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Abstract: The gas-phase internal elimination (E;) reaction of the sulfoxide (—SO-CHjs) precursors of ethylene
and model oligomers of PPV and PITN has been investigated by means of Hartree—Fock, Mgller—Plesset
(second and fourth order), and Density Functional Theory (B3LYP, MPW1K) calculations. Considerable
differences between the obtained ground state and transition state geometries and the calculated activation
energies are observed from one approach to the other, justifying first a careful calibration against the results
of a benchmark CCSD(T) study of the E; reaction leading to ethylene. In comparison with the CCSD(T)
results, as well as with available experimental data, DFT calculations along with the MPW1K functional
are found to be a very appropriate choice for describing the E; pathway. The leading conformations of the
precursors, the relevant transition state structures, and the energy barriers encountered along the lowest
energy path to unsubstituted, o and j chloro-, methoxy-, and cyano-substituted ethylene, styrene, stilbene
in its cis and trans forms, and at last trans-biisothianaphthene have therefore been identified and
characterized in detail employing DFT (MPW1K). Depending on the substituents attached to the C, and
Cg atoms, different reaction mechanisms are observed.

1. Introduction considerable interest for their high conductivity and large optical

Conducting or electroluminescent polymers are nowadays 2€tiVity combined with their advantageous mechanical and
arousing considerable interest because of the broad range of€0logical properties. A very promising synthetic route toward
their possible applicatiods’ in electroluminescent devices, tNeSe polymers is the so-called “sulfoxide-precursor” rédité,
organic transistors, photovoltaic cells, antistatic layers, sensors Of Which the last synthetic step (Figure 1) implies the conversion
or solar cells. Low band gap polymér& such as polyt through an ellm_lnatlon regctlon of an unconjugated bac_kbone
phenylene vinylene) (PP¥14 and poly-isothianaphthene or precu_rsorl) into a conjugated polymer segmeﬂo.(Thls_
(PITN)!5-18 have become over the past decade a subject of conversion occurs undertherma.l control a.nd.rela.\tes to asmgle-
step process, referred to as an internal elimination mechanism
(E)) with, as transition state, a cyclic five-membered structure
(3).2% Thus, prior to the elimination itself (“step” b), this; E
reaction involves necessarily a conformational rearrangement
(“step” a in Figure 1). Although the;Eonversion of sulfoxide

precursors into unsaturated compounds is most generally
®) $égs"|g‘:"ﬁ_r%geﬁ§02?g_235_;7',:”6”(,’ R. Nature 1995 382, 695. assumed to occur as a concerted (or synchronous) process
(6) Hide, F.; Diz-Garzia, M. A.; Schwartz, B. J.; Andersson, M. R.; Pei, Q.;  (Figure 2a) without a stable intermediate, there are two extreme
(7) Tosder, NAth, Mator 1604 11, 363 mechanisms to consider for the reaction, namely, théke
(8) Hoogmartens, |.; Adriaensens, P.; Vanderzande, D.; Gelan, J.; Quattrocchi, (Figure 2b) and the carbanion-like (Figure 2c) pathways. With
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Figure 1. Mechanism of the internal elimination reaction of a sulfoxide
precursor chain into PPV (& conformational change, & elimination
itself).
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Figure 2. Structural and electronic characteristics of transition states in
(a) fully concerted, (b) Elike and, (c) carbanion-like elimination reactions
of sulfoxide precursors.

of varying length and different electro-optical properties. It can

also be noted that the importance of the elimination reaction of
sulfoxide precursors goes much beyond the synthesis of
conducting polymers in organic chemistry. For example, such
reactions are also involved in the preparation of antibiotics such
as penicillin®® and are often used in organic synthesis as an
effective strategy for introducing unsaturatiofis.

To the best of our knowledge, theoretical studies ¢f E
reactions only comprise the studies of the internal elimination
of small organic oxide&® ethyl formate, xanthate, and phos-
phinate?®:37 and sulfoneg® In most cases, the second-order
Mgaller—Plesset (MP2) methd8lhas been applied to study the
reaction. The computational demand of MP2 calculations scales
as M5, with M being the number of basis functions. Clearly,
therefore, large basis MP2 treatments become quickly un-
tractable with increasing system size. In particular, when dealing,
as here, with fully asymmetric structures, useful alternatives
must therefore be sought. In this regard, a methodology that is
simultaneously accurate and affordable is Density Functional
Theory® (DFT). The computational demand of DFT calculations
scales approximately likiel®. However, a well-known drawback
of most commonly employed DFT functionals (in particular the

progresses faster than the proton migration, thereby stronglygecke Lee-Yang—Parr (BLYP}142 and the Becke three-

depriving thea-carbon of its electron density (Figure 2b), while

parameter LeeYang—Parr (B3LYP?243 functionals) is that

in the carbanion-like mechanism the proton migrates more they tend to underestimate barrier heights of chemical reac-
swiftly, which results on the contrary in an increase of the {jons44One way to obtain higher reaction energies is to increase

electron density surrounding tffecarbon in the transition state
(Figure 2c). For instance, it is well-known that the pyrolysis of
alkyl—aryl sulfoxide$>2° tends to proceed via anfike
mechanisr#? while the pyrolysis of alkyt-alkyl sulfoxides is

the weight of the HF exchange in the hybrid functional.
Recently, a new hybrid functional involving a single parameter
(Modified Perdew-Wang 1-parameter model for kinetics

(MPW!1K)) has been implemented, which provides significantly

believed to lproceed via a fully concerted, i.e., synchronous, more accurate barrier heights and saddle point geometries than
mechanisni: the other widely used functionaté45

Precursor systems with a sulfoxide functionality, acting  tha first goal of the present work is to compare the
simultaneously as a base and as a leaving group, are partiCUIar%erformance of a variety of theoretical methods such as HF,

in_ter_esti_ng because of th_eir selective chemistry in ther_mal MP2, MP4(SDQ) (single, double, and quadruple substitutions),
eliminations, thereby reducing the occurrence of side reactions. ;g DFT(B3LYP, MPW1K), in conjunction with increasing

F_urther_more, sglfomde grou_ps give rise to an intense ab_sorpuon basis sets, in the description of the internal elimination reaction
signal in the infrared region of the spectrum, making IR leading to ethylene. The obtained activation energies will be

measurements an efficient way ‘o monitor the CONVersion ¢, nared with experimental data and benchmark CCSD(T)
process experimentally. Another important advantage of this

kind of elimination is the possibility of controlling the conjuga-

tion length through modifications at the level of the precursor.
Very fine tuning can indeed be achieved by locally replacing
the sulfoxide by other leaving groups which exhibit different

thermal stability. This can be achieved, for instance, through

oxidation or reduction of the sulfoxide group in order to

introduce unsaturations. Treating the precursor at a temperature
at which only the less stable groups eliminate causes incomplete

elimination2°-32yielding a polymer with conjugated segments

(22) Kingsbury, C. A.; Cram, D. . Am. Chem. So0d.96Q 82, 1810.
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(24) Emerson, D. W.; Korniski, T. J. Org. Chem1969 34, 4115.
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Chem.)1997, 38, 156.
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1987 60, 2491. (b) Yoshimura, T.; Tsukurimichi, E.; lizuka, Y.; Mizuno,
H. Bull. Chem. Soc. Jpri989 62, 1891.

