59018 J. Phys. Chem. R002,106,5918-5923

Absolute Configuration and Conformational Stability of (S)-(+)-3-(2-Methylbutyl)thiophene
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Enantiopure {)-3-(2-methylbutyl)thiophenk and ()-3,4-di(2-methylbutyl)thiophenk and their polymers

were prepared using literature procedures and investigated using vibrational circular dichroism (VCD).
Experimental absorption and VCD spectra &f){3-(2-methylbutyl)thiophene,)-3,4-di(2-methylbutyl)-
thiophene, and their polymers in CDQlolution were recorded in the 200000 cm! region, and the
experimental absorption and VCD spectra #f){3-(2-methylbutyl)thiophene were compared with the ab
initio predictions of absorption and VCD spectra obtained with density functional theory using B3LYP/6-
31G* basis set for 9-3-(2-methylbutyl)thiophene. This comparison indicates tHat-3-(2-methylbutyl)-
thiophene is of the§) configuration and has six predominant conformations in GBGlution and allows to
securely distinguish the vibrational motions of the thiophene ring from those of the substituent moiety.

Introduction ration and predominant conformations of chiral 3-(2-methyl-
Putyl)thiophene by spectroscopic methods would be useful to
understand the analogous thiophenes and polythiophenes. The
vibrational infrared and Raman speétaae used as structural
probes for understanding the structures of polyhexyl and
polyoctyl thiophenes. Polythiophenes with chiral substituents
have been studied using electronic circular dichroism (ECD),

Polythiophenes have attracted much attention because of thei
significant electrical conductivity and chemical stabifitfhe
polymerization of mono or dialkyl thiophenes (with substituents
in position 3, or 3 and 4, respectively) yields prodéétahich
can serve as soluble semiconductodsAlkyl-substituted achiral
polythiophenes have been studied in detail for their solvato- . .
chromic and thermochromic behavioOptically active poly- and it has been demonstrated that large ECD signals are

thiophenes, which can be used as stereoselective electrodes an&fyserved in mixed solvents (e.g., CHCIH;OH) or by varying

membranes, are noncentrosymmetric and consequently desirabl feEtgrSperatltJrre _for solut!o?s dm _E)r(])or nsfolrvrﬁﬁ‘zs?tr:eleﬂstﬁnce d
optical and optoelectronic properties are expected for these? spectra is associated with conformational changes due

systems. For these reasons, synthesis and characterization df d|ffere1rlJt supramolecular arrangements andfor interchain
thiophenes with an optically active alkyl moiety attracted much coupllng's. ] ) ] ]
attention. It has been shown that some sense of chirality onto a  Vibrational circular dichroism (VCD) is a powerful and
conjugated polyheterocycle can be induced by introducing rella_ble spectroscopic me_thod used to monitor the_ absolute
optically active substituents on the backbériehe optically configuration and predominant conformations of chiral mol-
active substituents introduce a perturbation to the chain or to €cules in solution phase. Combined with density functional
the supramolecular arrangement of several chains and eventualljheory:* 2 it is possible to use VCD for a confident determi-
produce an overall chirality of the polymeric systems)-g- nation of the absolute configurations and/or cc_)nformatlons in
(2-Methylbutyl)thiophene (compouriiis a member of the rich ~ Solution phasé‘."15 Indeed the absolute configuration and
family of optically active thiophenes, whose polymer was found conformation of some mid-size molecules, polypeptides, and
to be of superior quality probably due to the new synthetic Proteins have been successfully determined by the VCD
methodology, Chiral poly(3-(2-methylbutyl)thiophene) (poly- technique. Rec_ently, the absolgte configurations and predomi-
merl) can serve as asymmetric electrodes for chiral electrosyn- Nant conformations of some chiral molecules sucteetsbutyl
thesis® To understand the relationship between the structure N-butyl sulfoxide}#*2,5-dimethyl thiolane and Su!f()'?‘ﬁéb’an‘_j
and the properties of the polymer, it is necessary to understandtert-butylphenylphosphine oxidé have been studied in solution
the structure of the repeating unit of the polymer first)-3- phgse using the VCD technique. VCD spectra of some synthetic
(2-Methylbutyl)thiophend was assignedg configuration by chiral polymers such as poly-menthyl methacrytétand poly-
chemical correlatioB, but its conformations have not been 3-[5-((=)mentholate)-pentyl]thiopher8in solution phase have
studied before. An independent study of the absolute configu- &lS0 been reported.
In the present study, we use VCD for the independent
*Corresponding author. FAX:  (615) 322-4936; e-mail: verification of the absolute configuration and the determination
Prﬁs\j"gh'a;g'iﬁvsg?\?:gt"a”derb"t-EdU of the predominant conformations of chiral 3-(2-methylbutyl)-
v thiophene. One motivation of this stems from the fact that the

