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A theoretical study on the pyramidal inversion of the chiral sulfur compounds SO(X)(Me) (X = CI, OMe, p-MePh) has been carried out by
means of the DFT(Becke3LYP) method. Our results reveal that in the case of X = Cl, an organic tertiary amine such as NMe; can catalyze the
racemization. The base-catalyzed inversion of SO(CI)(Me) is proposed as a feasible dynamic kinetic resolution mechanism for the synthesis
of chiral sulfoxides by the DAG method.

Chiral amines and sulfoxides can undergo thermal racem-this reaction is fast at room temperature. Nevertheless, both
ization by nitrogen or sulfur pyramidal inversion, respec- electronié°and steric effectd1?are capable of producing
tively. In this mechanism, the absolute configuration of the optically active chiral nitrogen compounds by hampering the
tetrahedral chiral center is reversed by the intermediacy of inversion. On the other hand, the more scarce studies on the
a planar nonchiral structure (see Scheme 1). The nitrogenpyramidal inversion of chiral sulfoxides, which can be light-
induced!® pointed out that in most cases this process is very

. slow in mild conditions. Mislow and co-workers studied the

Scheme 1. Pyramidal Inversion of Amines (% N, Y = (1) Morgan, W. R.; Leyden, D. E1. Am. Chem. S0d970,92, 4527.
Alkyl or Aryl) and Sulfoxides (X=S, Y = O) (2) Forsyth, D.; Zhang, W.; Hanley, J. Org. Chem1996,61, 1284.
R (3) Wash, P.; Renslo, A.; Rebek, Angew. Chem., Int. E001, 40,
| AN A 1221.
R X (4) Naik, A.; Ferro, M.; Worman, JOrg. Lett.2002,4, 1059.
/x"\"u/R- - Y—X'\ —_— ‘ (5) Kincaid, J. F.; Henriques, J. Am. Chem. S0d.940,62, 1474.
Y R R (6) Bushweller, C. H.; Anderson, W. G.; Stevenson, P. E.; Burkey, D.
L.; O'Neil, J. W.J. Am. Chem. S0d 974,96, 3892.
(7) Kost, D.; Raban, MJ. Am. Chem. S0d.982,104, 2960.
R,R" = alkyl or aryl (8) Lee, J. SJ. Phys. Chem. A997,101, 8762.
(9) Srivastava, A.; Srivastava, V.; Verma, S. M.; Subramaniad, €rg.
Chem.1994,59, 3560.
) . . . . ) (10) Belostotskii, A. M.; Gottlieb, H.; Shokhen, M. Org. Chem2002
pyramidal inversion has been widely studied with both 67,( 92)57. ) dork ) A
; 4 ; 8 11) Kostyanovsky, R.; Kadorkina, G.; Kostyanovsky, V.; Schurig, V.;
experimentdt* and theoretica® methods. In many cases, Trapp, O.Angew. Chem.. Int. E2000,39, 2038,
(12) Usacheva, S.; Nikiforov, G.; Strelenko, Y.; Chervin, I.; Lyssenko,
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thermal racemization of several chiral sulfoxidéaccording mental data published by Mislow and co-workers on the
to these authors, the pyramidal inversion of many diaryl, racemization of other sulfoxides as a reference in order to
alkyl aryl, and dialkyl sulfoxides occurs at a significant rate validate our theoretical model. These authors determined a
only above 200°C. Only the racemizations of some free energy barrierAG*) of 41.4 kcal/mol for the pyramidal
arenethiolsulfinaté8 and allyl® benzyll” and vinyl® sul- inversion of p-MeGH4)SO(Me)** Using our model, we
foxides proceed under milder conditions. optimized the stationary point as the minimum energy
Enantiomerically pure sulfoxides are organic compounds structure of p-MeCsH4)SO(Me) (see Figure 1). Furthermore,
of increasing interest due to their application as chiral
auxiliaries in asymmetric organic synthe¥i®©uring the past _
2 decades, different methods have been developed in order
to efficiently synthesize optically active sulfoxid®sRe- ®

