VoLuME 119, NUMBER 9
MARCH 5, 1997
© Copyright 1997 by the

American Chemical Society OF THE

AMERICAN
CHEMICAL
SOCIETY

Electronic Characteristics of Arylated Tetraethynylethenes: A
Cooperative Computational and Electrochemical Investigation

Anouk Hilger, T Jean-Paul Gisselbrecht, Rik R. Tykwinski, 8 Corinne Boudon }
Martin Schreiber, ¢ Rainer E. Martin, 8 Hans Peter Luthi,* T Maurice Gross,** and
Francois Diederich*$

Contribution from the Swiss Center for Scientific Computing, ETH-Zentrum, Clausiusstrasse 59,
CH-8092 Zuich, Switzerland, Laboratoire d’Electrochimie et de Chimie Physique du

Corps Solide, URA 405 au CNRS, Waisite Louis Pasteur, 4 rue Blaise Pascal,

F-67000 Strasbourg, France, and Laboratory for Organic Chemistry, ETH-Zentrum,
Universitastrasse 16, CH-8092 Zich, Switzerland

Receied August 5, 1996

Abstract: A systematic analysis of a series of donor- and/or acceptor-substituted tetraethynylethenes (TEEs, TEE
3,4-diethynylhex-3-ene-1,5-diyne) was conducted by means of electrochemical analysisiaitid calculations to
determine the ability of the conjugated carbon core to promote electronic communication between pendant functionality.
The electronic behavior as a function of the degree and pattern of substitution was examined and compared to the
theoretical results. Experimentally, the study indicates that the electrochemically generated charges localize, since
the presence of one redox center on the TEE core has a minimal effect on the redox characteristics of the other
centers. Upon reduction gknitrophenyl-substituted TEEs, however, a decrease in bond length alternation in the
TEE core and a corresponding increase in the phenyl rings were predicéddimhiio calculations. This cumulenic/

quinoid structure was validated experimentally by the electrochemical isomerizatws BB-bis(4-nitrophenyl)-

3,4-bid [(tert-butyldimethylsilyl)oxy]methy} hex-3-ene-1,5-diyne to itseansisomer during cyclic voltammetry. Thus,

the findings show that although the multigdenitrophenyl redox centers present on the TEE core apparently behave
independently from one another in electrochemical reduction steps, delocalization of the incurred charges is effectively
conveyed by the alkynes into the carbon framework. This delocalization imparts a sufficiently high single bond
character to the central TEE double bond in the dianion to allow rotatiorcisrdransisomerization.

Introduction Chart 1
Tetraethynylethene (TEE, 3,4-diethynylhex-3-ene-1,5-diyne, R S~ R la R=H
. . . A = 1b R=Ph
1a) and its derivatives (Chart 1) represent a class of two- 1c R =MegSi
dimensionally conjugated building blocks that provide a versatile ]d gf ;VlBe
“molecular construction kit” for the assembly of carbon-rich Z XX e n=tEd

nanoarchitectures® These unique molecules combine amazing R R
synthetic flexibility with a rigidly planar, unencumbered frame-
work that has readily been elaborated into acydiad cyclic
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Chart 2

5a R'=R?=R%®=NO,
5b R'=R%=0Me, R®=NO,

3a R'=R?=NO,
3b R' = NO,, R? = NMe,

6a R'=R?=R%=H, R*=NO,
6b R'=R%?=H, R®=R*=NO,
6c R'=R%=H, R2=R*=NO,
6d R'=R2=NO,, R®=R*=NMe,
6e R'=R%=NO,, R> = R* = NMe,

Hilger et al.

4a R'=R%=NO,, R® = (i-Pr);Si
4b R' = NO,, R? = NMe,, R® = (i-P)3Si

NO,

(+Bu)Me,SiO |
(t-Bu)Me,SiO

Y 4
X

7b

NO,

acetylenic molecular scaffolding, as well as oligomers and observed physical properties. For example, acentricity, donor/

polymers with the conjugated poly(triacetylene) backbbne.
More recently, the interaction of perphenylated TEE, with

acceptor strength, and full two-dimensional conjugation were
shown to significantly influence the third-order nonlinear optical

s-acceptors was shown to lead to highly ordered charge transferproperties? Analysis of the second-order nonlinearity has

complexes in the solid state and in solutforElectron rich

identified similar structural motifs toward optimization of first-

(donor) and electron deficient (acceptor) groups have beenorder hyperpolarizabilitie¥® Throughout our studies, it has
attached to the planar TEE chromophore to broaden their become clear that the observed physical properties propagate
applicability as materials for electronics and photonics. Thus, with the extension of the conjugated TEE enediyne chro-

from a small number of selectively silyl protected precursors,

mophore. The successful evolution of organic materials based

a comprehensive library of donor/acceptor-substituted TEEs on TEEs requires a broad understanding of their ability to

such as compounds-7 (Chart 2) has been assemblé€d!
Structure-function investigations of TEEs have identified

effectively function as a conjugated tether. In this study we
have therefore examined the electrochemical behavior of a

chromophore elements that correlate most closely with the selected series of functionalized TEEs both experimentally and

(2) Hori, Y.; Noda, K.; Kobayashi, S.; Taniguchi, Hietrahedron Lett
1969 3563-3566.

(3) Hauptmann, HAngew Chem 1975 87, 490-491; Angew Chem,

Int. Ed. Engl. 1975 14, 498-499.

(4) Hopf, H.; Kreutzer, M.; Jones, P. €hem Ber. 1991, 124, 1471~
1475.

(5) (&) Rubin, Y.; Knobler, C. B.; Diederich, Angew Chem 1991
103 708-710; Angew Chem, Int. Ed. Engl. 1991 30, 698-700. (b)
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theoretically.

The electrochemistry of nitroaromatic molecules has been
extensively studied*1° Pioneering work by Ammar and
Savant showed that, even in the presence of a conjugated bridge
between two nitrophenyl groups, the difference between the first
two reduction potentials rapidly decreases as the length of the
bridge is increaset?. This study also showed that tetrakis(
nitrophenyl)ethylene is reduced in two successive, reversible

(12) Bosshard, Ch.; Spreiter, R.;'@&er, P.; Tykwinski, R. R.; Schreiber,
M.; Diederich, F.Adv. Mater. 1996 8, 231-234.
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R.; Schreiber, M.; Diederich, B. Phys Chem, submitted for publication.