* Universitadi Brescia. __ ! ) !
8 |stituto di Chimica delle Macromolecole. specific rotation of the starting materie®){1-bromo-2-meth-
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ylbutane is+4.5° at the sodium D line at 22C, whereas Gy Gy
compound shows a specific rotation 6f2.99. VCD spectra H H
of mono and disubstituted alkylthiophenes, namety-8-(2- CqHo CaHo
methylbutyl)thiophen& (compound) and (+)-3,4-di(2-meth-
ylbutyl)thiophenell (compoundll) and their corresponding (|:4, H H s

4

polymers (polymet and polymeril) are measured.
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State-of-the-art ab initio theoretical VCD investigations of
chiral (R)-3-(2-methylbutyl)thiophene are undertaken by using
the B3LYP/6-31G* basis set. The absolute configurations and
predominant conformations of+)-3-(2-methylbutyl)thiophene
| are elucidated from these results. The differences in the
absorption and VCD spectra of monomers and their polymers
are reported.

Experimental Section

Synthesis.Chiral poly[3-(2-methylbutyl)thiophene] was syn-  Figure 1. Different conformations offf)-3-(2-methylbutyl)thiophene,
thesized with Ni(dppp)Gl catalyst using the McCullough  based on the dihedral angles af@3CsC*, C3CeC*Cg, and GC*CsCy.
method from the corresponding chiral 3-substituted thiophene
that had been prepared using enantiomerically pgye ((+)- Calculations. The ab initio vibrational frequencies, absorption
1-bromo-2-methylbutane. and VCD intensities forR)-3-(2-methylbutyl)thiophene were

Chiral poly[3,4-di(2-methylbutyl)thiophene] was prepared Ccalculated using the Gaussian 98 progfdnithe calculations
from (+)_3,4_d|(2_methy|buty|)th|ophene through oxidative po- used the density functional theory with B3LYP functioiaind
lymerization using anhydrous ferric chlori#®.The monomer ~ 6-31G* basis set® The procedure for calculating the VCD
had been prepared from the corresponding 3,4-dibromothiophendntensities using DFT theory is due to Cheeseman &t as
and the §—(+)-1-bromo-2-methylbutane. implemented in Gaussian 98 progra#i.he theoretical absorp-

Measurements.The average molecular weigHVI_\(,) deter- tion and VCD spectra ofR)-3-(2-methylbutyl)thiophene were

mined by GPC in THF against polystyrene standards was 25 0opSimulated with Lorentzian band shapes and 8 tfall width

for polymerl and 12 000 for polymell with polydispersityD at half-height._ The theoretical ,VCD spectrum @TG-(Z- .
= 1.7 and 1.6, respectively. methylbutyl)thiophene was obtained by scaling the intensities

The thermogravimetric analysis was made: polyrhds of (R)-3-(2-methylbutyl)thiophene by-1. Since the ab initio
stable up to 400C and polymetl to ca. 350°C. predicted band positions are higher than the experimental values,

The infrared and VCD spectra were recorded on a commercial the ab initio frequencies were scaled with 0.96.
Fourier transform VCD spectrometer, Chiralir. The VCD spectra
were recorded wit 3 h data collection time at 4 crhresolution.
Spectra were measured in CRGblvent at~0.25 M and at The geometries were optimized with the B3LYP/6-31G* basis
path length of~100um for (+)-3-(2-methylbutyl)thiophene and  set using the standard dihedral angles of 0, 60, 120, 180, 240,
(+)-3,4-di(2-methylbutyl)thiophene. In case of the polymers, a and 300 for the G:C3CgC* segment and 60, 180, and 300
0.025 g sample was dissolved in 1 mL and 0.5 mL CDCI| for C3C¢C*Cg and GC*CgCy segments (see Figure 1) &)¢
respectively, for polymersandll . Using the average molecular  3-(2-methylbutyl)thiophene. These starting geometries con-
weights of the polymers given above, these amounts correspondverged to 18 conformations, as summarized in Table 1 and
to 0.164 M and 0.225 M in monomer units, respectively for shown in Figure 1. Each conformation is labeled with a three-
polymersl andll . Although these concentrations are comparable letter designation, with these letters representing the conforma-
to those used for monometsand I, the polymers at these tion of C,C3CyC*, C3CeC*Cg, and GC*CgCqy dihedral
concentrations may form aggregates, which is not apparent fromsegments, respectively. The converge€¢CsC*, C3CsC*Cg,
the IR and VCD spectra. Measurements at lower concentrations,and GC*CgCqy dihedral angles, optimized electronic energies,
which require larger path lengths, could not be undertaken due Gibbs energies, and relative populations are listed in Table 1.
to interference from solvent absorption. The sample was held Thus the dtt conformation is expected to be the most stable
in a variable path length cell with BaFwindows. In the conformation for isolated 3-(2-methylbutyl)thiopheheFrom
presented absorption spectra, the solvent absorption was subthe population composition in Table 1, it is elucidated that at
tracted out. In the presented VCD spectra the raw VCD spectrumleast six conformations have populations greater than 5%. We
of the solvent was subtracted. also notice that the four most probable conformationgt(g