(31) Emerson, D. W.; Craid, A. R.; Potts, J. W., Jr.Org. Chem1967, 32,
102
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A.; Gelan, J. M.; Vanderzande, D. Acta Polym 1998 49, 510.
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(33) (a) Morin, R. B.; Jackson, B. G.; Mueller, R. A.; Lavagnino, E. R.; Scanlon,
W. B.; Andrews, S. LJ. Chem. Am. Sod 969 91, 1401. (b) Cooper, R.
D. G.J. Chem. Am. Sod97Q 92, 5010.

(34) (a) Durst, TComprehensie Organic ChemistryPergamon Press: Oxford,

1979; Vol. 3, p 121. (b) Trost, B. M.; Salzmann, T. N.; Hiroi, KJJAm.

Chem. Socl976 98, 4887. (c) Trost, B. M.; Salzmann T. N. Am. Chem.

Soc 1973 95, 6840. (d) Trost B. MAcc. Chem. Red978 11, 453. (e)

Trost, B. M.; Kunz, R. AJ. Org. Chem1974 39, 2648.

(35) (a) Jursic, B. SJ. Mol. Struct. (TheoCheni)997, 389, 257, (b) Cubbage,

J. W.; Guo, Y.; McCulla, R. D.; Jenks, W. S. Org. Chem 2001, 66,

8722.

(36) (a) Lee, I.; Park, Y. S.; Lee, B.-8ull. Korean Chem. S0d.987, 8, 193.
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ed.; Wiley-VCH: Weinheim, 2001.
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excitations supplemented with a quasiperturbative estimate of311++G** ground state and transition state geometries. These latter

the effect of triple excitations)47

The purpose of this calibration is to identify the most suitable
functional for describing the;Eeaction of sulfoxide precursors.
In a second step, the elimination reactions leading taxthed
S chloro-, methoxy-, and cyano-substituted forms of ethylene,
styrene, the cis- and trans-forms of stilbene, 2,5;2etracy-
anostilbene, 2,5,5 -tetramethoxystilbene, artichnsbiisothianaph-

CCSD(T) calculations have been completed by means of the MOLPRO
series of program®.

The reaction paths leading to larger conjugated compounds, such
as, for instance, stilbene andnsbiisothianaphthene, have all been
studied using the MPW1K functional, in conjunction with the 6-311G**
basis set, this level being identified from a series of tests on the sulfoxide
precursor of ethylene as the one enabling the best compromise between
accuracy £2.5 kcal/mol, see further) and the required computational

thene have been systematically characterized by means of thisffort.

functional.

2. Theory and Methodology

For all studied systems, the activation barriektJ{) are corrected
for the (unscaled) zero-point vibrational energies (ZPE) and entropies
(ASY) derived from a simple thermostatistical evaluation using the

Most ab initio calculations described in the present paper have beenRRHO (rigid rotor harmonic oscillator) mod& The purpose of these

carried out with use of the Gaussian98 pack&gé programs. The
MPW1K functional can be easily introduced into this package by using
the keywords stated in ref 44. This functional is expressed as follows:

F=F"+ XF" + (1 - X)(F+ F*9 + F©

whereF" and FHFE represent the non-exchange and exchange parts of

the HF operatorFSE, FCCE and FC are the Slater's local density
functional for exchange, the gradient corrected exchange functional,
and the total correlation functional, respectively. After optimizing the

one-parameter model against 20 forward and reverse barrier heights

and 20 reaction energies, a value of 0.428 has been séfefiiethe
fraction of HF exchange in the functiona,

calculations is to evaluate the order of magnitude of such corrections
for a model compound in vacuo.

The charge transfers and rearrangements of the electron density
occurring during the reaction are discussed on the basis of Muilik&n
and Natural Population Analysésf the computed MPW1K/6-311G**
electron densities.

3. Elimination Reaction of Sulfoxide Precursors of
Ethylene and Related Derivatives

3.1. Structural Details. It is essential that the S-S and G—
Hs bonds are accurately described in order to derive meaningful
conclusions about the reaction characteristics. The main struc-

The transition state connecting the oligomer to its sulfoxide precursor tural features computed for the sulfoxide precursor and the
has been located by using the reaction coordinate method referred totransition state involving unsubstituted ethylene are compiled
as the STQN method (Transition State Optimizations using the in Tables 1 and 2 and plotted in Figure 3, parts a and b,
Synchronous Transit-Guided Quasi-Newton Meth§d). respectively. As is immediately apparent from Table 1, con-

In the particular case of the precursor of ethylene, the dependencevergence of the geometries is seen among basis sets such as

of the structural results and energies on the quality of the basis set andthe 6-31G**, 6-311G**, 6-31%++G**, cc-pVTZ, and cc-pVQZ

on the amount of correlation included in the computations has been
carefully assessed. This issue is critical for further studies on larger
but not so easy tractable precursors. The geometries of the stationar
points (reactant, transition state, and product) identified along the
reaction pathway to ethylene have been fully optimized at the HF, MP2,
MP4(SDQ), DFT (B3LYP), and DFT(MPW1K) levels, using a series

basis sets. Compared with these, the doublesrrelation
consistent cc-pVDZ basis set leads systematically to significantly

yIonger G—Hg, C,—S, S-0, and S-C; bond lengths and smaller

Hi1—C,—Cs—Hp and S-C,—Cs—Hp dihedral angles both for
the reactant and transition state geometries. The same feature

of basis sets of improving quality. The basis sets that have beeniS observed at the HF, MP2, MP4, and DFT levels.

considered are the standard 6-3P@&-31G**,5051 6-311G** 52 and
6-311++G** 58 sets, as well as Dunning’s correlation consistent basis
sets (cc-pVXZ)* of double (X= D), triple (X = T), and quadruple (X
= Q) ¢ quality. To assess the quality of these methods against

Overall, the MP2, MP4(SDQ), and DFT(B3LYP, MPW1K)
results compare reasonably well (Table 2). Here also, the largest
fluctuations arise with the bond lengths characterizing the
leaving group, i.e., the &S, S-0O, and S-C; bond lengths.

benchmark theories of electron correlation, the corresponding activationThe B3LYP bond lengths involving the .S bonds are

energy is also compared with the results of single point CCSD(T)
calculations, with basis sets of increasing size, on the MP2/6-

(46) Purvis, G. D.; Bartlett, R. J. Chem. Phys1982 76, 1910.

(47) Raghavachari, K.; Trucks, G. W.; Pople, J. A.; Head-GordonChem.
Phys. Lett 1989 157, 479.

