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Abstract: The rotational potential energy surface (PES) of methyl vinyl sulfoxidevas calculated at MP2/
6-314+-G*, B3LYP/6-31H-G*, B3LYP/3-21G3", MP2/3-21G&), PM3, and AM1. All ab initio methods gave

two conformations: one with the-8D bond @) syncoplanar to the carbertarbon double bond and one with

the lone pair in planeh); the first one is preferred by 1.7 kcal mél The energy difference is strongly basis

set dependent: B3LYP/6-33G* offers the best compromise. Semiempirical methods give a qualitatively
different rotational PES. Whereas the effect methyl group inBpmsition is smallZ-substitution leads to
destabilization of conformatioa through sterical interaction, so that conformathors preferred by 0.4 kcal
mol~L. Electron-withdrawing substituents such as ester or keto groupsdntbsition destabilize conformations

¢ andd where the lone pair is syncoplanar to the=C double bond, so that the syncoplanar orientation of the
S—0 bond is favored by ca. 5 kcal md| depending on the substituent. The structures of the chelate complexes
12 of a-(methanesulfinyl)acrylic acid methyl estes) (with Me,AICI were also optimized with B3LYP/6-
311+G*. The complext2cwith the aluminum bonded to the carboxylic and the sulfoxide oxygen was calculated
to be the most stable. The solvation energies of the complexes were calculated using the SCIPCM model,
which allowed an approximation of the upper limit of the energy needed for the formation of the complexes.

Introduction We have focused on MAICI as the Lewis acid which is both

. . . . I commonly used and computationally feasible.
Chiral sulfoxides can be utilized as powerful chiral auxiliaries y P y

because they can easily be prepared in high enantiogurity. Mmethods
Pericyclic transformations, such as &me Diels—Alder reac- ) ) . .
With the exception of the complexes, all starting geometries for the

. 1 ) . : . :
gpar;?érxxe??;alcglszenlillorstﬂ(faoxrlsjee?s?exz'npagtflct:ﬁclaam{acmgg'stFT calculations were generated with PC-Model, using the MMX force
! IC Ex ) u Ing ISMBeld.” These geometries were preoptimized with the semiempirical

of the asymmetric induction in these reactions, it is important py13 method, employing the MOPAGrogram on a PC or an IBM

to know the conformations af,f-unsaturated sulfoxides, and  Rs/6000 workstation for the larger structures. For the DFT calculations,
how these conformations can be “held in place” (importance Becke's three parameter hybrid functional (B3ygether with the

of rotational barriers). In this respect, it is one of the most correlation functional of Lee, Yang, and Parr (LY®were employed
important achievements of modern synthetic chemistry to control as implemented in Gaussian 94.For the interpretation of wave
the stereochemistry by using various Lewis acids, allowing functions, we utilized the natural bond population analysis (NBD).
highly sophisticated stereodivergent transformations starting Standardized 3-218, 6-31G:° and 6-311¢° basis sets were used
from a single substrate but giving either enantiomer by chbice. tegether with polarization (*) and diffuse ¢)° functions. For the
Little is known about the structures of Lewis acid complexes C@lculation of solvent effects the SCIPGMmodel, a polarized

of organic substratésand the differences in the behavior of continuum model included in Gaussian 94, was employed.

various Lewis acids are not well understood. Therefore, we calculations of Alkenyl Sulfoxides

were highly interested in the structures and properties of Lewis
acid—sulfoxide complexes. In the present paper, we describe
semiempirical, ab initio, and density functional (DFT) calcula-

tions on substituted sulfoxides and their Lewis acid complexes.  (6) (a) Tietze, L. F.; Schulz, G.iebigs Ann.1995 1921. (b) Denmark,
S. E.; Schnute, M. EJ. Org. Chem1991 56, 6738. (c) Hartmann, H.;
(1) Solladie G.; Carrél, M. C. In Organosulfur ChemistryAcademic Hady, A. F. A,; Sartor, K.; Weetman, J.; Helmchen ABgew. Chenil 987,
Press: New York, 1995; Chapter 1. 99, 1188; Angew. Chem., Int. Ed. Endgl987, 26, 1143. (d) Hawkins, J.
(2) (a) From ¢)-(9-menthylp-toluenesulfinate: Solladjé&. Synthesis M.; Loren, S.; Nambu, MJ. Am. Chem. S0d.994 116, 1657. (e) Laube,
1981 185. (b) By asymmetrical oxidation of sulfides: Kagan, H. B.; T.; Weidenhaupt, A.; Hunziker, R. Am. Chem. S0d.991 113 1561. (f)
Rebiere, FSynlett199Q 643. (c) By enzymatic resolution: Burgess, K.;  Sellmann, D.; Fofgelder, S.; Knoch, FZ. Naturforsch. B.: Chem. Sci.