(14) Kemula, W.; Krygowski, T. M. IrEncyclopedia of Electrochemistry
of the ElementsBard, A. J., Lund, H. Eds.; M. Dekker: New York, 1979;
Organic Section, Vol. Xlll, Chapter 2. Maki, A. H.; Geske, D. HAm
Chem Soc 1961, 83, 1852-1860. Geske, D. H.; Maki, A. Hl. Am Chem
Soc 196Q 82, 2671-2676.

(15) Jensen, B. S.; Parker, V. D.Chem Soc, Chem Commun1974
367—368.

(16) Krygowski, T. M.; Stencel, M.; Galus, Z. Electroanal Chem
1972 39, 395-405.
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1969 91, 7121-7127. Peover, M. Elrans Faraday Soc1964 60, 479—
483.
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two-electron reductions; first, a two-electron transfeigtom
orientedp-nitrophenyl moieties, and then a two-electron reduc-
tion of the remaining two nitrophenyl groups. The redox
behavior of alkyne-linked 2,5-bis(N-diethylamino)phenyl
groups reported by Zhou and Swaffenas shown that elec-
trochemically generated radical cations and dications are
highly localized. These observations suggested an inability of
the conjugated framework to participate in charge delocaliza-
tion. The electrochemical reduction of stilbenes, however,
confirmed partial charge delocalization by demonstratiise
transisomerization as a result of reduced olefinic bond ofder.

Additionally, electrochemical analyses of tetraphenylethenes also

showed charge delocalization, resulting in both diminished bond
order of the olefin and marked structural rearrangements to
relieve steric and electrostatic interactidas.

Our electrochemical analyses of donor- and/or acceptor-
functionalized TEEs initially appeared to echo reports for similar
conjugated systems which predicted highly localized redox
centers. A rigorouab initio examinatior?® however, revealed
a much more complex picture. We now report the conclusions
of this combined investigation which detail the influences of
linear and cross-conjugation and clearly outline the ability of
the conjugated TEE enediyne core to effectively promote
conjugation.

Results and Discussion

Electrochemistry. (a) Redox Behavior ofp-Nitrophenyl
Derivatives. All species examined in the present study were
electroactive within the available potential range inCH +
0.1 M BuNPF; and gave well-defined signals with the exception
of 6a, 6b, and6e (Table 1). The latter three molecules gave
no well-defined reduction on a rotating disk electrode (RDE)

due to adsorption and electrode inhibition phenomena; however,

on the time scale of cyclic voltammetry (CV), these species

could be analyzed and gave well-resolved cyclovoltammograms

(CVs). Of all the mono- and bis(nitrophenyl) derivatives

examined, none were oxidized over the available potential range

with the exception oba, which was oxidized at-1.15 V vs

ferrocene (V/Fc). All species gave several reduction steps, as
demonstrated by the CVs shown in Figure 1 for a selected series

of mono- @a), bis- Eb and 6c), and tris(nitrophenyl) %a)
derivatives. The first reduction step characteristically occurred
at an average potential 6f1.37 V/Fc.

Steady state voltammetry (SSV) gave well-defined voltam-
mograms for all species with the exception6a 6b, and6e
where electrode inhibition hindered a detailed study. For all
mono- and bis(nitrophenyl)-substituted TEEs, including those
with additional anisyl or aniline functionality, the first reduction
wave had an amplitude proportional to the number of nitro-
phenyl groups present in the molecule. Wave analysi2for
3a, and6c gave slopes close to 70 mV (uncorrected for ohmic
drop), values indicative of reversible one-electron reductions.
For3aand6c, however, the wave amplitudes were twice those
of 2 and 6a, and wave analyses were in agreement with the

J. Am. Chem. Soc., Vol. 119, No. 9, 12971

Table 1. Electrochemical Data for Functionalized
Tetraethynylethene$—6 and the Enediynega/b?

rotating disk electrode

cyclic voltammetry

E°vs AES Epus Eipvs  slopé  no. of
compd F (V) (mV) Fd(V) Fc (V) (mV) electrons
1bf —1.76 1583 —-1.77 60 1
—-2.11 70
—2.32 80
1d —-1.96 320 —2.02 60 1
—2.50 80
—2.74 160
2 —1.36 75 —-1.37 68 1
—1.65 75 —1.68 68 1
3a —1.35 85 —-1.37 67 2
—-1.73 85 —-1.77 62 1
—2.28
3b —1.40 85 —-1.42 75 1
—-1.73 70 —-1.76 66 1
+0.47 75 +0.47 68 1
4a —1.38 100 —1.38 92 2
—1.65 73 -1.71 63 1
—2.08
4b —-1.37 80 —-1.39 66 1
—1.68 70 -1.71 63 1
+0.46 65 h +0.46 59 1
5a —1.26 84 —1.29 59 2
—1.43 84 —1.49 53 1
—-1.71 100 1
5b —1.38 80 —1.39 76 1
—1.65 80 —1.69 69 1
+0.96 +0.98 71 2
6a —-1.34 90 i 1
—1.53 85 1
+1.19 +1.15 91
6b —-1.38 150 ca —1.38 j 2
—-1.57 120 ca —1.57 | 1
—-2.17
6¢c —-1.29 84 —-1.33 61 2
—-1.64 100 -1.71 58 1
—2.20
6d —1.38 80 —1.42 86 2
-1.69 105 -1.76 65 1
-211 -2.17 113 1
+0.46 +0.42 60 2
6e —1.38 95 —-1.32 66 2
—-1.76 110 | 1
—2.22
+0.40 +0.41 122 2
T7a —1.42 120 —1.45 100 2
—2.16 —2.12 180 1
7b —-1.40 100 —1.44 100 2
—2.09 —2.09 115 1

2 Redox potentials observed in @El; + 0.1 M BwuNPF; on glassy
carbon.” Formal redox potentiaE'® = (Epa + Ep)/2. ¢ At scan rate
100 mV s*. 4 Peak potentials for irreversible reductions and oxidations.
e Logarithmic analysis of the wave obtained by plott&gs log[l/lim
— 1)]. fReduction potentials observed in THF0.1 M BwNPF; at a
Hg working electrode (ref 279 At scan rate 10 V& " Reversible at
scan rate>2 V s%. ' Not well-defined. Poorly resolved wave Ad-
sorption.' Polarographic maximum.

