 36 12
n=2

geminal XX-EE 30 25 35 68 67 22
trans XX-EE 24 21 32 70 69 24
n=3

geminal XX-EX 15 11 18 34 33 11
trans XX-EX 12 11 16 34 33 12

Chem. Eur. J. 2004, 10, 5671 —5680 www.chemeurj.org
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Figure 7. The geminal delocalization energies for all the TEE-nX, n=0-4. a) TEE-n X, with X =acceptor groups. b) TEE-n X, with X=donor groups. In
the legend, full, striped, and empty circles represent the studied EE, EX, and XX conjugation paths, respectively, whereas the neighbor paths are dis-

played in parentheses.

For the geminal paths in the acceptor-substituted com-
pounds, we observe conjugation energy splittings of 13-18,
25-35, and 11-18 kcalmol™' for the mono-, di-, and trisubsti-
tuted systems, respectively. However, this splitting between
geminal paths is even larger when donor groups are attached
to TEE. With X=OH or OCH;, the splittings are
34 kcalmol™ for both TEE-X, about 68 kcalmol™" for TEE-
2X, and, lastly, about 34 kcalmol™' for TEE-3X. TEE-
nNH, (n=1-3) shows a behavior more similar to the ac-
ceptor groups than to the donor ones. In fact the energy
splitting is rather small, that is, ~11, 22, and 11 kcalmol™

5676 ——
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for the mono-, di-, and trisubstituted systems, respectively,
compared to the other donors considered.

In Figure 8 we present the delocalization energies calcu-
lated for the trans paths of the same set of compounds. As
also shown in Table 2, these results are similar to those ob-
tained for the geminal pathways. In fact, for the acceptors,
the energy splittings EX-EE, XX-EE, and XX-EX are in
the range 11-16, 21-32, and 10-16 kcalmol™ for the mono-,
di-, and trisubstituted systems, respectively. For the donors
these same conjugation energy differences are 36 kcalmol™!
for TEE-OH and TEE-OCH,, about 70 kcalmol™' for the

www.chemeurj.org Chem. Eur. J. 2004, 10, 5671 — 5680
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Figure 8. The trans delocalization energies for all the TEE-n X, n=0-4. a) TEE-n X, with X=acceptor groups. b) TEE-n X, with X=donor groups. In the
legend, full, striped, and empty circles represent the studied EE, EX, and XX conjugation paths, respectively, whereas the neighbor paths are displayed

in parentheses.

disubstituted compounds, and about 34 kcalmol™' for the
trisubstituted ones. TEE-nNH, show very small delocaliza-
tion energy splitting, that is, 12, 24, and 12 kcalmol ! for n=
1, 2, and 3, respectively.

These data show three different aspects. First, the delocal-
ization energies in the TEEs substituted with donors are
much larger than those in the TEEs with acceptors for both
trans and geminal pathways. The analysis of the SOIE data
show that this is due to the interactions between the m; of
the backbone (TEE) and the lone pairs of the donors. This
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interaction is much stronger than the one of the sy, of the
acceptors with the m} of the backbone. This is consistent
with the fact that the electronic population which moves
from the lone pairs of the substituents to the s} of the back-
bone is much larger than the charge which moves from the
nipery (of the substituents) into the m of the backbone.
Second, each substituent shows a different strength. In the
case of the acceptor groups, the largest splitting is observed
for the CN group, whereas the weakest delocalization
energy differences between paths are found for CHO in all
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cases (geminal, trans). This indicates that the CN substituent
is the strongest among the three acceptors considered here,
enhancing the m conjugation in TEE most effectively. For
the donors (Figures 7b and 8b), there is not much difference
in delocalization energies for the TEE-nOH and TEE-
nOCH;. Both of the two groups intensively enhance the
conjugation in TEE. Here NH, turns out to be a very weak
7t donor also showing some acceptor character. Third, we
note that in the acceptor-substituted TEEs, the geminal
paths are always more favorable by a few kcalmol™' than
the trans ones, whereas in the donor-substituted TEE, the
trans paths are preferred by 1-2 kcalmol™ with no excep-
tion.

In summary, for the class of compounds studied here, the
conjugation is determined by the type of substituent (donor
versus acceptor), whereas the type of path considered
(through versus cross) has a minor influence only.