Methyl vinyl sulfoxide as the simplest model compound for
an a,B-unsaturated sulfoxide was computed by Kahn and

Henderson, I.; Ho, KJ. Org. Chem1992 57, 1290. 1992 41, 51. (g) Tietze, L. F.; Ott, C.; Frey, Wiebigs Ann.1996 63.
(3) Hiroi, K.; Umemura, M.Tetrahedron1993 49, 1831. (7) Gilbert, K. E.; Gajewski, J. J. MMX, Serena Software Ltd., Box 3076,
(4) (a) Alonso, |.; Carretero, J. C.; Garcia Ruano, JJLOrg. Chem. Bloomington, IN 47402-3076. The MMX force field is derived from

1993 58, 3231. (b) Hiroi, K.; Unemura, M.; Fujisawa, Aetrahedron Lett. Allinger's MM2 force-field (QCPE No. 506).

1992 33, 7161. (8) Quantum Chemistry Program Exchange (QCPE), Bloomington, IN
(5) (a) Tietze, L. F.; Schneider, C.; Grote, Bhem. Eur. J199§ 2, 47405, QCPE No. 455.

139. (b) Tietze, L. F.; Schneider, C.; Montenbruck Aagew. Chenil994 (9) Becke, A. D.J. Chem. Phys1993 98, 5648.

106, 1031;Angew. Chem., Int. Ed. Endl994 33, 980. (c) Tietze, L. F.; (10) Lee, C.; Yang, W.; Parr, R. ®hys. Re. B 1988 37, 785. Mielich,

Kettschau, GTopics Curr. Chem1997, 189, 4. B.; Savin, A.; Stoll, H.; Preuss, HChem. Phys. Lettl989 157, 200.
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Scheme 1 —o— B3LYP/3-21G(")
10— —— B3LYP/8-311+G"
) R' R? --mo MP2/3-21G(*)
R 1 H H J < MP2/6-314G*
_\@/ >.=\ >=®\29 R1>?QS@L , Yoo . j - :;:/3-216(-)
ga R \%\ —: oG 3 CH, H /'/'/' - ‘\\ < PM3
a b c d = A
g S
Table 1: B3LYP/6-31H-G* Results for Compounds—3 g \ 3
compound 1 2 3 ;E-; T AN \/;
C=C—S-0 dihedral angle o& 9° 9° 12 5 | i /
rel energy ot [kcal mol?] 1.7 1.2 -0.4 = / LTI
C=C—S-0 dihedral angle ob 133 129 134 e ‘ 7 : Pty
rel energy ofc (TS) [kcal mol?] 5.9 5.4 7.3 s
C=C—S—0 dihedral angle ot 74 —78 —98° : .
rel energy ofd (TS) [kcal mol] 4.4 3.9 15 120 180
C=C—S—0 dihedral angle ofl 70° 68° 68° Dihedral Angle [deg. ] C=C-S=0
Figure 1. Comparison of the rotational PES bt different levels of

Hehré® who showed that conformatidra (R! = R2 = H) with theory.

an C=C—S—0 dihedral angle of approximately’ @epresents  with RHF/3-21G), MP2/3-21G&), and B3LYP/3-21©, re-

the global minimum on the RHF/6-31G*//RHF/3-21G* rota-  spectively), whereas B3LYP/6-3+G* and MP2/6-3%G* give

tional potential energy surface (PES). The local minimiLion 1.7 kcal mot®. Structurelc has an &C—S—0 dihedral angle

(R'=R2=H) is 1.6 kcal mot? higher in energy (Scheme 1). of —74° and a relative energy of 5.9 kcal mé) whereasld
However, this model compound is too simple in many cases has a torsion angle of 70and a relative energy of 4.4 kcal

since substituents at the carberarbon double bond should mol~! at B3LYP/6-318-G*. The differences between the

greatly influence the conformational barriers, as it is commonly methods are small when the same basis set is used. Since the

observed in allylic systen?s. Especially in the case af,S- geometries found with 3-21@ do not differ much from those

unsaturated sulfoxides in intramolecular reactions, where thefound with a larger basis, the RHF/6-31G*// RHF/3-21G

carbor-carbon double bond is part of a chain, alkyl substitution results of Kahn and Her&compare well with our findings.

in the S-position should have a great effect. Completely different rotational PES are found with AM1 and
We studied thg-methyl-substituted vinyl sulfoxide&as well PM3. With these methods there are two local minima with C

as3 and compared them with The B3LYP/6-31%#G* results C—S—0 dihedral angles of about’@nd 180, separated by

are given in Table 1. To find an appropriate computational very low rotational barriers. This shows that AM1 and PM3

level for further investigations, we calculated the rotational calculations on vinyl sulfoxides are not even suitable for

profile of 1 with MP2/6-31G*, B3LYP/6-311G*, B3LYP/ qualitative purposes.