Results and Discussion
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TABLE 1: Conformations and Energies of (R)-3-(2-Methylbutyl)thiophene

starting geon®. converged georh. energy
labePl Cz'C3'C6'C* C3'C5'C*Cs' Ce'C*CS'Cg' Cng'Ce'C* C3'C5'C*C8' CG'C*Cg'Cg' electronic Gibbs AEd pOp.e
agtt 60 180 180 112.1 171.2 —=172.7 —749.575160 —749.403875 O 0.244
bgg't 300 60 180 —113.0 65.0 —171.0 —749.575121 —749.403743 0.083 0.212
cgitg” 60 180 300 111.7 172.1 —66.8 —749.574919 —749.403597 0.174 0.182
dgtt 300 180 180 —83.6 172.6 —172.2 —749.574260 —749.403033 0.528 0.100
egg't 60 60 180 81.0 63.1 —-172.4 —749.574181 —749.402673 0.754 0.068
fogtg” 300 180 300 —84.9 173.3 —66.2 —749.574058 —749.402664 0.760 0.068
gg'tgh 60 180 60 110.0 167.2 63.0 —749.573770 —749.401987 1.185 0.033
hggtg" 300 60 60 —115.0 59.8 63.4 —749.573746 —749.401787 1.310 0.027
ighgt 60 300 180 96.6 —64.6 —-170.4 —749.573406 —749.401531 1.471 0.020
jg gt 300 300 180 —96.8 —64.2 —168.9 —749.573439 —749.401434 1.532 0.018
kggg 300 300 300 —96.7 —63.8 —63.9 —749.573356 —749.401225 1.663 0.015
lgtg g 60 300 300 97.3 —63.0 —64.1 —749.573421 —749.401087 1.750 0.013
mgtg" 300 180 60 —86.8 168.6 63.5 —749.572945
nggtg" 60 60 60 84.6 61.2 65.8 —749.572798
0ggtg 300 60 300 —-120.2 70.0 ~76.6  —749.572270
poggtg” 60 60 300 62.3 71.8 —71.4 —749.571307
qg'ggr 60 300 60 106.8 —66.2 81.7 —749.569462
rgggt 300 300 60 —84.8 —65.7 82.4 —749.569330

aSee Figure 1 for the labelsDihedral angle¢ In Hartreesd Relative energy difference, in kcal/mélPopulation based on Gibbs energies.
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Figure 2. Ab initio vibrational absorption spectra for 12 conformers  Figure 3. Ab initio VCD spectra for 12 conformers ofR}-3-(2-

of 3-(2-methylbutyl)thiophene obtained with the B3LYP/6-31G* basis methylbutyl)thiophene obtained with the B3LYP/6-31G* basis set. The

set. The spectra were simulated with Lorentzian band shapes and 8spectra were simulated with Lorentzian band shapes and 8 leatf-

cm* half-widths and frequencies were multiplied with 0.96. The labels widths and frequencies were multiplied with 0.96. The labels on the

on the top 12 traces are the conformation labels (Table 1). The final top 12 traces are the conformation labels (Table 1). The predicted VCD

predicted absorption spectrum, labeled A, is obtained by adding the spectra (A for R) configuration and B for$) configuration) are shown

population weighted absorption spectra of all conformers. at the bottom; A is obtained by adding the population weighted VCD
spectra of all conformers witiRj configuration and B is obtained by

g-g't, g'tg-, and g'tt) encompass close to 75% of the possible multiplying the VCD intensities obtained foR) configuration by—1.

conformations. ) ] ) ) )