(48) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, M.
A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A., Jr.; Stratmann,
R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A. D.; Kudin,
K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi, M.; Cammi,
R.; Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford, S.; Ochterski, J.;
Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.; Malick, D. K.;
Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Cioslowski, J.; Ortiz,
J. V.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.; Komaromi, |.;
Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A.; Peng,
C. Y.; Nanayakkara, A.; Gonzalez, C.; Challacombe, M.; Gill, P. M. W.;
Johnson, B. G.; Chen, W.; Wong, M. W.; Andres, J. L.; Gonzalez, C.;
Head-Gordon, M.; Replogle E. S.; Pople, J. Baussian98revision A.7;
Gaussian, Inc.: Pittsburgh, PA, 1998.

(49) (a) Peng, C.; Ayala, P. Y.; Schlegel, H. B.; Frisch, Ml.Z2omput. Chem
1996 17, 49. (b) Peng, C.; Schlegel, H. Bsr. J. Chem 1994 33, 449.

(50) Francl, M. M.; Pietro, W. J.; Hehre, W. J.; Binkley, J. S.; Gordon, M. S;
DeFrees, D. J.; Pople, J. A. Chem. Phys1982 77, 3654.

(51) Hariharan, P. C.; Pople, J, &hem. Phys. Lettl972 66, 217.

(52) (a) Krishnan, R.; Binkley, J. S.; Seeger, R.; Pople, JJ.AChem. Phys
198Q 72, 650. (b) McLean, A. D.; Chandler, G. S. Chem. Phys198Q
72, 5639.

(53) Frisch, M. J.; Pople, J. A.; Binkley, J. $. Chem. Physl1984 60, 3265.

(54) Dunning, T. H., JrJ. Chem. Phys1989 90, 1007.

significantly longer than those obtained with the other methods.
The MP2 and MP4(SDQ) geometries are practically identical
and nicely match those obtained by means of the MPW1K
functional.

The molecular structure of the transition state involving
ethylene is provided in detail in Figure 3b along with Tables 1
and 2. All theoretical results indicate that the transition state is
a practically planar five-membered ring, which is consistent with
the model of an Ereaction. The I atom is transferred from
the G atom to the O atom, with a &&-Hg—O bond angle of

(55) MOLPRO 94 is an ab initio MO package; Werner, H.-J.; Knowles, P.,
with contributions from AlmTé, J., Amos, R. D., Deegan, M. J. O., Elbert,
S. T., Hampel, C., Meyer, W., Peterson, K., Pitzer, R., Stone, A. J., Taylor,
R.; University of Birmingham, 1996.

(56) McQuarrie, D. AStatistical Thermodynamigklarper and Row: New York,
1973

(57) Szabo, A.; Ostlund, N. SModern Quantum ChemistryMcGraw-Hill
Publishing: New York, 1982.

(58) (a) Reed, A. E.; Weinstock, R. B.; Weinhold,J.Chem. Phys1985 83,
735. (b) Bachrach, S. M. Population analysis and electron densities from
quantum mechanics. IReviews in Computational Chemistrizipkowitz,
K. B., Boyd, D., Eds.; VCH Publishers: New York, 1994; p171 and
references therein.
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Table 1. Main Geometrical Characteristics of the Sulfoxide Precursor (pre) and Transition State (TS) of Ethylene (MPW1K results)

6-31G* (119 Mo’s)

6-311G** (146 Mo’s)

6-311-++G* (174 M0’s)

cc-pVDZ (114 Mo's)

cc-pVTZ (266 Mo's)

cc-pVQZ (519 Mo’s)

parameter? pre TS pre TS pre TS pre TS pre TS pre TS
Cu—Cqy 1.513 1.398 1.511 1.397 1.511 1.398 1.511 1.401 1.509 1.392 1.509 1.391
Cs—Hg 1.087 1.396 1.086 1.394 1.086 1.390 1.094 1.385 1.085 1.412 1.084 1.420
(28.4%) (28.4%) (28.0%) (26.6%) (30.1%) (31.0%)
Cu—S 1.809 2.297 1.809 2.287 1.809 2.291 1.817 2.293 1.803 2.287 1.798 2.289
(27.0%) (26.4%) (26.6%) (26.2%) (26.8%) (27.3%)
S-0O 1.494 1.560 1.492 1.558 1.495 1.559 1.513 1.575 1.483 1.550 1.475 1.544
S—Cs 1.798 1.793 1.796 1.791 1.796 1.792 1.802 1.796 1.792 1.788 1.787 1.784
Co—Cs—Hp 109.9 96.5 109.9 96.5 110.2 96.6 109.5 96.3 110.1 95.6 110.3 95.4
Cs—Co—S 109.6 99.8 109.5 99.9 109.8 100.0 109.2 99.9 109.7 100.4 109.9 100.4
Cy,—S-0 106.8 89.1 106.1 89.3 106.5 89.1 105.5 89.3 106.3 89.2 106.6 89.1
Co—S—C3 96.6 96.6 96.8 96.6 97.0 96.7 97.0 96.9 96.9 96.9 96.3 96.9
H1—Cy—Cs—Hp  176.0 101.1 176.6 101.4 176.6 101.3 173.7 101.2 1755 101.4 176.2 101.2
S—Cy—Cs—Hg 56.6 -3.0 57.3 —-29 57.8 —-3.0 53.8 —2.7 56.3 =27 57.1 —-2.8
C3—S—Cy—C —172.7 —99.1 —171.1 -—99.1 —172.8 —99.3 —170.5 -—98.8 —1745 —99.5 —1755 —995
0-S-C,—Cs —62.4 4.6 —61.7 45 —62.9 4.3 —61.6 4.2 —65.1 4.2 —65.7 4.4

aBond lengths are in A and bond angles in deg. Values in parentheses provide the degree of extension (in %)-efijren@ G—S bond lengths
compared with the precursor.