3-2139, MP2/3-21&), PM3, and AM1; we compared these As the B3LYP/6-31%G* zero-point energies dfa, 1b, 1c,

results with the earlier findings by Kahn and Hehre (Figure 1). and 1d are nearly identical (52.9, 52.8, 52.7, and 52.6 kcal
With the exception of AM1 and PM3, we fourich to be the mol~1, respectively), we decided to omit the time-consuming

global andlb a local minimum on the rotational potential energy frequency calculations for the structures of substituted deriva-

surface (PES). The energy difference between the minima andtives of 1.

the height of the rotational barrier strongly depends on the basis From a stereochemical point of view, one would expHut

set. The 3-216G basis gives rather large relative energy to be most stable, since there is no substituent in the synperipla-

differences betweefa and 1b (3.4, 3.7, and 4.0 kcal mol nar position relative to the vinylic double bond. As this is not
(11) Gaussian 94, Revision C.2; Frisch, M. J.; Trucks, G. W.; Schlegel, the case, electronic effects r.nus.t be operativ_e. The NBO charge

H. B.; Gill, P. M. W.; Johnson, B. G.; Robb, M. A.; Cheeseman, J. R.; (B3LYP/6-311+G*) of the vinylic hydrogen in theZ-position

iletg'h {;rm 'F\’/IeteArs_s%r;krféwéiéi I\<I/on(t§t_3rr(1)er3; JJ :\A/.;_ E:rgeg?glgﬁha}]ri,BK.; to the sylfc_)xidg inlais +0.22, V\./hereas“irip this charge is

Cioslowsk’i, J.'; Sféfanov, B. B.;YNa'nay'ékkara,’ A.'; CHaIIacombe, l’\/l.;'Pe'ﬁg, +O'.19’ IndIF:atlng an electrostatic stabilization 1d thrO.UQh

C.Y.; Ayala, P. Y.; Chen, W.; Wong, M. W.; Andres, J. L.; Replogle, E.  the interaction of the oxygen and tdenydrogen. The Wiberg

S.; Gomperts, R.; Martin, R. L.; Fox, D. J.; Binkley, J. S.; Defrees, D. J.; bond index between these atomslimis 0.01. However, this

Baker, J.; Stewart, J. P.; Head-Gordon, M.; Gonzalez, C.; Pople, J. A. yalue is rather small, so that the conformational preference must
Gaussian, Inc.: Pittsburgh, PA, 1995.

(12) Reed, A. E.; Weinhold, FI. Chem. Phys1983 78, 1736. be determined mainly by other factors. In the second-order
(13) Gend’ening,’E. D.:Reed, A. E.. Carpenter, J. E.. Weinhold, F. NBO perturbation theory analysis of Fock matrix in the NBO basis
Version 3.1 as incorporated in Gaussian 94. for 1a, an interaction between the=€C x orbital and the SCHs

W(ﬁ‘% G/i’rrfoghg"ms's;oi'g'é'?i& %gpfﬁ’jlfe'tfé Av'\;/ F}?trgr'a\r’]vc'l JM H,\ﬁh,re' o* orbital (Scheme 2) as well as an interaction between the

Hehre, W. J.; Defrees, D. J.; Pople, J. A.; Binkley, JJSAm. Chem. Soc. ~ C=C  orbital and a Rydberg orbital of the sulfur can be found.

1982 104, 5039. Similarly, the G=C x* orbital interacts with the SCHs
(15) Harihan, P. C.; Pople, J. AMol. Phys.1974 27, 209. Gordon, M. 5.grpjtal and the sulfur lone pair. The-® o-orbital does not

S.Chem. Phys. Lett198Q 76, 163. interact with the &C bital due to orth litv. Accordi
(16) McLean, A. D.; Chandler, G. S. Chem. Phys198Q 72, 5639. Interact wi e = 7-0r 'fa uetoo qgong ity. chr ing

Krishnan, R.; Binkley, J. S.; Seeger, R.; Pople, JJAChem. Phys198Q to the NBO analysis there is no-® s-orbital, i.e., there is no

72, 650. o ool - Binkl s ch hvs1984 80 dz—psr bonding. Significant interaction between an oxygen