The absorption and VCD intensities were calculated for the configuration. The predicted absorption spectrum, obtained as
12 most stable conformations at the B3LYP/6-31G* level, and Population weighted sum of the absorption spectra of different
all these conformations were found to have potential energy conformers, is compared to the experimental absorption spec-
minima (i.e., all vibrational frequencies are real) at the B3LYP/ trum in Figure 4. The predicted VCD spectrum f&)-8-(2-
6-31G* level. The predicted absorption and VCD spectra for methylbutyl)thiophene was obtained by multiplying the VCD
all 12 conformations of chiral 3-(2-methylbutyl)thiophene with  intensities obtained for theRf configuration by —1. The
(R) configuration were simulated with 8 crhhalf widths and population weighted theoretical VCD spectra for chiral 3-(2-
Lorentzian band shapes (shown in Figures 2 and 3). The methylbutyl)thiophene withR) and §) configurations can be
unpolarized absorption spectrum is independent of the absolutecompared to the experimental VCD spectra in Figure 5.
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TABLE 2: Comparison of Predicted and Observed Frequencies and Vibrational Assignments for 3-(2-Methylbutyl)thiophene

band no. exp.(cm™) pred®<(cm™1) calcbd(cm?) assignmerit
21 1536 1540 1602 asym. ring deformation, In-plane CH* bend
V2 1462 1475 1534 asym. Gldeformation, HCH Bend
V3 1440* 1453 1511 HCH Bend, Asym. Gldeformation
V4 1409 1419 1474 sym. ring deformation{C and C=C),
in-plane CH* bendCH, twist
Vs 1378 1383 1439 sym. GiHdleformation
Ve 1351 1351 1406 Ckland CHwag
V7 1345 1343 1397 Ckland CHwag
Vg 1323 1321 1375 Ckiand CHwag
Vo 1308 1306 1359 Ckland CHwag
V1o 1297 1290 1342 Chtwist and CHwag
2 1285 1280 1331 Ckland CHwag
V12 1258 1251 1303 Chand CHwag
V13 1241 1231 1280 in-plane CH* bend, ¢lind CHwag
Vig 1200 1192 1239 Chktwist and CHwag, in-plane CH* bend
V15 1153 1143 1189 Ckland CHwag, CG-C stretch
Vis 1081 1073 1116 in-plane CH* ben@H, twist
V17 1031 1012 1053 €C stretch, CHtwist, CH;wag
Vig 1015 998 1038 €C stretch, CHand CHwag

a Experimental wavenumbers obtained from the absorption spectrum at concentration of 0.267 M; asterisks (*) denote those may show as shoulders
in the spectrum? Band positions from the simulated spectra in FigureAb initio wavenumbers scaled with 0.96Unscaled ab initio wavenumbers.
¢ Deduced from Gaussview (version 2.1), asterisks (*) denote ring mode.
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Figure 4. Comparison of the experimental absorption spectra with Figure 5. Comparison of the experimental VCD spectra with the
the predicted (population weighted) absorption (bottom trace) spectra Predicted (population weighted) VCD (bottom traces) spectra of 3-(2-
of 3-(2-methylbutyl)thiophene obtained with the B3LYP/6-31G* basis Methylbutyl)thiophene obtained with the B3LYP/6-31G* basis set. The
set. The absorption spectra are labeled as (A) predicted spectrum; (B)VCD spectra are labeled as (A) predicted spectrum®rconfigura-
experimental spectrum for compouind0.25 M in CDCh, 100 um tion; (B) predicted spectrum foiS( configuration (for band #15, the
path length); (C) experimental spectrum for compoting0.25 M in designations a, b, and ¢ are conformation labels (see Table 1)); (C)
CDCl;, 100um path length); (D) experimental spectrum for polymer ~ €xperimental spectrum for compouhd0.25 M in CDCg, 100 zm
| (0.025 g/mL in CDGCY, 100m path length); and (E) experimental path Iengt_h) where a, b, and c are conformation Ia_bels (see Table 1);
spectrum for polymeH (0.050 g/mL in CDCJ, 100um path length). (D) experimental spectrum for compoutid(0.25 M in CDCE, 100
um path length); (E) experimental spectrum for polyrh&.025 g/mL
) . in CDCl;, 100 um path length); and (F) experimental spectrum for
The experimental absorption spectra of 3-(2-methylbutyl)- polymerll (0.050 g/mL in CDC, 100xm path length).