namely, the reduction of the two nitrophenyl groups. This

presence of two overlapping and independent reduction eventsconclusion was confirmed by CV foBa and 6¢, where the

(20) Zhou, Q.; Swager, T. Ml. Org. Chem 1995 60, 7096-7100.
(21) Chien, C. K.; Wang, H. C.; Szwarc, M.; Bard, A. J.; ltaya, K.
Am Chem Soc 1980 102, 3100-3104. Wang, H. C.; Levin, G.; Szwarc,
M. J. Am Chem Soc 1977 99, 2642-2647. Sorensen, S.; Levin, G.;
Szwarc, M.J. Am Chem Soc 1975 97, 2341-2345. Ward, T. A,; Levin,

G.; Szwarc, M.J. Am Chem Soc 1975 97, 258-261.

(22) Wolf, M. O.; Fox, H. H.; Fox, M. AJ. Org. Chem 1996 61, 287—
294. Shultz, D. A.; Fox, M. AJ. Org. Chem 199Q 55, 1047-1051. Fox,
M. A.; Shultz, D. A.J. Org. Chem 1988 53, 4386-4390.

(23) For previousb initio studies oflasee: Ma, B.; Xie, Y.; Schaefer,
H. F. Chem Phys Lett 1992 191, 521-526. Ma, B.; Sulzbach, H. M,;
Xie, Y.; Schaefer, H. FJ. Am Chem Soc 1994 116, 3529-3538.

observed reductions were reversiblg/(pc = 1 at all sweep
rates) and the peak potential differences measured at 071 V' s
were close to 80 mV (uncorrected for ohmic drop), values in
agreement with the reductions of two independent redox centers.

Optically transparent thin layer electrode (OTTLE) studies
of the first reduction steps f@a, 6a, and6c gave nice spectral
evolutions with well-defined isosbestic points. For the mono-
(nitrophenyl) derivativeba, Figure 2a shows an absorption at
668 nm for the reduced species, characteristic of a reduced
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. . : . , , Figure 2. Time-resolved UV/vis spectra for OTTLE reduction in
15 1.0 05 0.0 05 10 CH.CI; + 0.1 M BwNPF; of (a, top)6a and (b, bottom)c.
and 75 mV were obtainétlas the difference between the first
201 two reductions ofla and6b, respectively. These values were
10 in good agreement with the calculated redox potential obtained
z o by SSV from the slope of the first reduction wave. OTTLE
2 @ experiments orda clearly showed that it was possible to

-10 4

20

E (V/ Ag/AgCl)

T T T T T 1

-1.5 -1.0 -0.5 0.0 05 1.0

electrogenerate either the radical anion or dianion due to the
potential difference existing between the two overlapping charge
transfers (Figure 3). The reduction of one nitrophenyl group

gave a single band at 604 nm, whereas the dianion displayed

two bands at 572 and 612 nm, analogous to the result§dor
shown in Figure 2b.

Finally, the presence oN(N-dimethylamino)phenyl or anisyl
donor substituents on the TEE core had little effect on the first
. oy - . reduction potential involving the nitrophenyl groups as clearly
Elitg;ﬁt):ezgylsm?vl\?st%ha't:(t)rzgcrgngéglZ%X?eglggszer?gclagtlcryoggﬁ’ds agemonstrated by examination of the redox behavior of.donor/
560 and 606 nm, as well as a low-energy absorption above 820 ceeptor SyStems b, 4b, 5b, 6d, and e which all gave first
nm. The prese'nce of clear isosbestic points in Figure 2b reduction potentials ofa —1.38 V/FcZ®

) All mono- and bis(nitrophenyl)-substituted TEEs displayed

indicated that both nitrophenyl groups were reduced and no a second reduction step e —1.6 VIFc, corresponding to a

intermediate species could be observed on the time scale of thechar e transfer to the tetraethynylethene carbon framework. This
OTTLE measurements;e., the two nitrophenyl groups ific 9 yny )

behaved as two independent redox centers. In each Casereduction step to the TEE core is corroborated by comparison
) 1 i 27
reversibility was confirmed as the initial absorption spectrum o the redox behavior of tetrakls(phenyleth_ynyl)_ethem, .
could be quantitatively recovered through reoxidation. where_the absence of donor/acceptor functionality results in a
The gembis(nitrophenyl) TEEga and6b both gave satisfac- reversible one-electron transfer -atl.68 V/Fc, very close to
tory CV results: however, onia gave a well-defined wave in the second potentials observed for the nitrophenyl species.
SSV. Even at zslow sweép rates, the peak potential differences Analysis of the second reduction potentials observed for the
for 4aand6b (100 and 150 mV r’espectively) were somewhat one-electron transfer to the TEE core of nitrophenyl derivatives
higher than 60 mV, expected for, a reversible one-electron chargereveale_d thaF the values for .th's redox step are dependent upon
transfer. It was ,however possible to estimate the redox both orientation of the substituents about the TEE core and the
potential difference existing between the two consecutive and nature of the other substituents presere ((-PriSi vs Ph).
overlapping charge transfers from the peak shape. Thus, from
the E, — Epp values of 90 and 100 mV, calculated values of 70

Figure 1. Cyclic voltammetry on a glassy carbon electrode in,CH
+ 0.1 M BuNPFs at 0.1 V s for (a) 63, (b) 6b, (c) 6¢, and (d)5a
(the asterisk refers to the Fc/Fcouple used as an internal standard).

(25) Myers, R. L.; Shain, 1Anal. Chem 1969 41, 980.

(26) See the Supporting Information for a complete description of the
redox properties gb-(N,N-dimethylamino)phenyl- ang-anisyl-substituted
TEEs.

(27) Boudon, C.; Gisselbrecht, J.-P.; Gross, M.; Anthony, J.; Boldi, A.
M.; Faust, R.; Lange, T.; Philip, D.; Van Loon, J.-D.; Diederich,J.
Electroanal Chem 1995 394, 187-197.