32((3%7) Frisch, M. J.; Pople, J. A.; Binkley, J. $.Chem. Physl984 80, lone pair and the €C m-orbital is also absent. Rather, the
(18) Clark, T.; Chandrasekhar, J.; Spitznagel, G. W.; Schleyer, P. v. R. O-lone pairs donate electron density in theGbonds. For

J. Comput. Chenil983 4, 294. structurelb an interaction between the<C 7- and the S-CHj3

" (;}QJ) Fé’ﬁ‘f,ieré'ﬁg}ni'g%é *i‘éiéh'lgbg‘g Wiberg, K. B.; Snoonian, J.; Frisch, - x_grpjtals as well as between the=C 7*- and the S-CHs

(20) Kahn, D.; Hehre, W. J. Am. Chem. S0d.986 108, 7399. o-orbitals can also be identified. In addition, there is an
(21) Hoffmann, R. WChem. Re. 1989 89, 1841. interaction between the=€C 7- and the S-O ¢*-orbitals and,
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Figure 2. B3LYP/6-311G* rotational PES ofl—3.

T
-120

vice versa, between the=€C z*- and the S-O ¢-orbitals. Due
to orthogonality there is no interaction between the sulfur lone
pair and the &C x*-orbital. In summary, structures are
favored where the stabilization between thre© double bond
and the substituents at the sulfur are maximized, dsain

As expected, a methyl group at C-2 in tReposition of the
carbon-carbon double bond?} has only a small effect on the
rotational energy profile around the carbesulfur bond.
Conformer2b (Oc=c-s-o = 129, Scheme 1) is 1.4 kcal mol
higher in energy thaia (Dc=c-s-o0 = 9°), the global minimum.

TheZ-isomer3 displays a different energy profile, whe3é
(Oc=c-s-0 = 134) is the global minimum anB8a (Oc=c-s-o
= 12°) is 0.4 kcal mot? higher in energy (Figure 2). This is

Tietze et al.

understand the polarization and activation effect at least in a
qualitative manner. Compared 1a(charge= —0.34e ap3-C,
—0.41e ata-C) a smaller negative NBO charge was found at
both carbon atoms of the=€C double bond inda (—0.26e at
B-C, —0.36e at thex-C). Thus, the cyano-substituted dienophile
(the vinyl sulfoxide) double bond is more electron deficient and
allows a faster reaction.

For vinyl sulfoxides containing a carboxylic acid, carboxylic
ester, or a keto group in the-position 6—9), three rotational
degrees of freedom have to be considered due to the rotation
of these groups (Scheme 4) as well as the rotation about the
carbon-oxygen single bond of the hydroxy or alkoxy group.
The conformations of carboxylic acids and esters have been
widely discussed in the literatie saying that thes-cis
conformation is preferred. Thus;cis conformations of the
COOH and the COOMe groups of the sulfinyl acrylic aéid
and the methyl estei®—8, respectively, were assumed in our
computations, leaving thee€C—S—0 and S-C—C=0 dihedral
angles as rotational parameters. Four minimum conformations
5a—d were located at RHF/3-21%; these were further
optimized with B3LYP/6-31+G* (Scheme 4, Table 3).

Generally, =0 and G=C conjugated in-plane conformations
of 5 are favored. The preferred orientation of the@ group
of the sulfoxide moiety is syncoplanar with the carb@arbon
double bond %a and5b). Conformerssc and5d with an G=
C—S—0 dihedral angle of ca. 13@re 5.6 and 5.5 kcal mot

a consequence of the repulsion between the oxygen and thehigher in energy thaba, much higher than the corresponding

methyl group at C-2. Conformatiodc (Oc=c-s-0 = —98°)
experiences the highest+H repulsion due to the syncoplanar
orientation of the methyl group at C-2 and at sulfur (Scheme
1).

Effect of an Electron-Withdrawing Group in the
o-Position

Although the sulfoxide function already is electron withdraw-
ing which activates the carbertarbon double bond, further

activation is often needed for reasonable reaction rates unde

mild conditions in Diels-Alder or ene reactions. Whereas the
Diels—Alder reaction ofp-toloyl vinyl sulfoxide with cyclo-
pentadiene requires heating to 18Din a sealed tube over 15
h .2 reaction of 2-(toluene-4-sulfinyl)acrylic acid ethyl ester gives
quantitative conversion at room temperature within 82 h.

Therefore, compounds carrying a second electron-withdrawing

group, e.g., cyano, carboxyl, or keto group in tegosition
are commonly used to increase the reactivity of sulfoxides.
In cyano-substituted vinyl sulfoxidé (Scheme 3), only one

rotational degree of freedom has to be considered for the
rotational PES due to the inherent symmetry of the cyano group.