Impact of degree of substitution: The analysis of Figures 7
and 8 reveals two more distinct trends. First, we see a signif-
icant increase of Eg,, when increasing the number of sub-
stituents in a conjugation path (“direct trend”). Second, we
observe only a small variation of Eg,, when increasing the
number of substituents in the neighbor path (“indirect
trend”). In both cases, the best geminal and trans paths are
always the XX paths, independent of the type of neighbor
and the type of substituents, that is, donor or acceptor. In
the XX paths the interactions between the substituents and
the 7t of the backbone are doubled, thus strongly enhancing
conjugation. For example, the delocalization energies of
the geminal EE and EX paths of the TEE-OH are 86
and 122 kcalmol™!, respectively. The contribution of the
lone pair interacting with the m} of TEE amounts to
37 kcalmol ™!, which accounts for most of the difference be-
tween the two conjugation paths. In the case of geminal
TEE-20H we observe similar numbers for the EE path
(88 kcalmol '), and a very strong delocalization for the XX
path (158 kcalmol '), which is dominated by the interactions
between the lone pairs of the X groups and the ) of the
backbone (74 kcalmol™'). In summary, the higher the
number of substituents in a path, the larger is the corre-
sponding delocalization energy.

From a more detailed analysis of the data presented in
Table 3, we observe that in the acceptor case, the energy dif-
ference of the geminal paths for the direct trend is
23 kcalmol™' on average for NO,, 22 kcalmol™' for CHO,
and 35 kcalmol™! for CN, whereas in the indirect trend the
difference is 7, 2, and 1 kcalmol™' for NO,, CHO, and CN,
respectively. In the donor case, the energy variation in the
direct trend is on average 74 and 73 kcalmol ™! for OH and
OCH;, and 17 kcalmol™! for NH,, whereas in the indirect
trend it is 6 kcalmol™ for OH and OCHj;, and 2 kcalmol™!
for NH,. These data show that for a given conjugation path
the neighborhood effects are small with respect to the sub-
stituent effects. In the case of the trans paths we observe
similar numbers; however, for the direct trend the trans
paths are slightly disfavored for TEE with acceptors, and
slightly favored with the donors, whereas in the indirect
trend the geminal paths are always favored with the only ex-
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ception of TEE-nCN. Thus, in TEE (as backbone) the &
conjugation in the geminal or trans path is enhanced by at-
taching donor groups rather than acceptor ones.

The NH, substituent represents a particular case. As
known from the literature, and from our own study, this
substituent behaves as a m donor when attached to a phenyl
group. Comparing the results obtained for our series of
TEEs substituted with both donor and acceptor groups and
TEE-nNH,, it seems that the latter behaves more similarly
to the acceptor groups rather than to the donor ones. By
means of the SOIEs, it can be noted that the NH, is indeed
a donor, but rather than being a rt donor, like in the case of
Ph-NH,, it is a 0 donor when attached to TEE.

Finally, we conclude from the data collected in Table 3,
that the indirect trend, albeit small, consistently favors a less
substituted neighbor path for the acceptor case and a more

Table 3. The energy differences [in kcalmol '] in the direct and indirect
trends calculated at B3LYP/cc-pVDZ level for TEE-nX with n=0-4.
The degree of substitution » is shown in parenthesis in the first column.

Energy differences Acceptors Donors

NO, CHO CN OH OCH; NH,
direct trend
geminal
XX(2)—EE(0) 25 22 34 76 76 19
XX(3)-EE(1) 24 23 36 74 74 10
XX(4)—EE(2) 21 22 36 71 69 21
trans
XX(2)—EE(0) 20 20 32 76 75 20
XX(3)-EE(1) 21 21 35 73 75 22
XX(4)—-EE(2) 20 21 35 73 72 22
indirect trend
geminal
EE(2)—EE(0) -5 -3 -1 8 9 -3
EX(3)-EX(1) —6 -2 1 6 7 -1
XX(4)-XX(2) -9 -2 1 3 2 -1
trans
EE(2)—EE(0) —4 -2 0.1 5 6 —4
EX(3)-EX(1) -3 -0.4 3 5 6 -2
XX(4)-XX(2) —4 -0.2 4 3 3 -2

substituted neighbor path for the donor one. The only ex-
ceptions are CN and NH,.