Table 2. Main Geometrical Characteristics of the Sulfoxide Precursor (pre) and the Transition State (TS) of Ethylene, Optimized at the
Indicated Levels Using the 6-311G** Basis Set

B3LYP MPW1K MP2 MP4(SDQ)

parameter? pre TS pre TS pre TS pre TS
Co—Cp 1.524 1.407 1511 1.397 1.524 1.409 1.527 1.413
Cs—Hp 1.001 1.352 (23.9%) 1.086 1.394 (28.4%) 1.092 1.392 (27.5%) 1.093 1.385 (26.7%)
Co—S 1.851 2.414 (30.4%) 1.809 2.287 (26.4%) 1.818 2.300 (26.5%) 1.823 2.319 (27.2%)
S-0 1.513 1.579 1.492 1.558 1.504 1.574 1.507 1.576
S-C3 1.836 1.826 1.796 1791 1.807 1.798 1.812 1.805
Co—Cs—Hp 110.1 99.0 109.9 96.5 109.7 97.5 109.8 97.4
Cs—Cou—S 109.7 97.4 109.5 99.9 108.9 99.1 109.3 98.8
Cy—S-0 106.3 87.9 106.1 89.3 106.2 89.4 106.0 89.3
Cy—S—-C3 96.3 97.1 96.8 96.6 95.6 94.2 95.9 95.1
H1—Coy—Cs—Hp 176.5 99.7 176.6 101.4 177.7 101.7 178.0 101.1
S—Co—Cp—Hg 57.5 —20 57.3 —2.9 58.6 -3.5 58.8 -3.3
C3—S-Cu—Cy -171.3 —100.5 —-171.1 —99.1 —167.6 —98.0 —168.5 —98.0
0—-5-Co—Cp —61.8 3.3 —61.7 4.5 —58.6 4.9 —59.6 4.8

2Bond lengths are in A and bond angles in deg. Values in parentheses provide the degree of extension (in %)-dfijren@ G,—S bond lengths
compared with the precursor.

about 158. Whatever the method, the,€Cs bond length 5 kcal/mol on the computed barrier heights, regardless of the
decreases by about 0.115 A when going from the precursor tolevel of electron correlation. It is expected that with larger
the transition state. Overall, in comparison with the benchmark sulfoxide precursors the limitations of the 6-311G** basis will
MP4(SDQ) optimized geometries, the MPW1K functional be compensated by the contributions of a larger number of
provides a superior structural description than the B3LYP one, atoms.
in agreement with the observation by Truhlar and co-work-  From Table 3 it can be seen that the basis set has a rather
ergd4as similar effect with all selected theoretical levels. The CCSD-
3.2. Energetics and Reaction MechanisnUpon inspection  (T) single point energy calculations with increasing basis sets
of Table 3, it is immediately apparent that the energy barrier is on the optimized MP2/6-31-+G** geometries of the precursor
strongly dependent upon the quality of the basis set and uponand the transition state lead to activation energiédJfj in
the level of theory employed. It is well-knowhthat the 6-31G Table 3) ranging from 25.0 to 33.5 kcal/mol.
split-valence basis set is completely inadequate for a reliable |, agreement with the fact that DFT (B3LYP) is often
description of the reaction energetics. Including polarization reported to underestimate reaction barriers compared to MP2
functiqns to this basis set leads to ipcreases of the aCtivationresults‘F the B3LYP functional provides also in the present
energies by~17 to 24.5 kcal/mol. Diffuse functions, on the o 4y jower activation barriers than those obtained at the MP2
oth_er hand, have only a margl_nal impact. Overall, they Iead_to level. More specifically, for a given basis set, B3LYP calcula-
an increase of the energy bfarrler b_y about 1 kcalimol on_ly, with tions systematically lead to energies that are abet Rcal/
respect to the values obtained with the 6-311G** basis. The mol lower than the MP2 ones. Taking the CCSD(T) results as
convergence of the acFivatiop energy W.ith .regard o the size the standard of comparison, the DFT/MPW1K approach per-
and flexibility of t.he basis set is slow, but indicates nonetheless forms almost as well as the MP2 approach, with the advantage
that compared with the cc-pVQZ results, the standard 6-311G** of a much more reduced computational cost. Overall, the MP4-
basis is large and flexible enough to ensure an accuracy of 4 tO(SDQ) and MP1WK activation energies are about 3_4' and 1.5
3.0 kcal/mol higher than the CCSD(T) ones, whereas underes-
timations by 1.5 and 3:64.8 kcal/mol are seen with the MP2

(59) Hehre, W. J.; Radom, L.; Schleger, P. v. R.; Pople, AlAinitio Molecular
Orbital Theory J. Wiley: New York, 1986, and references therein.
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at the MP2 or MP4(SDQ) levels. Therefore, the MPW1K/6-
311G** result is impressive, but in somehow rather fortunate
agreement~0.5 to~2.5 kcal/mol accuracy) with the CCSD-
(T)/cc-pVTZ value and the CCSD(T)/cc-pVQZ estimation
(Table 3). Due to a cancellation of errors arising from the
approximate treatment of electron correlation and the incom-
pleteness of the basis set, the MPW1K/6-311G** level repre-
sents thus the best practical option for investigations of E
reactions of larger sulfoxide precursors.

The internal reactionAU) and activation AU*) energies,
the zero-point energies (ZPE), and the activation entropi&§(
as well as the Gibbs free activation energia&t) reported in
Table 4, enable a complete description of the energetics of the
E; reaction of the sulfoxide precursor of ethylene in vacuo. As
could be expected, due to the decrease in bond orders in the
transition state, accounting for the zero-point vibrations leads
to a decrease of the energy barrier by 3.6 kcal/mol. The
vibrational entropy also slightly decreases during the reaction,
whereas the rotational entropy remains pratically unchanged.
The final result at the MPW1K/cc-pVQZ level is a Gibbs free
activation energy of 35.0 kcal/mol at room temperature, in
vacuum. Here, only rather crude estimates of the zero-point
energies and activation entropies are taken into account, since

+0.15 their contribution toAH* or AG¥ is at least 1 order of magnitude

Figure 3. Molecular structure of the (a) reactant and of the (b) transition smaller than the computed activation energies.

state of the sulfoxide precursor leading to ethylene through internal . . T
elimination. Values in italics are the Mulliken charges calculated at the Experimentally it has been observed that the elimination of

MPW1K/6-311G** level. alkyl sulfoxides can be performed at temperatures between 100
Table 3. Activation Energy (AU in kcal/mol) of the Internal and 200°C C;)Orgespondlr_lg to activation enthglpled—(*) around
Elimination Reaction Leading to Ethylene Computed with Various 30 kecal/moF%3t In particular, from the estimated CCSD(T)/
Theoretical Methods and Basis Sets of Increasing Size? cc-pVQZ internal energy difference (Table 3) and accounting
basis set B3LYP MP2 ccsD(T) MPW1K MP4(SDQ) for a Zero-point Correctionﬂsz) of —3.6 kcal/mol, the
631G+ 2730 3293 3389  33.65 36.82 activation enthalpyAH¥) required for the sulfoxide precursor
(-6.59) (~0.96) (-0.24) (+2.93) of ethylene is found to be 31.4 kcal/mol, to compare with a
6-311G** 26.12 29.96 3097 3244 34.50 reported barrier of 31.2 1.1 kcal/mot! for the ethyln-butyl
6311 G (2_7225) gol.éoll) 4203 (213‘277) &3?5553% sulfoxide precursor. The latter value was obtained through a
(—4.75) (1.12) (+1.44)  (+3.48) monitoring of the kinetics of the ;Eeaction of this compound
cc-pvVDZ 22.38 25.05 26.24  29.04 29.63 by water displacement measurements of the volume of gaseous
(=3.86) (-1.19) (-2.80)  (+3.39) products. Notice that further MPW1K/6-311G** calculations
ce-pvTZ (23'3258) ?_11'3591) 32.90 65553 indicate that the presence of the ethyl andutyl substituents
cc-pvQz 3141 3350 35.02 37.98 increases the barrier by0.5 kcal/mol, compared with the one
(—3.61) (-1.51) +2.96) obtained for the sulfoxide precursor of ethylene. Hence, our
(ALI;P*E\;QZJF 2781 2991 3142 3438 best theoretical estimate for the enthalpy barrier measured for

the elimination of the ethyh-butyl sulfoxide precursor in ref
aThe values in parentheses are the energy differences compared with31 IS ~31.9 kcal/mol. At the MPW1K/6-311G** level, AH*

the corresponding CCSD(T) energy obtained with the same basis set.value of 29.3 kcal/mol is obtained for the latter precursor. The