(24) Constantinescu, E.; Hillebrand, M.; Volanschi, E.; Wendt,JH.
Electroanal Chem 1988 256 95-109. Osa, T.; Kuwana, T. Electroanal
Chem 1969 22, 389-406. Kemula, W.; Sioda, Rl. Electroanal Chem
1964 7, 233-241.
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Absorbance
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Figure 3. Time-resolved UV/vis spectra for the OTTLE reduction of

4ain CHCl; + 0.1 M BwNPF; at (a) —1.35 V/Fc (just below half
wave potential) and (b)-1.45 V/Fc (plateau potential).

For example, comparison of the perarylated sesg$b, and
6¢ to the analogous silyl-substituted seri@s 4a, and 3a

J. Am. Chem. Soc., Vol. 119, No. 9, 12973
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800

Figure 4. Time-resolved UV/vis spectra for the OTTLE reduction of
5ain CHCI; + 0.1 M BwNPF; at (a) —1.35 V/Fc (first reduction
plateau potential) and (b)-1.45 V/Fc (second reduction plateau
potential).

reduction potential of the mono- and bis(nitrophenyl) TEEs.

demonstrates that reductions in the latter are 120, 80, and QOOTTLE experiments confirmed that the first and second

mV, respectively, more difficult than in the former series. This

reductions involved the nitrophenyl groups as the absorption

is in good agreement with the expectation that extension of the . . 1< 4t 540 and 588 nm observed after the first reduction

conjugatedr-electron framework upon introduction of phenyl
groups should lower the energy of the lowest unoccupied
molecular orbital (LUMO).

Pairwise comparison oP( 6a), (4a, 6b), and @a, 6¢) clearly

(Figure 4a) were only slightly shifted to 548 and 588 nm after
the second reduction (Figure 4b). The third reduction step, the
transfer of an electron to the TEE carbon core, is more difficult,
occurring at—1.71 V/Fc, as would be expected for electron

demonstrates the effects of substitution pattern on the redoXyansfer to such a highly charged species.
behavior and substantiates the ability of the acetylenic moieties Computational Studies. (a) Computational Details. The

to participate in delocalization of the incurred charge. The
second reduction occurs atl.65 V/Fc for @, 4a), and at—1.55
V/Fc for (6a, 6b), whereas it is observed atl.73 and—1.64
V/Fc for 3aand6c, respectively. The occurrence of the second
reduction at similar potentials for analogous pairs of radical
anions R, 6a) and dianions4a, 6b) suggests that the geminal
orientation of the nitrophenyl groups in the latter somewhat
limits the possibility of delocalization into the carbon core due
to the cross-conjugated orientation of the anionic centers.
Furthermore, comparison afemderivatives 4a, 6b) to the
trans-derivatives 8a, 6¢) shows the reduction of the latter to
be ca. 80 mV more difficult. Orientation of the nitrophenyl
groups of3a and 6¢ in a linear manner facilitates charge

delocalization into the core, and thus augments the energetic

requirements for the second reduction step.
(b) Redox Behavior of Tris(nitrophenyl) Derivative 5a.

computations presented in this work focus on the investiga-
tion of the molecular and electronic structure (ground state) of
neutral mono(nitrophenyl)-3,4-diethynylhex-3-ene-1,5-di@e,
and its radical anionfrans1,6-bis-nitrophenyl)-3,4-dieth-
ynylhex-3-ene-1,5-diyne9, as well as its radical anion and
dianion (Chart 3).

The geometries d and9 were optimized using the 6-31G**
basis set. Single-point energy calculations Qfvere then
performed at the geometry obtained at the HF/6-31G** level
using extended basis sets (i.e., HF/PVDZa//HF/6-31G**). From
validation studies (HartreeFock theory) on the molecular
structures and electron affinities of TEE and nitrobenzene
(Supporting Information), it appeared that a polarization function
along with a diffuse p-type function is necessary when
investigating theelectronicstructure of the anions & and9.
Additional diffuse s- and d-functions, however, did not seem

'I;]he refdo; be_havul)qr of lth's r_noleg_ule d|ffedrs (E)on3|der%bly from 44 he critical components and were therefore omitted. For the
that of the nitrophenyl series discussed above and requiresy,q o cyar structure computations, the basis set requirements

individual attention. The first reversible reduction -af..26
V/Fc involved two electrons, whereas the second and third
reductions at-1.43 and—1.71 V/Fc, respectively, were each
reversible, one-electron transfer events (Table 1). The first
reduction corresponds to electron transfers involving two

independent redox centers as observed previously for bis-

(nitrophenyl) derivatives, albeit at a potential 200 mV more
positive. The second reduction, also occurring at a nitrophenyl
group, isca 50 mV more negative than the averafiest

are less strict and the HF/6-31G** level of theory is appro-
priate. For the computations of the electron affinities9pf
modified 6-3HG* basis set and the (9s4pld/4slp)[3s2pld/2slp]
polarized valence doublgé-correlation consistent basis sets
of Dunning?® denoted PVDZ and PVDZa, were employed.
The modified 6-3%G* and PVDZa basis sets are both
augmented with a diffuse p-exponent (but no diffuse s- and

(28) Dunning, T. HJ. Chem Phys 1989 90, 1007-1023.
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Chart 3

N\ 7
7/ \

d-functions) on the heavy atoms. The modified 6+&* and
PVDZa (9s5pld/4s1p)[3s3pld/2slp] working basis set®for
consisted of a total of 496 and 554 contracted basis functions,
respectively.

All calculations were carried out using the restricted Hartree
Fock (RHF) and restricted open-shell Hartrdeock (ROHF)
schemes. Furthermore, density functional theory (DFT) with a
B3LYP?° functional was used to investigate the electron
affinities of 9.

Unless otherwise note@,, symmetry was applied for TEE,

Cs symmetry for8, and Cy, symmetry for9. The programs
used were the Gaussian 94 pack&yp)SCO3! and TURBO-
MOLE.32

(b) Molecular Structures. The optimized molecular geom-
etries play a vital role in the interpretation of electronic
properties. The computed equilibrium geometries at the HF/
6-31G** |evel of theory of the neutral compoun8s@nd9 and
their anions are presented in Tables 2 and 3.