cently, some of us developed the DAG methodofégs? a g °-0 e ®
new and efficient synthetic route to chiral sulfoxides (see ° = ‘D o 2
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(DKR) of a sulfinyl chloride racemate in the presence of 1702 A 1683 4
organic nitrogenated bases and the chiral alcohol DAGOH — O D
(diacetonem-glucose) yields enantiomerically pure sulfinates. 0 P °
Subsequent addition of Grignard reagents gives rise to a 5 "

broad family of optically active sulfoxides. Thanks to the

DKR mechanism, high yields were obtained. The spontane- Figure 1. Optimized stationary points for the pyramidal inversion

ous inversion of the highly unstable sulfinyl chloride reagent °f (P-MeGH4)SO(Me), SO(Me)(CI) and SO(Me)(OMe).

has been proposed as a reasonable origin of the DKR.

Nevertheless, to the best of our knowledge, the mechanistic ) o N

details of the racemization of these compounds are unknown.th€ Planar nonchiral structuéawas optimized as a transition

In this paper we present a computational study of this statg of the poteptlal energy surface. The.transmon vector

mechanism with the Becke3LYP meth&dshowing that the of this saddle point consists of the oscillation of the sulfur

organic base plays a key role catalyzing the racemization &0m above and below thp-MeCsH.)(O)(Me) plane. Hence,

by pyramidal inversion of the sulfinyl chloride. 2 is the transition state f(_)r _the pyramidal inversion pf (
Before starting the discussion of our calculations on the M8GsH2)SO(Me). The variation of the MeS—O—Ph dihe-

sulfinyl chloride inversion we will use the kinetic experi- dral angle from the minimuni (101.6°) to the trgnsition
state2 (178.4°) clearly shows the structural mutation pf (

MeCsH,)SO(Me) from a tetrahedral to a trigonal planar
geometry. On the other hand, the pyramidal inversion process
implies the elongation of the=80 bond (from 1.525 A irl

(14) Rayner, D. R.; Gordon, A. J.; Mislow, K. Am. Chem. S0d.968,
90, 4854.

(15) Koch, P.; Fava, AJ. Am. Chem. S0d.968,90, 3867.

(16) Bickart, P.; Carson, F. W.; Jacobus, J.; Miller, EJGAmM. Chem.
Soc.1968,90, 4869.

(17) Miller, E.; Rayner, D. R.; Thomas, H. T.; Mislow, K. Am. Chem.
Soc.1968,90, 4861.

(26) All of the results reported in this paper were obtained using the
hybrid Becke3LYP density functional as implemented within the Gaussian

(18) Yuste, F.; Ortiz, B.; Pérez, |.; Rodriguez-Hernandez, A.; Sanchez-
Obregoén, R.; Walls, F.; Ruano, J. L. Getrahedron2002,58, 2613.

(19) Carréw, M. C. Chem. Re:1995,95, 1717.

(20) Fernandez, 1.; Khiar, NChem. Re»2003,103, 3651.

(21) Fernandez, I.; Khiar, N.; Llera, J. M.; Alcudia, ¥. Org. Chem.
1992,57, 6789.

(22) Khiar, N.; Alcudia, F.; Espartero, J.; Rodriguez, L.; Fernandez, I.
J. Am. Chem. So2000,122, 7598.

(23) Khiar, N.; Araujo, C. S.; Alcudia, F.; Fernandez,J1.0Org. Chem.
2002,67, 345.

(24) Huerta, F. F.; Minidis, A. B. E.; Backvall, Chem. Soc. Re 2001,
30, 321.

(25) Pellissier, HTetrahedron2003,59, 8291.
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03 package. The 6-31G(d) basis set was used for oxygen, nitrogen, carbon,
and hydrogen. An effective core potential was used to replace the 10
innermost electrons of sulfur and chlorine. The valence doulilasis set
associated to the pseudopotential in the program, with the contraction labeled
as LANL2DZ, was used for these two elements, supplemented with a d
shell. All optimizations were carried out without imposing geometrical
constraints. The stationary points located in the potential energy hypersurface
were identified as true minima or transition states through vibrational
analysis. The connectivity between transition states and minima was
confirmed through IRC calculations. All energetic values reported cor-
respond to free energies at 26 and 1 atm. The chiral alcohol and the
tertiary amines used in the DAG synthetic method were modeled as methanol
and trimethylamine, respectively.
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to 1.552 A in2), coupled with the contraction of both-$/e s