In summary, for the acceptor as well as for the donor sub-
stituted TEEs (Figure 7 and 8) we observe a strong depend-
ence of the conjugation energy on the degree of substitu-
tion, and on the type of substituents attached (donors versus
acceptors). Somewhat surprisingly, the conjugation energy
depends much less on the type of paths, that is, trans versus
geminal. The impact of the neighboring path is clearly visi-
ble, but also much less pronounced.

Conclusions

A major focus of the present work was to validate our
method of computing delocalization energies as presented
in reference [S] by means of the second-order orbital inter-
action (SOIE) approach. The study shows that the deletion
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energies, which represent the delocalization energy compare
rather well with the second-order perturbation energies,
both depicting the non-Lewis contribution to the total
energy of the systems considered (Figure 3). The main ad-
vantage of the SOIE approach is that it offers higher depth
of analysis allowing us to identify the contributions to conju-
gation energies. However, in presence of very strong conju-
gation, higher order perturbative corrections can no longer
be neglected; therefore, the deletion approach becomes
quantitatively more accurate.

To illustrate the capabilities of the method, an extensive
study of mono-, di-, tri-, and tetrasubstituted donor/acceptor
TEEs was performed. We compared distinct conjugation
paths, that is, geminal (cross) or trans (through), within the
same molecule. We also analyzed the effect of each substitu-
ent on the TEE as backbone, and the impact of neighbor
paths. From this analysis, we observed first that the conjuga-
tion is strongly dependent on the nature of the substituent
(donor versus acceptor) rather than on the type of path con-
sidered (through versus cross). Second, we have found that
the conjugation energy in a selected path is enhanced with
increasing degree of substitution. In fact, the best geminal
and frans paths are always the XX paths (X=donor or ac-
ceptor), regardless of the neighborhood. This is due to a
strong contribution of the substituents into the 7t} orbitals of
the backbone, which is in general much larger with the
donors than with the acceptors.

In this work we were restricting ourselves to model mole-
cules, because our goal mainly was to test our novel ap-
proach by showing that deletion energies and second-order
interaction energies can be used complementary to “meas-
ure” the delocalization energy in conjugated systems. By
means of this method, we are able to understand why cer-
tain paths favor conjugation more than others. We are also
able to quantify the effect of substituents on a backbone,
and, therefore, to predict how to enhance conjugation (5t or
0) in a specific path.

Computational Methods

In the present work, all calculations were performed at the DFT level of
theory, using the nonlocal and hybrid Becke three-parameter Lee-Yang-
Parr (B3LYP) functional.">!*! The optimized geometries and the NBO
data were obtained at B3LYP level together with 6-31G** basis set of
Gaussian orbitals!'”! for 1,3-butadiene and diethynylethenes, and with a
correlation-consistent polarized valence double-¢ (cc-pVDZ) basis set!'®!
for the TEE and its derivatives.

All calculations were carried out using Gaussian 98 package.!'”! The natu-

ral bond orbital analysis has been performed with the program
NBO 5.0?" included in Gaussian 98.

Acknowledgement

The research project was supported by the Swiss National Science Foun-
dation through grant 200020-100346. The authors would like to thank
Prof. F. Weinhold, Prof. F. Diederich, Dr. N. Moonen, and Dr. D. Bakow-
ies for fruitful and stimulating discussions.

Chem. Eur. J. 2004, 10, 5671 —5680 www.chemeurj.org

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

[1] U. H. F. Bunz, Chem. Rev. 2000, 100, 1605-1644.

[2] a) Modern Acetylene Chemistry (Eds.: P.J. Stang, F. Diederich),
VCH, Weinheim 1995; b) Carbon Rich Compounds II, Vol. 201
(Ed.: A. de Meijere), Springer, Berlin 1999.

[3] a) R. H. Grubbs, D. Kratz, Chem. Ber. 1993, 126, 149-157; b) D. L.

Pearson, J. S. Schumm, J. M. Tour, Macromolecules 1994, 27, 2348 -

2350; c) P. Seta, E. Bienvenue, Mol. Electron. Mol. Electron. Devices

1994, 3, 59-78; d) J. S. Schumm, D. L. Pearson, J. M. Tour, Angew.

Chem. 1994, 106, 1445-1448; Angew. Chem. Int. Ed. Engl. 1994, 33,

1360-1363; ¢) J. M. Tour, Chem. Rev. 1996, 96, 537-553; f) M. D.