First, considering the computed structure of the carbon
scaffold for the neutral species, the bond lengths found for the
mono(nitrophenyl) compoun8land the bis(nitrophenyl) deriva-
tive 9 lie in the same range as those predicted for the parent
TEE (Supporting Information), which means that all bond

lengths are close to the standard values for single, double, and

triple bonds (1.433 Ass1.43 A for Gz—Csp, 1.348 Avs 1.34
A for C=C, and 1.190 Aus 1.182 A for G=C).33 Thus, the

enediyne character is dominant in the neutral compounds, and
as expected, little structural change upon substitution is observed

for these molecules in the ground st#té*35

An examination of the bond length alternations between the
neutral and radical anion for monosubstitug@ able 2) shows
that the reduction process imparts little change on the core
geometry. Whereas the central bordfigure in Table 3) of
the parent TEELa~ and disubstituted®~ (Tables 3 and 4)

lengthen by 0.084 and 0.073 A, respectively, a change of merely

0.009 A is observed fo8'~.
Upon reduction t®?~, the bond length changes observed in
9 (Table 3) reveal a strong tendency of the core geometry toward

(29) Becke, A. D.J. Chem Phys 1993 98, 1372-1377.

(30) Gaussian 94, Revision C.3: Frisch, M. J.; Trucks, G. W.; Schlegel,
H. B.; Gill, P. M. W.; Johnson, B. G.; Robb, M. A.; Cheeseman, J. R;
Keith, T. A.; Petersson, G. A.; Montgomery, J. A.; Raghavachari, K.; Al-
Laham, M. A.; Zakrzewski, V. G.; Ortiz, J. V.; Foresman, J. B.; Cioslowski,
J.; Stefanov, B. B.; Nanayakkara, A.; Challacombe, M.; Peng, C. Y.; Ayala,
P.Y.; Chen, W.; Wong, M. W.; Andres, J. L.; Replogle, E. S.; Gomperts,
R.; Martin, R. L.; Fox, D. J.; Binkley, J. S.; Defrees, D. J.; Baker, J.; Stewart,
J. J. P.; Head-Gordon, M.; Gonzalez, C.; Pople, J. A., Gaussian, Inc.,
Pittsburgh, PA, 1995.

(31) DISCO, A Direct SCF and MP2 Code written by Alifild.; Faegri,

K.; Feyereisen, M. W.; Fischer, T. H.;"thi, H. P., ETH Zuich Version
3.0, 1994.

(32) Ahlrichs, R.; Ba, M.; Héser, M.; Horn, H.; Kémel, Ch. Chem
Phys Lett 1989 162 165-169.

(33) Carey, F. A.; Sundberg, R.Advanced Organic Chemistrylenum
Press: New York, 1984; Chapter 1.

(34) Dehu, C.; Meyers, F.; Bdas, J. LJ. Am Chem Soc 1993 115
6198-6206.

(35) Brddas, J. L.; Meyers, ANonlinear Opt 1991, 1, 119-123.
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Table 2. HF/6-31G** Bond Lengths and Bond Length Differences
(A) of 8 and Radical Anior8~

bonad Ind Ima Alma-ne
a 1.458 1.368 —0.090
b 1.383 1.414 0.031
c 1.380 1.366 —0.014
d 1.394 1.409 0.015
N—O 1.194 1.249 0.055
e 1.437 1.415 —0.022
f 1.190 1.201 0.011
g 1.434 1.415 —0.019
h 1.347 1.356 0.009
p 1.438 1.443 0.005
q 1.187 1.187 0.000
r 1.057 1.056 —0.001
e 1.057 1.056 —0.001
f 1.187 1.189 0.002
g 1.437 1.437 0.000
p' 1.438 1.436 —0.002
q 1.187 1.189 0.002
r 1.057 1.056 —0.001

2Bond labels according to figure abovene designates the neutral
speciest ma designates the monoanion.

Table 3. HF/6-31G** Bond Lengths and Bond Length Differences
(A) of 9, Radical Anion9~, and Dianion9?-

o

|
¢ N\+

a

ONZ 9 N 9
e

|ne Imac |dad A|maﬁne Aldarma A|d&ne
a a 1.459 1440 1383 —-0.019 -0.057 —0.076
b, b’ 1.383 1.389 1416 0.006 0.027 0.033
cc 1380 1374 1.353 —-0.006 -—0.021 —0.027
d d 1.394 1406 1.443 0.012 0.037 0.049
N-O 1.193 1.200 1.220 0.007 0.020 0.027
e 1.437 1411 1355 -0.026 -—0.056 —0.082
f, 1190 1.205 1.238 0.015 0.033 0.048
0.9 1433 1399 1345 —-0.034 -0.054 —0.088
h 1.348 1.421 1.478 0.073 0.057 0.130
p,p 1.438 1429 1.435 —0.009 0.006 —0.003
¢ 1187 1193 1194  0.006  0.001  0.007
rr 1.057 1.055 1.055 —0.002 0.000 —0.002

aBond labels according to figure abovene designates the neutral
species® ma designates the monoanidda designates the dianion.

cumulenic. The triple bondsandf' along the conjugation path
elongate by 0.048 A, whereas the single bogdsdg’ contract

by 0.088 A, so that both types of bonds show significant double
bond character. The central double bdn(figure in Table 3)
lengthens by as much as 0.130 A in the dian8n, which
indicates that this bond acquires strong single bond character.
The bond length alternations 8F involve the entire substituted
enediyne skeleton, whereas in the unsubstituted T&H able

4), only the central double bond is affected. This demonstrates
that the presence of the two electron deficient nitrophenyl groups
leads to a strong preference for a cumulenic resonance structure
in the reduced chromophores @f It is interesting to note that
the lengths of the bonds p', g, ', r, andr’, which are outside
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Table 4. HF/6-31G** Bond Lengths and Bond Length Differences
(A) of 1a, Radical Anionla~, and Dianionla?~

bond Ineb Ime IdaeI Almarne Algama  Aldane
e€,rr 1.057 1.054 1.053 —0.003 —-0.001 -0.004
f,f,a,.q 1.187 1.197 1.214 0.010 0.017 0.027
g.9,p,p 1438 1421 1399 —-0.017 -0.022 -—-0.039
h 1.345 1.429 1.527 0.084 0.098 0.182

aBond labels according to figure abovene designates the neutral
species® ma designates the monoanidida designates the dianion.