"Estimated  value: AUfmetnodcepvz  +  (AUfMPwikeo-pvoz -~ MP2/6-311G** result is less accurate, with a barriaH) of

AV wevadeo pira) 26.3 kcal/mol ’

and B3LYP results, respectively. At the HF level, the calculated ~ The results obtained from the largest (6-311G**, 6-831G**,
energy barriers are much too high, around 50 kcal/mol, due to cc-pVTZ) basis set MPWI1K treatments indicate that in the
the neglect of electron correlation. To summarize, the activation transition state the £-Hg bond is slightly more stretched, by
energy increases in the following order: B3LY®P MP2 ~ ~ 2%, than the €—S bond (Table 1). However, compared with
CCSD(T)~ MPW1K < MP4(SDQ)< HF. Considering that results obtained at the other levels, the B3LYP results overes-
the energy lowering in going from the cc-pVDZ to the cc-pVTZz timate stretching of the £-S bond (Table 2). Since the
basis set is practically the same (6.34, 6.84, 6.82, and 6.66 kcaldifference between the,©S and G—Hg bond lengthening is
mol) at the MP2, B3LYP, MPW1K, and CCSD(T) levels, overall only a few percent at all the other theoretical levels, it
respectively, it can be reasonably assumed that the CCSD(T)/can be safely stated that the thermal decomposition of the alkyl-
cc-pVQZ energy barrier lies around 35.0 kcal/mol (see Table 3 sulfoxide precursor of ethylene is very close to a fully concerted
for details). Notice that the differences between the split-valence mechanism, in agreement with the experimental observatons.
to the correlation consistent basis sets for the DFT (B3LYP or  Variations in the electric charges of the atoms involved in
MPW1K) activation energies are markedly stronger than that the reaction are presented in Table 5, based on the Mulliken
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Table 4. The Internal Reaction and Activation Energies (AU and AUY), the Activation Enthalpy (AH?), the Activation Entropy (AS"), and the
Gibb’s Free Activation Energy (AG¥) for the Internal Elimination Reactions in Vacuum to Various Unsaturated Compounds (MPW1K/
6-311G** results, in kcal/mol)

obtained compound AU* AU AH¥(AU* + ZPE) TAS*T=298K) AG*
ethylene 32.44 20.29 28.84 —0.65 29.49
o-cyanoethylene 29.94 15.91 25.30 —0.40 25.70
pB-cyanoethylent 25.26 16.30 22.09 -0.82 22.91
a-chloroethyleng 32.56 18.19 28.80 —0.29 29.09
[-chloroethyleng 32.72 17.46 28.87 -0.71 29.58
o-methoxyethylent 26.39 15.44 22.77 -0.17 22.94
p-methoxyethylen® 34.20 13.76 30.20 —0.70 30.90
a-phenylethyleng 30.23 16.96 26.43 —0.01 26.44
pB-phenylethylen® 29.85 14.97 26.20 —1.08 27.28
trans-stilbene 28.77 11.17 24.89 -0.24 25.13
cis-stilbene 32.08 15.08 28.17 —0.20 28.37
2,2,5,5-tetracyanostilbene 24.38 12.53 20.67 -0.87 21.54
2,2,5,5-tetramethoxystilbene 27.87 13.21 24.12 -0.67 24.79
trans-biisothianaphthene 32.85 9.43 28.63 +0.94 27.69

ao or 3 refer to the location of the substituent in the precursor.

gbllfe 5_.d V;Fiations ;Jf Atﬁmi{_? Ch?_ir_gessfrom Ege Reactant ) of systems (Figure 3a). Notice in particular that from the reactant

ulfoxide Precursor) to the Transition State (Aq = q'> — [0) i H H P

the E; Reaction Path Leading to the Listed Compound? _to t_he trgnsmon state, th_e charge variations are small, which is
in line with the general idea of a concerted process.

obained compound ° > Co G il 3.3. Substituent Effects.With the MPW1K functional, we
ethylene 18'2? :8-%2 :[8'2? :8'291’ 1815 are now in the position to accurately and efficiently study the
a-cyanoethylerie (+0:09) (_0:22) (+0:06) (_0:06) (Jrozll) Ei conversion of appropriate sulfoxide precursors iatoand
(+0.11) (-0.35) (+0.14) (-0.06) (+0.15) B-cyano (CN), chloro ClI), and methoxy { OCHg) deriva-
B-cyanoethyler®e +0.12 -0.14 +0.07 —-0.20 +0.14 tives of ethylene.
a-chloroethyleng (18:(1)3) tg:ig) (ig:é‘?l) (:8:(1)‘91) (igﬁ) At the MPW1K/6-311G** level, the activation energiJ¥)
(+0.11) 0.35) (+0.11) (-0.10) (+0.15) pertaining to thes-cyano sulfoxide precursor was found to be
f-chloroethyleng +0.10 -0.20 +0.07 -0.11 +0.13 about 7 kcal/mol lower than that relating to the unsubstituted
o-methoxyethylene (18_(1)? (:8:3451) (igjg) (:8&2) (Ig_g) precursor while that of the--cyano sulfoxide was only about
(+0.08) (—0.41) (+0.20) (—0.11) ¢+0.13) 2.5 kcal/mol lower (Table 4). The elimination-enhancing effect
p-methoxyethyler® ~ +0.08 —0.22 +0.04 —0.09 +0.17 of a strong electron-withdrawing group on th@osition is thus
(+0.11) (-0.37) (+0.16) (-0.11) (+0.20) far more pronounced than that of the one on ¢heosition.
a-phenylethylent +0.07 —0.23 +0.09 -0.10 +0.12 ; :
(+0.11) (-0.38) (+0.20) (-0.09) (+0.15) From the Mulliken and Natural Population Analyses of one-
B-phenylethylen® +0.08 —0.14 +0.02 —0.13 +0.17 electron densities, it has been observed that the presence of a
_ (+0.11) (-0.31) (+0.16) (-0.10) (+0.18) strong3-electron-withdrawing substituent, such as the CN group,
transstilbene (ig'gf) (:8'?;2) (Jrgf% (: 8'83) (18&2) has virtually no impact on the partial electric charges of atoms
cisstilbene +0.06 —024 4008 —004 4015 in the sulfoxide group and of the,Gnd H; atoms. In this case,
(+0.10) (0.38) (+0.21) (-0.08) (+0.15) the charge variations on the;@tom from the precursor to the
2,2,55-tetracyano- ~ +0.09  -0.14  —0.04  -0.08 +0.11 transition state clearly indicate a shift of the reaction mechanism
2,23,t5”,t‘)se-?eetramethoxy- Stg:gg) Eg:ig) (+%-10%) (:8:(1)2) ig:ig) toward the carbanion-like type (Table 5). Correspondingly, the
stilbene ¢-0.09) (-0.35) (+0.18) (-0.09) (+0.18) Cs—Hgp bond is stretched to a greater extent than the £bond
biisothianaphthene +0.06 —-0.32 +0.15 -0.06 +0.14 (Table 6).