Although the B3LYP/6-31+G* rotational energy profile oft
and 1 are qualitatively similar (Figure 3), the minimum
conformersda vs 4b (Table 2) differ more in energy thata
versuslb. Conformatiordb and even more so the conformation
of 4 with a C=C—S—0 dihedral angle of about 180is
destabilized compared to the corresponding conformatidn of

This is due to electrostatic repulsion between the oxygen (NBO

charge= —0.91e for G=C—S=0 = 18(°) and the nitrogen of
the cyano group (NBO charge of the nitrogen—0.26e for
C=C—-S—0 =180). The reactivity of a dieno- or enophile is
increased with a decrease of the electron density at the carbon

carbon double bond. Although electrostatic interactions are no
decisive for pericyclic reactions, the charges at carbon help to

(22) Maignan, C.; Raphael, R. Aletrahedron1983 39, 3245.
(23) Arai, Y.; Kuwayama, S.-I.; Takeuchi, Y.; Koizumi, Tetrahedron
Lett. 1985 26, 6205.

r

conformers ofl and 4. This can be rationalized as being a
consequence of the electrostatic repulsion between the sulfoxide
oxygen and the carboxylic acid moiety in conformBefNBO
charge of SO = —0.93e, GO = —0.58e) and5d (NBO
charge of SO = —0.93e, G-H = —0.67e) as noted fo4.

The effect is more pronounced férthan for 4 because the
carboxy group is larger and more electron demanding than the
cyano group. Whereas the carboxylic groupSaand5b have
nearly planar conformationgc (JC=C—C=0 = 156°) and

5d (OC=C—C—OH = 166°) are nonplanar resulting in longer
separations between the carboxylic and the sulfoxide oxygen
to minimize the electrostatic repulsion. In addition to conform-
ers 5a—d with the generally preferred-cis conformation of

the carboxylic acid groups-transconformer5e is also low-
lying (1.0 kcal mot?) due to an intramolecular hydrogen bond.
Similarly to the cyano group i4, the carboxylic group activates
the carbon-carbon double bond i®; the a-C (—0.35e) and

the -C (—0.26e) charges iba are comparable to the local
charges iMa (vide supra).

The rotational profile of the sulfinyl acrylic acid estéris

dominated by the same effects found for the free acid, with the
exception that there is no stable conformer with an internal
hydrogen bond (Scheme 4). Thus, the dihedral angles and
relative energies in conforme@a—d are only slightly different
from those for the corresponding conformers5of As found
for 5, both conformations with a syncoplanar sulfoxide moiety
(6aand6b) are close in relative energpEre = 0.5 kcal mot™).
The relative energies dic versus6d are only slightly lower
than those obc versusbd. The activation of the &C double
bond in6ais similar to that in5a (NBO charge at thet-C =
—0.34e, at thgg-C = —0.26e).

The effect of a methyl group at C-3 in tiieposition ) is

tminimal. The energy difference between conformécsand

7d (C=C—S—0 dihedral angle of about 13Dand7a and7b
(C=C—S—0 dihedral angle about°’Dis lower than found for

(24) Deslongchamps, Btereoelectronic Effects in Organic Chemistry
1st ed.; Pergamon Press: Oxford, 1983; references cited therein.
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Figure 3. B3LYP/6-311G* rotational PES ofl and4.

Scheme 3

Table 2: Energies [kcal mall] and Dihedral Angles of the

Rotamers o#4

T
-60
Dihedral Angle [deg.] C=C-S-O

energy G=C—S—0 dihedral angle
4a* 0
4b 3.6
4c(TS) 8.2
4d (TS) 55

the corresponding conformers & Z-Substitution of the
carbon-carbon double bond has a more distinct influence. The
energy difference betwee8a and 8b with the sulfur-oxygen
bond syn-periplanar to the carbeoarbon double bond argt
and8d (C=C—S—0 dihedral angle of about 13pis reduced

to one-half compared to that of the conformer$ofAs for 3,
there is steric repulsion between the vinylic methyl group and
the sulfoxide oxygen destabilizigp and8b. However, there

is also an even more pronounced destabilizing effe8ciand

of 7 is 2.1 kcal mot! more stable than the minimum conforma-

J. Am. Chem. Soc., Vol. 120, No. 31, 1985

Interaction g
[keal mol'1]
M-O*s.c 1.9
T-Rd 1.5
TE*-Gs_C 26
T*-n 2.4
2 8.4
Interaction @
[kcal mol™]
Os_c M-O%s.c 1.5
O0s.0 T-0%s5.0 1.9
Tf*-Gs_C 1.9
TC*-O'Q_Q 0.7
> 6.0
Scheme 4
o'R1 o R R!
® R2 (0]
R3 Sf,: R3 7 '’
L@ ® R OSh0g
5-8a 5-8b ) St .
R' R R
0
o RI
- S o 5 H H H
- M 8 CHH H
R3 @/Sﬁo@ :/S"Oe 7 CHs; CHs H
s-8d 5e 8 CH; H CHs