Figure 5. Highest occupied molecular orbitals (HOMOs; bottom) and
lowest unoccupied molecular orbitals (LUMOs; top) of (a) neu@al
and (b) radical anio®~.

the main conjugation path, are affected neither by the substit-
uents nor by the reduction process.

As the monosubstituted speci@ss reduced t#B*~, bonda
(figure in Table 2) between the phenyl ring and the nitrogen
atom contracts considerabiga—ne = —0.090 A). Within the
phenyl rings of8, the calculated bond lengths of the neutral

molecule have benzoid character, whereas in the radical anion

a quinoid-like structure is formed. Similar considerations apply
for the dianion9?~. Analysis of the three computed structures
(9, 9, 9%7) shows that, when proceeding from the neutral to
the dianion, the bond length alternation in the phenyl rings
steadily increases so that the quinoid form dominates in the
dianion. As an indicator for the extent of quinoid character in

the phenyl rings, the degree of bond length alternation can be

defined by the parameter in eq 1 (bond labels from the figure
in Table 3)34

_(b-9+@d-0_(F-c)+(d—c)

or 5 5

1)

In benzene, thér value equals 0, whereas values between
0.08 and 0.10 are found in a fully quinoid ring. In the analyses
of 8and8, dr is 0.01 for the neutral species and 0.05 for the
monoanion, whereas f& and its anions¢r is 0.01, 0.02, and
0.08, respectively, thus confirming the quinoid contribution to
the anionic structures.

It can be concluded that, upon reduction &f only the
nitrophenyl substituent is affected and adopts a quinoid-like

J. Am. Chem. Soc., Vol. 119, No. 9, 12975

form, whereas the TEE core remains unchanged. The reduction
of 9to 92-, however, involves both the nitrophenyl groups and
the TEE frame, leading to cumulenic/quinoid structures.

(c) Electronic Structure and Energetics. The changes in
the molecular structures upon reduction can be qualitatively
understood by inspection of the electronic structures of the
different reduced states & and 9. For simplification, the
present discussion is based on the shape of the molecular orbitals
(MOs) (Figures 5 and 6) and the Mulliken charges (Table 5)
for each compound at its respective equilibrium geometry.

Figure 5 shows that if*~ the additional charge localizes on
the nitrophenyl ring as one would expect from chemical
intuition. For the disubstitute®, however, the first electron
addition is strongly localized on the central ethylenic bond (bond
hin Table 3) and, somewhat surprisingly, very little charge is
found on the nitrophenyl groups (Figure 6b). Indeed, the
HOMO of the radical anior®*~ shows strongr* antibonding
character for bondh, resulting in a lengthening of this bond.
For the dianior®?~ considerable charge is now also found on
the nitrophenyl groups (Figure 6¢), and the charge is more
evenly distributed throughout the molecule.

It appears that the nitrophenyl groupsdmnhance the local
electron affinity of the central ethylenic bond, such that in the
first reduction step the charge does not migrate onto the
nitrophenyl units, but is accommodated mainly by bon®nly
in the second reduction step does accumulation of charge on
the nitrophenyl groups become significant (Table 5).

The different behavior of compoun@&sand9 with regard to
reduction can be illustrated in terms of the forms and the
ordering of the molecular orbitals: the LUMOs of both
molecules in their neutral states show strong delocalization
(Figures 5 and 6). Once reducede( the LUMO is half-
occupied and turns into the HOMO of the monoanion), a
distinctly different situation is encountered. Both orbitals
undergo localization, however, in opposite directions. The
HOMO of 8~ localizes on the nitrophenyl unit, whereas the
HOMO of 9"~ localizes on the central ethylenic bond. Accord-
ingly, the LUMOs of the monoanions show the complementary
behavior. The strong electronic relaxation effects and the
different relaxation paths involved make a prediction of proper-
ties based on inspection of the electronic structure of the neutral
species very difficult.

In terms of polymer physics, the dianion structg%,, would
be referred to as a bipolaréh. The alternative structure,
namely, two independent polarons, would not be consistent with
the cumulenic TEE core and the low barrier to rotation about
the central olefinic bond, observed in this study. In a two-
polaron representation, the enediyne structure of the TEE core
is preserved, and only the nitrophenyl rings adopt a quinoid-
like form.

The electron affinities computed at the Hartrdeock level
of theory are presented in Table 6. For the first reduction step
an electron affinity of~1.267 eV was found (HF/PVDZa//HF/
6-31G**) and for the second 1.607 eV. At B3LYP/6-31G**//
HF/6-31G**, the first electron affinity is-2.367 eV, whereas
the second electron affinity is found at 0.582 eV. These results
clearly show that a more sophisticated electron correlation
treatment is required for the computations of the electron
affinities of 9. Computations at a higher level of theory,
however, are not yet easily feasible.

Even though there are empirical formulas that relate computed

(36) Spangler, C. W.; Liu, P.-K.; Havelka, K. O. Molecular Electronics
and Molecular Electronic Déces Sienicki, K., Ed.; CRC Press: Boca
Raton, FL, 1992; Vol. 3, Chapter 5. Rfas, J. L.; Street, G. BA\cc Chem
Res 1985 18, 309-315.
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(c)
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Figure 6. Highest occupied molecular orbitals (HOMOs; bottom) and lowest unoccupied molecular orbitals (LUMOs; top) of (a)hdbdral

radical anion9"~, and (c) dianior®?".

Table 5. HF/6-31G** Mulliken Charges|€|) on Selected Atoms
of 9, Radical Anion9~, and Dianion9?>~ at Equilibrium Structure

atom né maP def

C1 0.058 —0.075 —0.151
C2 0.016 0.058 0.079
C3 —0.233 —0.291 —0.242
C4 0.036 0.054 —0.003
C5 —-0.122 —0.153 -0.177
C6 —0.106 —0.098 —0.084
C7 0.137 0.101 0.051
—NO; —0.416 —0.491 —0.685

ane designates the neutral specfesia designates the monoanion.
¢ da designates the dianion.

electron affinities with redox potentiaté,a direct comparison
of these data is difficult, particularly for the second reduction
step. Whereas experiments find little or no difference in the

redox potentials for these two reduction steps, the computations”,

would predict two distinct reduction potentials. We should point

out, however, that the theoretical data are single-molecule (gas

phase) valuest® K with no counterions (electrolyte) involved.