(10.12) (70.42) (+0.19) (70.10) (+0.14) Compared with the cyano groups, chloro substituents enable

aThe values of charge transfers in parentheses derive from a Natural €SS Stabilization through resonance, and their impact on the
Population Analysis, whereas the other values were obtained through aactivation energies is therefore unsurprisingly more limited
Muliken Population Analysis (MPW1K/6-311G** results)a. or /3 refer (Table 4). Nonetheless, upon inspection of the charge transfers
to the location of the substituent in the precursor. . . .

and bond stretchings reported in Tables 5 and 6, respectively,

and Natural Population Analyses of one-electron densities, ata slight shift toward a carbanion-like type elimination mecha-
the MPW1K/6-311G** level. As is immediately apparent from hism is also observed for thchloro precursor in comparison
this table, both analyses consistently point to the same trendsWith the precursor of ethylene.
The lack of evidence for an intermediate metastable cation as On the other hand, in the case of tlre&yano- andx-chloro-
in a “pure” E; reaction is verified with both analyses from the substituted forms, the slight lowering of the energy barrier can
electric charges at the- and s-carbons. Charge variations be explained by an enhanced polarization of the-8 bond in
consistently indicate an increase of the electron density at thethe reactant state, which, together with enhanced steric repul-
S and G atoms during the reaction, and conversely a lowering sions, obviously favors the cleavage of that bond. In this case,
of the electron density on the,Gtom (Table 5). Correspond- ~ charge transfers (Table 5) and bond stretchings in the transition
ingly, the H; atom is slightly deprived of its electron density at state (Table 6) are both consistent with the idea of a fully
the level of the transition state, by 0.10 to 0.20 e. It has been concerted Emechanism.
observed that for the precursor of ethylene, the H closest to the These variations in reaction mechanism explain why the
O-atom has a partial positive charge larger than the other H’s internal elimination of alkyl-sulfoxide precursors shows no clear
bonded to ¢, a fact which is also seen for the other precursor correlation between the degree of-€S bond stretching and
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Table 6. Characterization of Bond Stretching@ (in %) from the trans-conversion cis-conversion

Reactant to the Transition State, in the Internal Elimination /\ /\

Reactions (MPW1K/6-311G** Results)

% bond % bond I'RE' @ ‘?
obtained compound stretching C,—S stretching Cs—Hg

ethylene 26.4 28.4 H - R H - R
a-cyanoethylene 25.9 26.3
B-cyanoethylene 16.6 38.5
a-chloroethylen 24.9 28.4 " " " " " "
B-chloroethyleng 24.6 31.0
a-methoxyethylene 30.3 22.2 N "
B-methoxyethylenke 28.1 25.6 R
a-phenylethyleng 28.8 24.7 Figure 4. Newman projections of the sulfoxide precursor systems of
B-phenylethylen@ 21.7 29.4 stilbene (L= —SO-CH;, R = phenyl). The left-hand side rotatiot { 3)
trans-stilbene 235 255 leads to the trans-conjugated polymer, whereas the right-handisigle?)
cis-stilbene 28.9 23.7 gives the cis-conjugated polymer as final product.
2,2,5,5-tetracyanostilbene 185 28.7
2,2,5,5-tetramethoxystilbene 22.5 26.5 Natural Population Analysis of the electron density in the
trans-biisothianaphthene 34.0 18.0

transition state, at odds with all other reaction paths investigated
a Calculated as follows: 100(TS bond lengthreactant bond length) SO far). Unsurprisingly therefore, upon inspection of the charge
reactant bond lengtt.a or 3 refer to the location of the substituent in the  variations displayed in Table 5, or the bond elongations
precursor. displayed in Table 6, the cleavage of thg-€S bond appears
to be markedly more heterolytic than for any of the other
precursors considered so far. It has been noticed that the electric
charge of the O atom of the methoxy group connected o C
decreases by about 0.06 e from the reactant to the transition
state, reflecting further a stabilization of the transient carbocation
through delocalization of the oxygen lone pairs over the breaking
C.—S bond. On the other hand, for tfiemethoxy-substituted
compound, a slightly higher activation energy is observed (Table
4) in comparison with that calculated for the sulfoxide precursor
of ethylene. In this case, charge variations (Table 5) and bond
elongations (Table 6) are consistent with the idea of a fully
concerted Emechanism.

the calculated barriers whereas in the case of the 1,5 internal
elimination of ethyl formate, ethyl xanthate, and ethyl phos-
phinate, Erickson and Kafhpoint out that the reaction rate
merely depends on the ease with which the carboeteroatom
bond can dissociate. In particular, the significant lowering of
activation barriers pertaining to the pyrolysis of theyano-
substituted sulfoxide precursors of ethylene, compared with the
unsubstituted form, reflects also the stabilization of the forming
double bond by polarization and resonance with-H@N group.

The stabilizing effect of aromatic conjugation has also been
studied by introducing a phenyl group on thg &hd G atoms.
Phenyl groups are also relatively weak electron-withdrawing
groups compared to theCN substituent. In the case of the 4. Elimination Reaction of Sulfoxide Precursors of
conversion tg3-phenylethylene, the &2-Hg chemical bond is Stilbene and Related Derivatives

h han the-G Table 6). . :
stretched to a greater extent than t bond (Table 6). On 4.1. Structural Details. Among the three possible conformers

the other hand, the reaction mechanism leading-fhenyl- . .
. . of the sulfoxide precursor system of stilbene (see Newman
ethylene (styrene) remains essentially concerted, as can be

. rojections in Figure 4), the HF/6-31G**, B3LYP/6-31G**, and
inferred from the charge transfers (Table 5) and the bond P o . . .

elongations (Table 6) in the corresponding transition states. The'VIrPW1LK/6_'§lOl_%_bC?rllcufnc$is fa\r/]zr tk;e t?nnevv\xlttﬁ :he Iea;ntn 9
conjugation with a phenyl group nonetheless implies a lowering groupL ( ) in an anti configuratio espect to

of the activation energy by about 2.2 and 2.6 kcal/mol for the th? phenyl grouR attached to & (conformerl n Figure .4)'
. . With each method, the most stable conformer is structure
o- andg-substituted forms, respectively (Table 4).