thiophene and 3,4-di(2-methylbutyl)thiophene and their poly-
mers obtained in CD@lare shown in Figure 4, where the thiophene (traces A and B). The notable differences between
absorption spectrum of the solvent has been subtracted. Thepredicted and experimental absorption spectra are (a) the
absorption bands in the predicted spectrum of 3-(2-methylbutyl)- experimental absorption band (#4) at 1409¢is not as strong
thiophene show one-to-one correspondence with the absorptionas the corresponding band at 1419 @énin the predicted
bands in the experimental spectrum of 3-(2-methylbutyl)- spectrum and (b) the experimental band (#10) at 1297 d¢s
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not as evident as the corresponding band in predicted spectrumring C—H bending) in the formation of polymers. The features
and the experimental band (#11) at 1285 ¢&1is not as strong specific for the side chain, such as €Heformation, HCH
as the corresponding band in the predicted spectrum. Exceptbending, CH twist, and CH and CH wag, remain almost the

for these differences, the experimental spectra in GxTé same, except for band broadening and decreasing. These

considered to be in good agreement with the absorption spectrumobservations suggest that the changes between monomer and

predicted for 3-(2-methylbutyl)thiophene. polymer partly come from the influence of polymerization on
The experimental VCD spectra oft-{-3-(2-methylbutyl)- ring deformation and €H (ring) bending vibrations. However,

thiophene and +)-3,4-di(2-methylbutyl)thiophene and their the_ir_1_f|uence fro_m othe_r sources, such_ as conformational
polymers obtained in CDGlare shown in Figure 5, where the ~ flexibility of the side chain and the polythiophene backbone,
VCD spectrum of the solvent has been subtracted. The could not be evaluated herewith.

significant VCD bands in the observett)-3-(2-methylbutyl)- From the comparison of the experimental absorption and
thiophene spectrum (trace C in Figure 5) are 146242), 1409  VCD spectra of the two monomers (compouridand|l, see
(+, #4), 1378 {, #5), 1323 ¢, #8), 1308 {, #9), 1297 {-, Figures 4 and 5), bands of compouidorresponding to bands

#10), 1285 ¢, #11), 1241 4, #13), 1200¢, #14), 1156 ¢, #4, 13, and 14 of compound also become weakened. This
#15b,c), 1151 €, #15a), 1081 {, #16), 1031 ¢, #17), and indicates that the substitution of hydrogen at the 4-position could
1015 (-, #18) cnr. The major VCD features observed fer) interrupt the ring mode €H bending, and the inductive effects
3-(2-methylbutyl)thiophene are reproduced in the predicted vCD ©Of the alkyl chain may influence the ring deformation. The
spectrum of §-3-(2-methylbutyl)thiophene (trace B in Figure ~Similar VCD sign pattern of compountl and compound|

5). This agreement indicates that)¢3-(2-methylbutyl)thiophene  indicates that-+t)-3,4-di(2-methylbutyl)thiophene is also &)(

is of (9 configuration. configuration.

The experimental absorption and VCD spectra for monomer
and polymer of {)-3-(2-methylbutyl)thiophene are compared
in Figures 4 and 5 (traces B and D in Figure 4; traces Cand E  The comparison of experimental and ab initio predicted
in Figure 5). The absorption spectrum of polyntas similar absorption and VCD spectra indicates that (g)-8-(2-methyl-
to that of compound (see Figure 4), except that (a) the band butyl)thiophene and)-3,4-di(2- methylbutyl)thiophene are of
at 1409 cm? (#4) in the spectrum of compourdshifts left (9 configuration, in agreement with the known absolute
and becomes weakened in the spectrum of polyméb) the configuration? (b) the repeating units in polymerandll have
band at 1536 cmt (#1) shifts right and becomes broadened; the same configuration and conformation as those for the
(c) general broadening of other bands is observed in the corresponding monomers; (c) at least six conformations are
spectrum for polymel. From the VCD spectrum of polymér present for §-3-(2-methylbutyl)thiophene in CDgkolution,
(trace E in Figure 5), the positive band at 1409 ért#4) and with each contributing more than 5% to conformer population.
positive-negative couplet corresponding to bands #13 and 14
[seen in the VCD spectrum of compouh@race C)] disappear, Acknowledgment. Grants from the NSF (CHE0092922) and
and the negative band #16 becomes weakened. Based orvanderbilt University are gratefully acknowledged.
vibrational analysis (Table 2), the two bands (#1, 4) are
attributed to ring deformation and bands #13, 14, and 16 have Supporting Information Available: Cartesian coordinates
some contribution from in-plane €H (ring) bending. Ring for the most stable conformation oR)-3-(2-methylbutyl)-
deformations (#1,4) may be influenced by the delocalization of thiophene are given.

7 electrons in the conjugated polythiophene-Kbending (ring
mode) vibrations are highly influenced by the removal of References and Notes
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