Table 3: B3LYP/6-311G* Optimization Results fo6—9

compound 5 6 7 8 9

a C=C—S—0 dihedral angle 5 5° 3° 1° 5°
C=C—-C=Odihedralangle 17/ 17 18> -175 179

b C=C—S—0 dihedral angle 4 3 3° 3 0°
C=C—-C=O dihedral angle —4° -5 —6° —-1° =27
rel energy toa [kcal mol~1] 0.6 0.5 0.3 0.2 35

¢ C=C-S—Odihedralangle 127 130¢° 130C° 130 could
C=C—-C=Odihedral angle 156 148 148& 149 notbe
rel energy toa [kcal mol1] 5.6 5.4 4.6 2.8 localized

d C=C—-S—Odihedralangle 130 131° 137 132 133
C=C—-C=0 dihedral angle —14° —-15° -31° —-15 47

rel energy toa [kcal mol~1] 5.5 5.2 4.4 24 5.0

al.?®> who observed that Knoevenagel condensations of alde-
hydes and arylsulfinyl acetate only give the thermodynamically

more stableE-products.

In contrast td, the orientation of the carbonyl group relative
to the carbor-carbon double bond has a great influence on the
potential energy surface &: the s-cis conformer9b is 3.5
kcal molt higher in energy than the-trans conformer9a
(Scheme 5). This is a consequence of the steric repulsion
between the two methyl groups @b, which is minimized
through an out-of-plane distortion of the keto group. Hypotheti-
cal 9¢, which would be comparable téc, is not a local
minimum; it is highly destabilized by electrostatic repulsion
between both oxygen atom9&s NBO charge of SO =

8d through interaction between the nonbonding electron pairs —0.95, G=O = —0.55). In contrast to6d, there is no
of the ester and sulfoxide oxygen. The minimum conformation destabilizing electrostatic repulsion Bd; however, methyl

) - ) ' ) (25) Tanikaga, R.; Konya, N.; Tamura, T.; Kaji, A.Chem. Soc., Perkin.
tion of 8, in accord with the experimental result of Tanikaga et Trans. 11987 825.
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Scheme 5
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repulsion disfavor9d in the same way a8b, leading to a
relative energy of 5.0 kcal motl and a nonplanar keto group.
A similar interaction energy (5.2 kcal md) was obtained by
simple addition of the energy difference betwekmand 1b
(1.7 kcal mof?) caused by the different orientation of the @
group and the energetical difference betw®anand 9b (3.5

kcal mol1) (Table 3).

Lewis Acids Complexes of Alkenyl Sulfoxides

Since the SO group operates as an acceptor site for Lewis
acids, the conformations should strongly be influenced by
complexation. Although monomeric M&ICI has only one
coordination site, the formation of chelates is possible if the
second coordination site of the chelating ligand replaces the
chloride in the modentate complex. The chloride can then be
transferred to a second MAECI molecule to give the chelate
complex cation and the MAICI, anion (eq 1).

L

N

L
+ 2 (AICIMe2),

A7+ (AICMeg) <= 2

~
L
4

~ Le <)
21 2 C A+ 2ACHNe, ()
o

Experimental evidence for the ligand exchange at aluminum
in the case of excess Lewis acid was first reported by Lehmkuhl
and Kobs?® Chelate complexes with E&ICI were also
described by Evans et #land Castelling in their mechanistic
studies onN-acyloxazolidinones. Thus, it is quite reasonable
to assume the formation of a chelate complex with the acrylic
acid ester derivativé at least in the presence of excess of;Me
AICI (eq 1). Structure6 has two coordination sites in each
functional group for the Lewis acid, the two oxygen atoms in
the ester function, and the sulfur or the oxygen in the sulfoxide
group. Although the oxygen is favored as coordination site
through its negative charge and large-A binding energy,
there are also sulfoxide complexes observed with the metal
coordinated to sulfu#? In case o, this would allow chelation
without changing the ligand’s minimum geometry. Thus, there
are four complex ion§2a—d, derived from the four minimum
conformers of6 (Scheme 6). Complet2c was found to be
most stable, followed byl2a 12b, and 12d with relative
energies of 7.9, 23.1, and 115.4 kcal migkespectively (Table
4). In 12¢ which is derived from a less stable conformer of

6¢c, the metal is coordinated to the atoms bearing the highest

(26) Lehmkuhl, A.; Kobs, H. DLiebigs Ann. Cheml968 719, 11.