For the sake of completeness, reaction energiss))( Figure 4 followed by structur2. The relative stability of these

calculated at the MPW1K/6-311G** level are listed in Table Co_nfoi:g;scﬁo;; ;ei/)véserrrﬁnr:grg;tztri?lr?:dsg%\fjh:t::igae?g;s
4. Whatever the precursor, all reactions are markedly endo-"_ " 9

thermic, which reflects the highly unstable nature of the;€H betv.veen the sullfur at.om and. the phenyl groups. In a confor-
SOH product compound. Here also, compared with the case Ofmat|onal analysis of diastereoisomers of 1-(phenylethyl)phenyl,
ethylene, the stabilizing effect of the phenyl groups on the 1-(phenylethyl)p-tolyl, and 1-(phenylpropyl)phenyl sulfoxides
forming double bond is immediately recognizable from the it has been found experimentally tha_t rotam(_ars with phenyl
lower activation and reaction energies. groups gayche to. eagh other are d."m'ﬁma”'”g.fmm the
Electron-donating substituents such as methoxy groups global m|n|mumﬂ.|n Figure 4), the.ellmlnatlon regcnon through
(—OCHy) on the G, atom substantially lower the activation pyrolysis can follow the two possible conformational pathways

barri 1— 2andl1— 3. Depending on the rotation of the substituents
arrier by about 6 kcal/mol compared to the case of ethylene . .

(Table 4). A first explanation to this decreased barrier is a about the_ central £-C; bond, tWO. different E ecll_ps_ed .
destabilization of the reactant state, in the form of a limitation cgnformatlons. can be reached, which Igad after elimination
of the polarization of the &67)—S(©") bond by inductive either to the cis or_to the trans form of stllt_)t_ane.

effects, and, in particular, a limitation of the electron density The c_orre_spondlng precursor and transition Sta“?s are pre-
around G (see Supporting Information for a comparison of sented |n.F|gure 5. The £S5 bond of thetrantsrstllbene
atomic charges among different precursors or transition States)lprecursor is 0.03 A longer than that of the sulfoxide precursor
Obviou.s_ly, this favors eIiminati0|_1 throth _arl]_m(e meChaniSm (60) Kobayashi, K.; Kodama, Y.; Nishio, M.; Sugawara, T.; lwamuraBHill.

(a positive charge of 0.21 e is unambiguously seen with a Chem. Soc. Jpri982 55, 3560.
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ments & 6 K of the fluorescence excitation spectrum of this
compouné). In the transition state leading tois-stilbene
(Figure 5c), the §—S bond length is stretched by about 0.1 A
compared with the one seen with the transition state leading to
the trans form. The extent of the stretching of the-€ls and
C.—S bond lengths is slightly less than that seen for the ethylene
system (Table 6), which corroborates a significant lowering of
the energy barrier (Table 4).

4.2. Energetics.The energies required to overcome fhe-

3 and1— 2 conformational energy barriers (“step” a in Figure
1), associated with the rotations initiating the elimination
reaction to the trans and cis products, have been found to lie
around 4 and 6 kcal/mol at the MPW1K/6-311G** level,
respectively. Correspondingly, starting from rotanigerthe
elimination reaction totrans and cis-stilbene requires an
activation energyAU%) of 28.77 and 32.08 kcal/mol (MPW1K/
6-311G** results), respectively (Table 4). A slight energy
difference of~3 kcal/mol can therefore be mainly assigned to
enhanced steric hindrances. As in the case of the elimination
reaction to ethylene, the HF/6-311G** and B3LYP/6-311G**
activation energies leading toansstilbene, 43.70 and 21.34
kcal/mol, respectively, strongly over- and underestimate the
certainly more correct MPW1K/6-311G** result.

A significantly lower activation barrier is found for the
reaction path leading to the trans isomer of stilbene (Table 4),
the stabilization of the transition state being due to enhanced
conjugation and resonance. The rotational energy barrier and
the activation and reaction energies indicate that the reaction
toward the trans product will be both kinetically and thermo-
dynamically favored over the reaction to the cis product.

4.3. Substituent Effects.Introducing two pairs of~CN or
—OCH; substituents on the ortho (2,2and meta (5,9 locations
within the o- and 3-phenyl groups (denoted by L in Figure 5)
lowers the activation barrietAU¥) by 4.4 and 0.9 kcal/mol,
respectively, compared with the unsubstituted system (Table 4).
Compared with the precursor @fansstilbene, the impact of
the —OCH; substituents in the phenyl rings on the activation
Figure 5. Molecular structure of the (a) reactant of the sulfoxide precursor e”erg}’ (Table 4), on the atomic ch_arges (Ta_ble 5), and on the
and transition states related to the internal elimination reaction leading to transition state geometry (Table 6) is very limited. On the other
(b) transstilbene (L= H) and (c)cis-stilbene. hand, the presence of strong electron-withdrawi@N groups
on the phenyl rings strongly favors an heterolytic cleavage of

of ethylene while the §-H; bond length is about the same. the G—H; bond in the form of a significant lowering of the
The transition state pertaining to the trans product is, again, activation energy. Correspondingly, the asymmetry of bond
characterized by a practically planar five-membered ring (C stretchings in the transition state (Table 6) indicates a shift of
S, O, H;, Cy) (Figure 5b). A particularly striking difference the reaction toward a carbanion-like mechanism. This shift is
between the DFET transition state on one hand and the HE oralso corroborgted by the.NaturaI Population Analysis of the
MP2 states on the other hand is found for the-Cs—Cs—C, electron density surroundings@nd H; (Table 5).

dihedral angle, which amounts to 52.94.0°, and—11.4 at
the HF/6-31G**, MP2/6-31G**, and MPW1K/6-311G** levels,
respectively. This observation is in line with the differences
observed between these methods for the ground-state geometry 5.1. Structural Details. A subtle balance of— interactions

of transstilbene, which HF and MP2 describe as strongly between aromatic rings and of electrostatic forces between the

nonplanar ¢ ~ 25° in Figure 1), whereas DFT calculations Nhegatively charged oxygen atoms and the positively charged
provide a planar structuf@, in agreement with advanced sulfur atoms determines the relative energies of the conformers

CASSCF calculatiorf8 and experiment (specifically, from a  Of the sulfoxide precursor dfansbiisothianaphthene (Figure

determination of rotational constants from gas-phase measure®). Whatever the theoretical model (HF/6-31G**, B3LYP/6-
31G**, MPW1K/6-311G**) employed, conformet in Figure
(61) (a) Claes, L.; Kwasniewski, S. P.; Deleuze, M. S.; FoiscJ.-P.J. Mol. is predi h | | eneragy minimum form of thi
Struct. (TheoChenm001, 549 63. (b) Kwasniewski, S. P.; Deleuze, M. 6is p edicted to be the 9 obal ene 9y u 0 of this
S.; Franois, J.-P.Int. J. Quantum Chen00Q 80, 672 and references
therein. (63) Champagne, B. B.; Pfanstiel, J. F.; Plusquellic, D. F.; Pratt, D. W.; van
(62) Molina, V.; Mercha, M.; Roos, B. OJ. Phys. Chem. A997 101, 3478. Herpen, W. M.; Meerts, W. LJ. Phys. Chem199Q 94, 6.