The introduction of the counter charges would change the
situation dramatically, but again the corresponding computa-

tional effort is beyond the scope of this work.
(d) Mechanistic Considerations. A reduced bond length

alternation of the eneyne tether, as discussed in the previou
section, is also predicted on the basis of a wealth of information
derived from doping studies of polymers such as polydiacetylene

or poly(phenylene)vinylene and from theoretical investigatf§ns.

in such a large structural rearrangement upon reduction is,
however, relatively untested. To determine the bond character
and the extent of conjugation and charge delocalization, the
barrier to rotation of the nitrophenyl rings about the bond
connecting the TEE with the nitrophenyl group (bamih the
figure of Table 4) and the barrier to rotation about the central
bond h have been computed f@. The calculations were
performed at the HF/6-31G** level of theory starting from the
planar equilibrium structure, with relaxation of the rotated
species only at a torsion angle of°90Tables 7 and 8 show
the calculated total and relative energies.

From these calculations, two conclusions can be drawn.
First, it appears that the twisteB4y) form represents a saddle
point betweencis- and transisomers. Attempts to locate a
twisted form lower in energy than the planar structures, by
relaxation of all geometrical constraints, failed. Therefore, in
contrast to similar systems such as tetraphenyleth$#eared
tetracyanoethylen®, which show twisted equilibrium struc-
tures in their reduced states, compou8@a@d$d9 retain planarity
in all reduced states. Second, the decrease of the torsion
potential about bonti (figure in Table 4) from 85.9 kcal/mol
(a value typical for a HartreeFock rotational barrier about a
double boné®) to 5.9 kcal/mol upon reduction illustrates that
the central double bond in the TEE frame acquires significant
single bond character in the dianion (Table 7). Consistent with
the observation of a transition toward a cumulenic structure is
the increase of the torsional potential from 0.829 kcal/mol
(neutral) to 28.9 kcal/mol (dianion) for the rotation about bond
ein 92~ (Table 8).

To reconcile the differing viewpoints between theory and
electrochemistry, a mechanism, involving ttie-transisomer-

g’zation of the reduced compound, emerged as outlined in

Scheme 1 for theis- and transenediyne model compounds
7aand7b.

(38) Zheludev, A.; Grand, A.; Ressouche, E.; Schweizer, J.; Morin, B.;
Epstein, A. J.; Dixon, D. A.; Miller, J. SJ. Am Chem Soc 1994 116,

The ability of acetylenes, which are known to be rather poor 7243-7249. Dixon, D. A.; Miller, J. SJ. Am Chem Soc 1987, 109,
mediums of conjugation when compared to olefins, to participate 3656-3664.

(37) Bard, A. J.; Faulkner, L. FElectrochemical Method&undamentals
and ApplicationsJohn Wiley & Sons: New York, 1980; Chapter 14.

(39) Hehre, W. J.; Radom, L.; Schleyer, P. v. R.; Pople, JARInitio
Molecular Orbital Theory John Wiley & Sons: New York, 1986. Head-
Gordon, M.; Pople, J. AJ. Phys Chem 1993 97, 1147-1151.
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Table 6. Total Energy (hartrees) and Adiabatic Energy Differences (e\9, ¢fs Radical Anion9"~, and Dianion9?~

level of theory Ewi(nep Eo(may E(day
HF/6-31G** —1246.803 313 —1246.833 336 —1246.762 003
HF/PVDZ/IHF/6-31G** —1246.878 374 —1246.914 644 —1246.847 016
HF/PVDZa/lHF/6-31G** —1246.901 901 —1246.948 476 —1246.889 405
B3LYP/6-31G**//HF/6-31G** —1254.301 835 —1254.388 869 —1254.367 474

level of theory AEi(ma—ne) AE(da—ma) AEo(da—ne)
HF/6-31G** —-0.817 1.940 1.124
HF/PVDZ/IHF/6-31G** —0.966 1.839 0.853
HF/PVDZal/lHF/6-31G** —1.267 1.607 0.340
B3LYP/6-31G**/[HF/6-31G** —2.367 0.582 —1.785

ane designates the neutral specfesa designates the monoanidla designates the dianion.

Table 7. Barriers to RotatiorE (kcal/mol) about the Central

absorption band at 372 nm, characteristic of ttams-species
Bond h (Table 3) of9, Radical Anion9"~, and Dianion9?~

7a(Figure 7b). The possibility of photochemical isomerizatfon

anglé (deg) Ero(ney Eo(may Erof(day was disregarded, as running the spectroscopy without electroly-
0 0.000 0.000 0.000 sis resulted in no change in the spectrum7bf Analogous
30 10.501 4.286 1.673 OTTLE studies offashowed that, during the course of reduction
60 40.717 16.258 4.687 and oxidation, this species remained isomerically pure. The
90 85.922 25.194 5.925

outcome of this experiment shows that alkynes are clearly
effective in facilitating charge delocalization into the conjugated

a All geometry parameters were kept at the values optimized for the

planar equilibrium structure8.ne designates the neutral specfana framework.
designates the monoanichda designates the dianiohThe relaxation
of the geometry in the dianion at 9@educes the barrier to rotation by  Conclusions

0.5 kcal/mol.