(27) Evans, A.; Chapman, K. T.; Bisaha,J.Am. Chem. Sod988
110 1238.

(28) Castellino, S.; Dwight, W. J. Am. Chem. Sod.993 115 2986.

(29) Schenk, W. A.; Frisch, J.; Dy M.; Burzlaff, N.; Stalke, D.;
Fleischer, R.; Adam, W.; Prechtl, F.; Smerz, A.lKorg. Chem1997, 36,
2372.
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Table 4: Energies for the Complexek2a—12d

12a 12b 12c 12d
without Solvation
energy relative td 2c[kcal mol™] +28.8 +44.1 0 +136.4

AH of eq2 [kcal mol™] +91.6 +106.9 +62.8 +199.2
AH of eq4 [kcal mol] —-51.4 -36.3 —80.3 +56.1

with SCIPCM Solvation Modél
+28.3 +43.6 0 +22.6
+16.8 +32.0 —11.6 +11.0

energy rel tdl2c
complex formation enthalpy
AH of eq2

aSCIPCM single point energy calculated with dielectric constant
of ¢ = 9.1 (CHCI;) and cavity boundary at the isodensity value of
0.0004.

negative charge in the free ligand (eq 2). Structlgs is

-0.56
MeQ

° ®
0.58 COMe
R N S HsCu 1 s = >A|.‘,CH3 (2)
H20g= T HCT g CHy HC™ gl So™ Chs
0950 CHs CHs
6a 10 1 12a -12d

destabilized due to methyl repulsion, leading to deformation of
the ring compared to that itl2c (Figure 4). The metal bonding
at the sulfoxide oxygen weakens the-S bond, as it can be
seen in the bond lengths (1.51 A in the free ligdial 1.55 A
in 12cand 1.72 A in12d); the Wiberg bond indices are 1.24 in
the free ligand, 1.04 ii2c and 0.98 in12d. Bonding at the
sulfur increases the-80 bond strength which is also indicated
by a shortening of the respective bond length (1.51 A in the
free ligand6a, 1.49 A in12a and 1.45 A in12b); the Wiberg
bond indices are 1.24 in the free ligand and 1.282a and
12b. This is in agreement with the 1.48 A% bond length
found in the X-ray structure of the complex cation [CpRu(chir)-
(MeS(0)i-Pn)[™ (chir = 2(9),3(9)-bis(diphenylphosphino)bu-
tane)?®

Since all four chelate complexes have a positive enthalpy of
formation, one would conclude that the chelate complexes
12a—d do not form. Most of this energy is needed for charge
separation involved in the formation @2a—d via eq 1. The
formation of the complexes can be divided into two parts: the
dissociation of (MgAICI),, which involves charge separation,
and the binding of AlMg" to the ligand6a. Equation 4 is
favorable AH < 0) for the complexed2a—c, whereasl2d is
less stable than the separated AiVland the liganda

IS ®
HiCo ,Cl .CHs3
“AK AL Hsc. Cl _CH3
HsC' " 'CH A |+ | AL
3 Cl R ) Rel CHy (3)
10 1 13
MeO @ ®
=0 CH :<CO<M8 CH
. 3 4
.| A — AP
5 CHs SO CHs (4)
0" CHj CH;

6a 13

12

The energy required for the formation of the ions is more
difficult to calculate, since it is not correct to assume a complete
separation of the ion pairs df2a—d and 11; the interaction
with the solvent may stabilize the charged chelate complexes
substantially. However, complete separation of the ions in a
solvent, for which a polarizable continuum is used as model,
can be used to approximate the upper limit for the energy needed
for the formation of the chelate complex&8a—d in solution.
Any interaction between the iori2a—d and11in solution can
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Figure 4. B3LYP/6-311G*-optimized geometries of2a—d.

lead to further stabilization and to a lower reaction enthalpy Scheme 7
for the formation reaction ot2a—d. Therefore, we decided Siface attack
to calculate the energies 6k, 10, 11, and 12a—d using the Lo _ 0-ZnBr,
SCIPCM solvation model. Including solvation the most stable Bn0§sl /a Bnoﬁsp/
complex12c has a negative reaction enthalpy of eq-2L1.6 Me0,C 7 o Tol MeO,C
kcal mol%), whereas theAH values of the other complexes —
remain positive, but are also lowered. In the “solvated” 1 Re-face attack 19
complexes the NBO charge at teC (—0.17e) is lower than @ @
in the free esteba (—0.26€), whereas the NBO charge at the r t.l l COuBn
o-C remains nearly unchangee@.35e), leading to a stronger SOTol COMe
polarization of the €&C double bond. The electron density in Wsom
the G=C double bond is lowered, and the reactivity is raised. CO2Bn