(b)

5. Elimination Reaction of Sulfoxide Precursors of
trans -Biisothianaphthene
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Figure 6. Newman projections of the possible conformers of the sulfoxide
precursor oftrans-biisothianaphthene (& —SO-CH).

Figure 7. Molecular structure of (a) the reactant and (b) the transition
state geometries of the sulfoxide precursors in the internal elimination
reaction leading tarans-biisothianaphthene.

other reaction pathway investigated in this work, the conversion
of this sulfoxide precursor into biisothianaphthene must certainly
be described as being of the-kke type.

Correspondingly, the changes in the electron density are
strikingly stronger than those observed so far (Table 5). In this
case, the Mulliken and Natural Population Analyses consistently
indicate that a particularly strong charge transfer occurs during
the reaction within the £-S bond, which therefore appears to
undergo a partially heterolytic cleavage. The idea of atfike
mechanism is also consistent with a particularly strong elonga-
tion of the G,—S bond in the transition state. In straightforward
analogy with our analysis of the reaction path leading to
o-methoxyethylene, it has been noted that the partial charge of
the sulfur atom contained in the thiophenyl ring connected to
Cs (S) remains practically constant while that of the sulfur atom
in the thiophenyl ring connected ta,€S;) increases by about
+0.10 e. This clearly reflects the essential role that the lone
pairs of the sulfur atom in the latter ring play in the stabilization
of the carbocation transition state, through delocalization over
the breaking @S bond.

5.2. Energetics.Due to the lack of an ethylenic spacer, the
precursor of biisothianaphthene is more compact than any other
precursor system considered so far, which implies enhanced
steric repulsions between the aromatic rings and the leaving
group, leading to high rotational energy barriers. Indeed,
compared to the one found for the precursotrahsstilbene,
the energy barrier pertaining to the conformational rearrange-
ment preceding the jEconversion into the trans product of
biisothianaphthene, 11.46 kcal/mol at the MPW1K/6-311G**
level, is almost doubled. Despite the higher rotational barrier,
the activation energy of 32.8 kcal/mol for the reaction is not
particularly higher than that for the elimination leading to
ethylene (Table 4). This implies that the higher steric require-
ments of the process are counterbalanced by other factors such
as resonance energy and bond polarizations. The activation
energy AU%), the change in zero-point vibrational energy
(AZPE), and the activation entropp§), as well as the Gibbs
free activation energyNG*) associated with the;Eeaction of
the sulfoxide precursor of biisothianaphthene, are reported in
Table 4.

compound. The same conformer energy order is also obtaineds conclusions

(1 < 2 < 3) at all these levels. Rotation from rotaméno
rotamer3 brings the ki atom in the eclipsed conformation,
which enables the reaction toward the trans oligomer.

Both thiophene rings deviate from planarity. In the precursor
structure (Figure 7a), the,%itom is tilted out of the average
plane of the thiophene ring by a torsion angle of approximately
15° while for the S atom a torsion angle of°3s observed at
the MPW1K/6-311G** level. This dihedral angle increases to
~8° in the transition state (Figure 7b), of which the main
characteristic is again a practically planar five-membered (C
S, O, H, Cp) ring. In particular, the nearly planar arrangment
shown by the ¢, C, S, and G atoms indicates dominantly a
hybridization of the sptype of the G atom in the transition
state.

The G,—S bond length in the precursor of biisothianaphthene
is large (1.87 A), which places the sulfoxide group at a large
distance (2.6 A) from thg-hydrogen. Despite this, the,ES

In the present study, quantum-chemical calculations have been
carried out in order to identify, on quantitative grounds,
structure-reactivity relationships of relevance for the synthesis
of low band gap polymers, by means of the so-called sulfoxide
precursor route. A systematic analysis of the energy barrier
characterizing the internal elimination reaction of the sulfoxide
precursor of ethylene and a variety of derivatives such as model
oligomers of PPV, PITN, ... has thus been presented.

It has been shown that, to obtain accurate geometries and
activation energies, an extended polarized basis set is required.
HF and B3LYP calculations tend to significantly over- and
underestimate the activation energy, respectively, whereas the
MP2 and MPW1K barriers compare best with reported experi-
mental and benchmark CCSD(T) activation energies. Compared
with these, it has been found that the MPW1K functional, in
conjunction with the 6-311G** basis set, enables quantitative

chemical bond is stretched to a much greater extent in theinsights into activation energies-2.5 kcal/mol accuracy), as

transition state than thes€Hg bond (Table 6). More than any

well as transition state geometries. The present study therefore
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confirms the MPW1K functional as an attractive alternative to of substituents in the sulfoxide precursors. For instanc¢egiifs

more demanding MP2 calculations in the study pfdactions. stilbene is obtained through a fully concertedr&action, an

In general, the impact of zero-point vibrational energi®2RE) E;-like mechanism undoubtedly prevails for the reaction path
and entropy effects at room temperatufA§) (—3.6 and—0.5 leading totransbiisothianaphthene, whereas that leading to
kcal/mol, respectively) in a vacuum are rather limited compared 2,2,5,5-tetracyanostilbene is rather clearly of the carbanion-
with activation energies of30 kcal/mol. like type. Most certainly, the same considerations will apply to

Our discussion of reaction mechanisms focuses on variationsthe synthesis of the corresponding polymers (PPV, PITN, and
(60) of charge densities when passing from the precursor to poly(2,5-dicyanophenylene vinylene), respectively), using the
the transition state, rather than on absolute atomic charges. Itsulfoxide precursor route.
is well-known that the Mulliken Population Analysis provides At this stage, it is worth stressing that all calculations
crude and strongly basis set dependent insights into electronpresented in this work have been performed on isolated
densities; however, it is also well-known that the Mulliken precursors. As the transformations of unconjugated precursor
Population Analysis is in most cases amply sufficient for a chains into conjugated polymers involve considerable changes
qualitative description of electron transfers during chemical in the environment (in the form of a progressive increase of
reactions. To confirm the conclusions drawn from this analysis, the stifness of the matrix in which the reaction takes place), it
variations of atomic charges have also been evaluated by usingwould be worth pursuing this study by combined Quantum
the more reliable Natural Population Analysis of one-electron Mechanical/Molecular Mechanics (QM/MM) investigations.
densities (see ref 58). Both series of atomic charge transfers
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