(from 1.851 A in1 to 1.817 A in2) and S—(p-Me@H,)
(from 1.833 Ain1to 1.759 A in2) bonds. The computed i " "
value of the free energy barrier betwetmand2 was 41.4
kcal/mol, in perfect agreement with the experimental value.
The exact coincidence between the computational and
empirical values is probably fortuitous but shows the o ‘-4";’?\55
suitability of our theoretical model. Q2 sua
After having confirmed the validity of our computational 22504 | B,
approach, we proceeded to the computational study of the [ 1.840 A
species involved in the DAG synthetic method. The structures -
3 and4 were optimized as the minimum and the transition - e
state, respectively, for the pyramidal inversion of the reactant . ' - b
sulfinyl chloride, SO(Me)(Cl) (see Figure 1). As in the case o
of (p-MeGH4)SO(Me), the minimum has a tetrahedral © i
geometry JCI—S—0—Me = 99.8), while the saddle point {3265 & - @
has a trigonal planar geometryi Cl—S—O—Me= 180.0°). 0" 5'80 1524 4 i
Furthermore, the S=0O bond is also elongated (from 1.495 B Vo Q 20774 @
A'in 3t0 1.555 A in4) while the S-Cl and S—Me bonds 17234 | @
are contracted (from 2.199 A Bito 2.096 A in4, and from e Jo
1.841 A'in3, to 1.830 A in4, respectively). The calculated
value of AG¥ betweerB8 and4 was 63.4 kcal/mol. Thus, the ©
thermal racemization of SO(Me)(CI) by pyramidal inversion
is not a feasible DKR mechanism in the mild reaction Figure 2. Optimized stationary points for the base-catalyzed
conditions of the DAG synthetic method (—78). pyramidal inversion of SO(Me)(Cl) and SO(Me)(OMe).

The racemization of the reaction product, the sulfinate SO-

(Me)(OMe), was also explored. The tetrahedral energy g jndicate a soft long-range interaction between the sulfinyl
minimum5 (OMeO—S—0—Me= 103.5°) and the trigonal  cpjoride and the base. Nevertheless, regarding the relative
planar transition staté (IMeO—S—O—Me= —177.2°)  free energies, the introduction of the base results in a
were located in the potential energy surface (see Figure 1).syrprising reduction of the free energy barrier from 63.4 kcal/
As in the case off-MeGH4)SO(Me) and SO(Me)(Cl), the  mg| (base-free inversion) to 22.9 kcal/mol. The long@
pyramidal inversion of SO(Me)(OMe) implies the elongation gistance ir8 suggests a strong anionic character of chlorine,
of the S=O bond (from 1.504 A ir5 to 1.559 A in6) coupled  \yhich may require diffuse functions in this atom. Their effect
with the contraction of the rest of the bonds containing the \yas found to be practically neglectable through a reoptimi-
sulfur atom (from 1.845 A ir5 to 1.821 A in6, for S-Me, zation of 7 and8, with only a slight reduction in the value
and from 1.702 A in5 to 1.683 A in6, for S-OMe). The ~ of AG* from 22.9 to 22.3 kcal/mol. The meaningful reduction
free energy barrier found for the inversion of SO(Me)(OMe) of AG* by 40.5 kcal/mol associated with the presence of
was 64.1 kcal/mol. Hence, according to our theoretical the nitrogenated base clearly points out that trimethylamine

results, the reaction product should be optically stable in the catalyzes the inversion of SO(Me)(Cl). Furthermore, the
DAG reaction conditions, as has been observed experimen-esylting free energy barrier situates this racemization
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tally. reaction as a feasible DKR mechanism for the DAG synthetic
The reoptimization of the stationary poin% and 4 method.

introducing a trimethylamine molecule interacting with the  The base-catalyzed variant of the SO(Me)(OMe) pyramidal

sulfur atom converged into the energy minimuhand the inversion was also computed. The van der Waals complex

transition state3 (see Figure 2). As in the case ®f4, and 9 and the transition statd were optimized. The introduction