At first glance, the results of the electrochemical analyses of
donor- and/or acceptor-functionalized tetraethynylethenes sug-
gest that the conjugated carbon core is inefficient at delocalizing
chargesdetweerredox centers. Thus, the first redox potentials

Table 8. HF/6-31G** Barriers to Rotatiork, (kcal/mol) about
Bond e (Table 3) between the Nitrophenyl Rings and the TEE Core
of 9, Radical Anion9~, and Dianion9?~

angle (deg) Ewo(ney E(may Ero(day of these molecules are essentially independent of the substitution
0 0.000 0.000 0.000 pattern about the TEE core and/or the presence of other func-
30 0.188 1.454 4.664 . .
tionalities.
60 0.610 4.321 17.161 | ticul the first reducti tentials of d bi
920 0.829 5792 28.857 n particular, the first reduction potentials of mono- and bis-

(nitrophenyl)-substituted TEEs occur at similar values, and the
reduction waves have amplitudes proportional to the number
of nitrophenyl groups present in the molecule. These results
According to the views developed above, ttis-enediyne predict that the incurred charges are highly localized, and the
7b is predicted to undergo a lowering of the bond length nitrophenyl groups behave essentially as independent redox
alternation in the TEE core following a one-electron transfer to centers. Charge transfers at subsequent reduction potentials
each of the two nitrophenyl moieties, and the species tendsoccur to the TEE core andre affected by other substituents

ane designates the neutral specfasma designates the monoanion.
¢ da designates the dianion.

toward dianion10 with a cumulenic/quinoid structure. This
pathway allows the nitrophenyl moieties to function as inde-

and their orientation.
Ab initio calculations for bis(nitrophenyl)-substituted TRE

pendent centers since the conjugation between the cumulenicconfirmed the independence of redox events, but also revealed

“halves” in 10 and 11 is effectively impeded by the central

a much more complex mechanism. The calculated electronic

single bond. Again, a key consideration in this mechanism is structure of the singly reduced speci@s showed that the
the loss of the central double bond of the enediyne framework charge is localized on the TEE core. Only in the diar@n
of 7aand7b, and the potential for subsequent rotation about do the nitrophenyl groups accumulate considerable charge.
the ensuing single bond. Rotation would then allow for Furthermore, we observe that the disubstituted compound retains
isomerization oflOto 11, and following reoxidation, formation  planarity in all reduced states. This contrasts the behavior of
of 7a similar compounds like tetraphenylethylene and tetracyano-
Experimental support for the outlined redox pathway and ethylene where three-dimensional structures are observed upon
the formation of a cumulenic type intermediate was provided reduction. As a result of its electronic structure, the reduced
through independent analysis of the electrochemical behavior species also shows considerable alternation in the bond lengths
of isomerically pure enediynega and 7b. Both species’a within both the phenyl rings and the TEE core. The molecule
and 7b gave two reductions. The first was a two-electron adopts a cumulenic/quinoid structure, and most importantly, the
reversible charge transfer as expected for reduction of the central olefinic bond acquires significant single bond character.
nitrophenyl groups, and the second was an irreversible one-This dramatic change in bond character in the dianion reflects
electron charge transfer. SinZa and7b have different UV/ the = conjugation and charge delocalization patterns that are
vis absorption spectra (Figure 7c), the spectral evolution of possible in this system.
7b was monitored during CV through OTTLE measure-  Accordingly, the barriers to rotation within the molecule

ments to deteatis—transisomerization. Initially, the spectrum  also experience major changes: torsion of the nitrophenyl group
of 7b showed characteristic absorption bands at 314 and 368ahout the bond to the TEE core becomes more difficult, where-
nm (Figure 7a). As the species was electrochemically reduced,
these absorptions were lost, and a broa_d intensive band be-105 437-440; Angew Chem, Int. Ed Engl. 1993 32, 406-409. (b) Kanig,
tween 700 and 800 nm appeared. Reoxidation of the sampleg : schofield, E.; Bubenitschek, P.: Jones, P.JGDrg. Chem 1994 59,

to a neutral species resulted in a spectrum with only one 7142-7243.

(40) (a) Anthony, J.; Knobler, C. D.; Diederich, Angew Chem 1993



2078 J. Am. Chem. Soc., Vol. 119, No. 9, 1997 Hilger et al.

Scheme 1. Proposed Mechanism for Electrochemicé—transIsomerization between Enediyn@a and 7b
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1\ Experimental Section

0.6 Materials. Tetraethynylethene derivatives were synthesized as
J/ (a) reportedt®! CH,Cl, was purchased spectroscopic grade from Merck,
/I\ dried over molecular sieves (4 A), and stored under argon prior to use.
047 /F Tetrabutylammonium hexafluorophosphate {BBF;) was purchased
electrochemical grade from Fluka and used as received.

0.2 - Equipment. The Pt or glassy carbon disk (diameter 2 mm, EDI

type, SOLEA-Tacussel, Villeurbanne, France) was used either motion-

less for cyclic voltammetry (CV) or as a rotating disk electrode (RDE).

0.0 = T T T T T The electrochemical cell was connected to a computerized multipurpose

300 400 500 600 700 800 electrochemical device (DACFAMOV, Microtec-CNRS, Toulouse,
France) interfaced with an Apple Il microcomputer. The OTTLE cell

l/ was connected to a BRUKER potentiostat (model EI30M) for control

0.6
J/ (b) and measurement of the electrochemical parameters. The UV/vis
04 4 spectra were recorded with a Hewlett-Packard diode array spectrometer
' (model 8452A).

General Procedures. The electrochemical experiments were carried

Absorbance

0.2 ,_ out at 20+ 2 °C in CH,CI; containing 0.1 M BulNPFs in a classical
three-electrode cell. The working electrode was either a glassy carbon

0.0 -— T T T T T or a Pt disk electrode used either motionless for CV (10 m\ta 10
300 400 500 600 700 800 V s™1) or as a RDE. All potentials in the present study are referenced

to the ferrocene/ferrocinium (Fc/Fccouple which was used as an
internal standard. The auxiliary electrode was a platinum wire, and a
silver wire was used as a pseudoreference electrode. The accessible
range of potentials wa$1.2 to—2.0 V vs Fc/Fc" on the Pt electrodes

and +1.2 to —2.2 V vs Fc/Fc" on GC in CHCl,. Spectroelectro-
chemical measurements were performed in a thin layer cell (0.1 mm)
through an optically transparent thin layer electrode (OTTLE) made
of a Pt minigrid (1000 mesh). The auxiliary electrode was a Pt wire,
and an aqueous Ag/AgCI electrode was used as the reference. The
OTTLE cell was placed in a diode array UV/vis spectrophotometer.

300 400 500 600 700 800

Wavelength (nm)

Figure 7. Time-resolved UV/vis spectra for the OTTLE in @&, +
0.1 M BwNPF; for (a) reduction of7b to dianion10 and (b) oxidation
of 11to 7a. (c) UV/vis spectra of7a (- - -) and 7b (—).
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