In 12¢, the methyl groups, which shielded theside in the CizMe .

free ligand 6a, now shields thes-face. If the reaction is
controlled sterically by the substituent at sulfur, one expects a
change in the diastereoselectivity of the reaction. Using ZnBr
as Lewis acid, such a reversal in diastereoselectivity was
experimentally observedd. Without using a Lewis acid, the Si-
face of14 was preferentially attacked by the cyclopentadiene
to givel6andl7in a ratio of 73:8. Using ZnBy the reaction
takes place at the Re-face of the complé&and al6:17 ratio

of 6:91 was obtained (Scheme 7). Further examples for this
change in diastereoselectivty exist.

a: ZnBry, -20°C

1.7 kcal mof?! (B3LYP/6-31HG*) less stable. The energy
difference between the conformations is strongly basis set
dependent; electron correlation is not very important. MP2/6-
31+G*, B3LYP/3-213", MP2/3-21G), and RHF/3-210 give
a qualitatively correct rotational PES foC—S—0, whereas
AM1 and PM3 are unsuitable.

Structurelais stabilized the interactions of tlwg_cn,-orbital
and the sulfur lone pair with thec—c*-orbital as well as the

Conclusions interaction of thezc—c-orbital with the os—cn,*-orbital and a
) ) ) ] Rydberg orbital at the sulfur. Thes_ch,—7c=c*, 0s-0—7c=
In methyl vmy_l sulfoxide (), thes-C|scor_1form_at|on 1a) of o*, Te=c—0*s_cH, aNde—c—0s_o* interactions inlb lead to
the S-O bond ino,f-unsaturated sulfoxides is favored. A g gmaller stabilization than iba.
second conformerlp) with a C=C—S—0 dihedral angle is E-Substitution at C-23) led to no significant changes in the
(30) Alonso, |.; Carretero, J. C.; GaacRuano, J. LJ. Org. Chem1994 rotational PES. A methyl group iZ-position at C-2 §)
59, 1499. destabilizes thes-cis conformation 8a) so that3b (IC=C—

(31) (a) Arai, Y.; Matsui, M.; Fujii, A.; Kontani, T.; Ohno, T.; Koizumi, 0 = Y i
T.; Shiro, M.J. Chem. Soc., Perkin Trans, 1994 25. (b) Carrén, M. C; S-O =134 ) IS favo.red by 0.4 .kcal moll._ .
Garcéa Ruano, J. L.: Toledo, M. A.; Urbano, A.: Remor, C. Z.; Stefani, V. Electron-withdrawing groups in the-position as the cyano,

J. Org. Chem1996 61, 503. caboxylic, or keto group lead to a destabilization of the
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conformations with a &C—S—0 dihedral angle of about 130

Tietze et al.

complex cationst+ Me,AICl,~ with the SCIPCM solvation

due to electrostatic repulsion between the sulfoxide oxygen andmodel was estimated to approximate the upper energy limit for

the oxygen or nitrogen atom in the electron-withdrawing group.
In the case of the cyano-substitutédthe difference between
4a(0C=C—-S—-0=7°) and4b (0C=C—-S—-0 = 122) is 3.6
kcal molL. In5and6 with a carboxylic acid or ester group in
the a-position, the preferred conformation a has ar@-S—0
dihedral angle of 5and an G=C—C=0 dihedral angle of 179
Conformationsc andd with a C=C—S—0 dihedral angle of
ca. 130 are 5.5 kcal mol! less stable. As already observed
for 3, a methyl group irZ-position destabilizes the conforma-
tions with s-cis orientation of the SO bond, thus the8a is
only 2.8 kcal mol! more stable tha8c.

The calculation of the four possible chelate complexes of
o-(methanesulfinyl)acrylic acid methyl estd) (vith Me,AlCI
demonstrated that the compl&®c in which the aluminum is
bound to the sulfoxide oxygen and the=O group, is the most
stable. This complex catidt?cis stabilized by 80.3 kcal mot
compared to the free ligand and the AlfMe The reaction
enthalpy AH for the reaction of (MgAICI), + ligand 6 —

formation of the complexes including the energy required for
the formation of the ions. Agaib2cis most favorableAH =
—11.6 kcal mot?l) whereas the\H for the other complexes is
positive. Catiorl2cis derived from a less-favored conformation
of the ligand. Thus complexation can alter the stereochemical
outcome significantly.
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