6 the transition vector of the saddle poBitorresponds to  of trimethylamine reduces the elongation of the@ bond

the flipping of the sulfur atom between two imaginary points (0.025 A) and the contraction of the-$e bond, which
above and below the (Me)(O)(Cl) plane. Thus, the stationary suffers a slight elongation (0.015 A). As for the-8l bond
point 8 is the transition state for the pyramidal inversion of of SO(Me)(Cl), the SSOMe bond is strongly elongated
7, which is a weak van der Waals complex binding the base (0.354 A). The main structural difference between the
with the sulfinyl chloride. The introduction of trimethylamine  pyramidal inversion of SO(Me)(Cl) and SO(Me)(OMe)
in this system reduces the=® bond elongation (from 0.027  comes from the SN distance, which is clearly longer &

A in the base-free reaction to 0.013 A) and theMe bond (3.265 °A) but significantly shorter in10 (2.366 A).
contraction (from 0.034 A in the base-free reaction to 0.004 Furthermore, regarding the relative free energies, the catalytic
A) along the inversion. On the other hand, the@ bond effect of the base is rather smaller for the sulfinate. Ala*

is strongly elongated from 2.250 A ifito 2.560 A in8, of the base-free inversion (64.1 kcal/mol) is reduced to 42.7
instead of being contracted as in the base-free inversion. Thekcal/mol giving rise to aAAG* of 21.4 kcal/mol, clearly
long S—N distances of 2.768 A inand 2.806 A in8seem  smaller than in the case of SO(Me)(Cl) (40.5 kcal/mol). In

Org. Lett., Vol. 6, No. 13, 2004 2199



fact, in this case, the resulting free energy barrier is still chiral substrate toward a trigonal planar transition state. This
capable of keeping the optical activity of the molecule, as distortion is coupled with the S=O bond elongation and the
observed experimentally in the DAG reaction. S—Me and S—X bonds contraction. Furthermore, we found
The structures of the transition staand10are distorted that trimethylamine catalyzes significantly the pyramidal
trigonal bipyramids (TBPs) with the oxygen and the=X inversion of SO(Me)(Cl) and, to a less extent, that of SO-
Cl, OMe substituents in the axial positions. The-8-CI (Me)(OMe). To the best of our knowledge, this is the first
axial angle of 153.0in 8 and the N-S—C equatorial angle  evidence of the base-catalyzed inversion of chiral sulfur
of 95.9°in 8 and 94.2°in 10 reflect the distortion of the  centers. According to our results, the chiral lability in the
ideal TBP geometry. The Berry pseudorotatioii of hy- presence of the base isX Cl > X = ORgyy;, a trend that
pervalent sulfur intermediat&s® has also been proposéd  probably correlates with the strength of such S—X bonds,
as a possible DKR mechanism in the DAG synthetic method. considering the significant S—X bond elongation in the
Nevertheless, our calculations demonstrate that the pentavatransition states. In the base-catalyzed inversion, the distortion
lent SO(Me)(X)(NMe) species play an important role in the of the S=O and S-Me bonds is reduced, while the-X
pyramidal inversion of SO(Me)(X) compounds as low-energy bonds are strongly elongated. In both cases, the tetrahedral

transition states instead of intermediates. structure of SO(Me)(X) is transformed into a TBP transition
To check whether the base has a general catalytic effectstate.
toward the pyramidal inversion of SORX (X CI, This theoretical study is being extended in our laboratory

ORaiyi,Rary) We tried to reoptimize the stationary poirts  with a DFT study on a model system and a QM/MM study

and2 introducing a trimethylamine molecule in the system. on the real system of the full reaction mechanism of the DAG
Although a van der Waals complex analogous/tand 9 method.

was found, all attempts to locate the transition state corre-

sponding to the hypothetic base-catalyzed inversion of (p-  Acknowledgment. D.B. and F.M. are thankful for
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midal inversion follows the trend X R,y >X = Cl &~ X

= ORauyi. The highest chiral lability of SO(Me)(R)) is due

to the aromaticity of the X substituent, which stabilizes the
planar transition stat&. In all cases, this racemization
mechanism implies the structural distortion of the tetrahedral
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