Ward, Chem. Ind. 1996, 15, 568-573; g) T. Bartik, B. Bartik, M.

Brady, R. Dembinski, J. A. Gladsyz, Angew. Chem. 1996, 108, 467—

469; Angew. Chem. Int. Ed. 1996, 35, 414—417; h) L. Jones II, D. L.

Pearson, J. S. Schumm, J. M. Tour, Pure Appl. Chem. 1996, 68, 145—

148.

a) Handbook of Conducting Polymers, Vols. 1, 2 (Ed.: T. A. Sko-

theim), Dekker, New York 1986; b) Electronic Properties of Conju-

gated Polymers II1: Basic Models and Applications (Eds.: H. Kuzma-
ni, M. Mehring, S. Roth), Springer, Berlin 1989; c) A. Buckley, Adv.

Mater. 1992, 4, 153-158; d) J. S. Miller, Adv. Mater. 1993, 5, 671-

676; e) Conjugated Polymers and Related Materials. The Interconnec-

tion of Chemical and Electronic Structure (Eds.: W. R. Salaneck, 1.

Lundstrom B. Rinby), Oxford University Press, Oxford, 1993;

f)N. C. Greenham, S. C. Moratti, D. D. C. Bradley, R. H. Friend,

A. B. Holmes, Nature 1993, 365, 628-630; g) M. Liphardt, A. Goo-

nesekera, B. E. Jones, S. Ducharme, J. M. Takacs, L. Zhang, Science

1994, 263, 367-369; h) H. S. Nalwa, Adv. Mater. 1993, 5, 341-358;

i) M. Brgndsted Nielsen, F. Diederich, Chem. Rec. 2002, 2, 189-198.

M. Bruschi, M. G. Giuffreda, H. P. Liithi, Chem. Eur. J. 2002, 8,

4216-4227.

a) M. Schreiber, J. Anthony, F. Diederich, M. E. Spahr, R. Nesper,

M. Hubrich, F. Bommeli, L. Degiorgi, P. Wachter, P. Kaatz, C. Bos-

shard, P. Giinter, M. Colussi, U. W. Suter, C. Boudon, J.-P. Gissel-

brecht, M. Gross, Adv. Mater. 1994, 6, 786-790; b)J. Anthony,

A.M. Boldi, Y. Rubin, M. Hobi, V. Gramlich, C.B. Knobler, P.

Seiler, F. Diederich, Helv. Chim. Acta 1995, 78, 13-45; c¢) M.

Schreiber, R. R. Tykwinski, F. Diederich, R. Spreiter, U. Gubler, C.

Bosshard, I. Poberaj, P. Giinter, C. Boudon, J.-P. Gisselbrecht, M.

Gross, U. Jonas, H. Ringsdorf, Adv. Mater. 1997, 9, 339-343.

a) T. Ito, H. Shirakawa, S. Ikeda, Polym. J. 1971, 2, 231; b) T. Ito, H.

Shirakawa, S. Ikeda, J. Polym. Sci. Polym. Chem. Ed. 1974, 12, 11—

20.

a) G. Wegner, Z. Naturforsch. Teil B 1969, 24, 824; b) Polydiacety-

lenes (Ed.: H.J. Cantow), Springer, Berlin, 1984, and references

therein; c) Martinus Nijhoff in Polydiacetylenes, (Eds.: D. Blood,

R. R. Chance), Kluwer, Dordrecht, 1985, and references therein;

d) D.J. Sandman, Trends Polym. Sci. 1994, 2, 44-55; ¢) S. Okada,

H. Matsuda, H. Nakanishi in Polymeric Materials Encyclopedia

(Ed.: J. C. Salomone), CRC, Boca Ranton, FL, 1996, p. 8393, and

references therein.

[9] R. R. Tykwinski, Y. M. Zhao, Synlett. 2002, 12, 1939-1953.

[10] R. R. Tykwinski, A. Hilger, F. Diederich, H. P. Liithi, P. Seiler, V.
Gramlich, J. P. Gisselbrecht, C. Boudon, M. Gross, Helv. Chim. Acta
2000, 83, 1484-1508.

[11] a) Y. Rubin, C. B. Knobler, F. Diederich, Angew. Chem. 1991, 103,
708; Angew. Chem. Int. Ed. 1991, 30, 698—700; b) R. R. Tykwinski,
M. Schreiber, V. Gramlich, P. Seiler, F. Diederich, Adv. Mater. 1996,
8, 226; c) C. Bosshard, R. Spreiter, P. Giinter, R. R. Tykwinski, M.
Schreiber, F. Diederich, Adv. Mater. 1996, 8, 231; d) R. R. Tykwinski,
M. Schreiber, R. Pérez Carlon, F. Diederich, V. Gramlich, Helv.
Chim. Acta 1996, 79, 2249; e) R. Spreiter, C. Bosshard, G. Knopfle,
P. Ginter, R. R. Tykwinski, M. Schreiber, F. Diederich, J. Phys.
Chem. B 1998, 102, 29-32.

[12] A. Hilger, J.-P. Gisselbrecht, R.R. Tykwinski, C. Boudon, M.
Schreiber, R. E. Martin, H. P. Liithi, M. Gross, F. Diederich, J. Am.
Chem. Soc. 1997, 119, 2069-2078.

[13] a) T. K. Brunck, F. Weinhold, J. Am. Chem. Soc. 1979, 101, 1700-
1709; b) J. P. Foster, F. Weinhold, J. Am. Chem. Soc. 1980, 102,
7211-7218; ¢) A. E. Reed, R. B. Weinstock, F. Weinhold, J. Chem.
Phys. 1985, 83, 735-746; d) A. E. Reed, F. Weinhold, J. Chem. Phys.
1985, 83, 1736-1740; e) A. E. Reed, L. A. Curtiss, F. Weinhold,

[4

—

[5

—

6

—_

[7

—

[8

—_

— 5679


www.chemeurj.org

FULL PAPER

H. P. Liithi et al.

Chem. Rev. 1988, 88, 899-926; f) F. Weinhold, J. E. Carpenter, The
Structure of Small Molecules and Ions, Plenum, 1988, p. 227.

[14] C. Dehu, F. Meyers, J. L. Brédas, J. Am. Chem. Soc. 1993, 115,
6198-6206.

[15] A.D. Becke, J. Chem. Phys. 1993, 98, 5648 —5652.

[16] C. Lee, W. Yang, R. G. Parr, Phys. Rev. B 1988, 37, 785-789.

[17] W.J. Hehre, R. Dietchfield, J. A. Pople, J. Chem. Phys. 1972, 56,
2257-2261.

[18] T. H. Dunning, Jr., J. Chem. Phys. 1989, 90, 1007-1023.

[19] Gaussian 8 (Revision A.7), M. J. Frisch, G. W. Trucks, H. B. Schle-
gel, G. E. Scuseria, M. A. Robb, J. R. Cheeseman, V. G. Zakrzewski,
J. A. Montgomery, R. E. Stratmann, J. C. Burant, S. Dapprich, J. M.
Millam, A.D. Daniels, K. N. Kudin, M. C. Strain, O. Farkas, J.
Tomasi, V. Barone, M. Cossi, R. Cammi, B. Mennucci, C. Pomelli,

[20]

C. Adamo, S. Clifford, J. Ochterski, G. A. Petersson, P. Y. Ayala, Q.
Cui, K. Morokuma, D. K. Malick, A. D. Rabuck, K. Raghavachari,
J. B. Foresman, J. Cioslowski, J. V. Ortiz, B. B. Stefanov, G. Liu, A.
Liashenko, P. Piskorz, I. Komaromi, R. Gomperts, R. L. Martin,
D.J. Fox, T. Keith, M. A. Al-Laham, C.Y. Peng, A. Nanayakkara,
C. Gonzalez, M. Challacombe, P. M. W. Gill, B. G. Johnson, W.
Chen, M. W. Wong, J. L. Andres, M. Head-Gordon, E. S. Replogle,
and J. A. Pople, Gaussian, Inc., Pittsburgh PA, 1998.

NBO 5.0, E. D. Glendening, J, K. Badenhoop, A. E. Reed, J. E. Car-
penter, J. A. Bohmann, C. M. Morales, F. Weinhold, Theoretical
Chemistry Institute, University of Wisconsin, Madison, 2001.

Received: March 30, 2004
Published online: October 7, 2004

5680 — © 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim  www.chemeurj.org  Chem. Eur. J. 2004, 10, 56715680


www.chemeurj.org

