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Ab initio calculations showed that the two elementary steps 
in the racemization of the a-methylthioethyl anion (7 ) ,  inver- 
sion of the pyramidal anionic center, and rotation around the 
C--S bond, occur in sequence and are not concerted. The 
former process passes over a barrier of 1.1 kcal/mol, the latter 
over one of 10.9 kcal/mol. MNDO calculations on the a- 
phenylthioethyl anion (8) revealed a preferred conformation 

of the S-aryl bond, allowing maximum delocalization of the 
sulfur lone pairs into the ?I* orbital of the aryl group. This 
orientation is maintained during rotation around the C--S 
bond and is the origin of steric hindrance in the racemization 
of certain a-arylthio-, a-arylseleno-, and a-aryltelluroalkylli- 
thium compounds 1 to 6. 

Introduction 
Chiral a-hetero-substituted alkyl-metal compounds are 

valuable reagents in stereoselective synthesist2]. Their utility 
depends on their configurational stability, i.e. our ability to 
control their ease of racemization. a-Thio- and a-selenoal- 
kyllithium compounds have been noted for their low barrier 
to racemization[3]. Recently, activation parameters for the 
racemization of representative lithium compounds, such as 
1 to 6, have been determined by dynamic NMR spec- 
tros~opy[~I. In this context the compounds 4 to 6 were con- 
spicuous, because their racemization was slow to the point 
that racemization could not be observed by NMR-spectro- 
scopic 
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In this paper we report on calculations carried out to 
identify the nature of the barrier in the racemization process 
and the possible reasons for the steric effects reported 
above. 

It has been suggested that a-arylseleno- and a-sulfur- 
substituted organolithium compounds adopt an antipe- 
riplanar arrangement of the C-Li and X-Ar bonds in the 
ground state in order to allow maximum delocalization of 

the carbanion lone pair into the X-Ar-o* orbital[5]. Stabi- 
lization of such carbanions by negative hyperconjugation 
has also been revealed by several calculations on H2C--SH 
and related system~[~,~I .  

One consequence of this preferred ground-state geometry 
of such a carbanion is that configurational inversion (race- 
mization) has to include at least two elementary steps, in- 
version of the carbanion center and rotation about the 
C-X bond in order to restore the conformation favorable 
for negative hyperconjugati~n[~~]. We carried out ab initio 
calculations on H3C-HC--SMe (7) to find out whether 
inversion and rotation occur in concert, or whether these 
are unrelated elementary steps. Moreover, we investigated 
by MNDO calculations the influence of the sulfur substitu- 
ent on the rotation step. With respect to the experiments 
described before, calculations were carried out for 8 having 
a phenyl substituent on the sulfur atom. 

H3C-CH--SMe H3C-CH'-SPh 
7 8 

Methods 

Structures and energies of stationary points on the energy 
surface of 7 were obtained at the MP2(fu11)/6-3 1 +G* level 
with Gaussian 92['] and confirmed by frequency calcu- 
lations. Zero point energies were scaled by 0.89[81. The ener- 
gies and selected bond lengths of 7 are compiled in Table 
1. The structures and energies of 8 were calculated with 
VAMP 4.40L91 by using the MNDO 
(Table 2). 
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Results and Discussion 
Using the model compound 7, we attempted to establish 

by calculations whether or not the rotation and inversion 
processes are concerted or independent of another. Ge- 
ometry optimization of 7 led to the energy minima struc- 
tures 7a (Erel = 0.0 kcaYmol) and 7b (Erel = 0.8 kcallmol), 
in which the lone pair orbital on the carbanion and 
the S-Me bond are antiperiplanar [torsion angle 07a 
(B-C--S-Me) = 288.9"] and synperiplanar [07b- 
(B-C--S-Me) = 122.8"], respectively. Both conformers 
have a pyramidal carbanion and are stabilized by negative 
hyperconjugation, which is stronger in 7a than in 7b as a 
result of the better overlap of the nc and the 
oXSPMe orbitals. The relative strength of negative hypercon- 
jugation goes along with an increased bond length o! the 
S-Me bond in 7a, i.e. R(S-Me) in 7a = 1.884 A vs. 
R(S-Me) = 1.830 A in 7b. 

(S = 288.9 ") 

10.9 kcal/mol 
(8 = 14.2 ") * [H3&""1 

ent-7e 
1.1 kcal/mol 1 . 1 kcal/mol 

A 
U 

0.8 kcallmol 

10.9 kcaVmol 

0: = torsion angle (H-C-S-CHs) 

Conversion of 7a into 7b by rotation around the a-C--S 
bond passes through two transition states, 7c and 7d. In 
both transition states pyramidal configuration at the 
anionic carbon is retained. The transition states are located 
at the torsion angles at 07c = 244.2" (Ere, = 15.6 kcal/mol, 
SMe being synperiplanar relative to CP - Me) and at = 

14.2" (Ere, = 10.9 kcal/mol, SMe being almost synperi- 
planar relative to C--H). The energies of the transition 

states largely reflect the loss of hyperconjugative stabili- 
zation. In addition, transition state 7c is destabilized by the 
energy required to overcome the steric repulsion resulting 
from the proximity of the two methyl groups["]. 

Planarization of the anionic carbon of 7a leads to the 
transition state for the inversion 7e with Erel = 1.1 kcall 
mol. In this transition state the lone pair orbital of the car- 
banion and the o* orbital of the S-Me bond are in parallel 
orientation maintaining the stabilizing negative hypercon- 
jugation. The structures 7e and 7c or 7d represent the tran- 
sition states on the potential hypersurface, which result 
from the independent inversion and rotation of 7a during 
conversion to its enantiomer ent-7a. 

When starting from 7e, if the planarity of the carbon is 
maintained during rotation, two stationary points of higher 
order (i = 2) on the potential surface are obtained, 7f and 
7g, with 07f = 0.0" (Ere, = 18.6 kcal/mol) and = 180.0" 
(Erel = 24.8 kcal/mol), respectively. 7f and 7g represent the 
structures which must occur during concerted inversion and 
rotation of 7a. 

7a "1 40 , , ~ C H ~ ~ ' ~ O . O * E ~ V ~ I  ent-7a 
0.0 kcaVmol 

H 3 C K S  
L 

7f 
18.6 kcaVmol 

J 

Stationary points of higher order (b2) t 

From the considerably lower energies of the transition 
states 7c, 7d, and 7e compared with those of 7f and 7g it 
follows that the rotation and inversion processes are not 
coupled but successive steps, as calculated for HzC-SH and 
H2C-SCH3[5*61. As the energy of the transition state of in- 
version (7e with 1.1 kcal/mol) is significantly lower than the 
energies of the transition states of rotation (7c and 7d with 
15.7 and 10.9 kcal/mol, respectively) for free a-sulfur-sub- 
stituted carbanions, the inversion of the carbanion is a fast 
and the rotation about the C-S bond a slow process. 

Changing the sulfur substituent from methyl to phenyl, 
e.g. going from 7 to 8, reveals interesting details of the ro- 
tation step. With respect to the larger number of atoms in 
8, we used the MNDO method for these calculations. The 
calculated minimum-energy structure 8a exhibits a planar 
geometry at the anionic carbon as well as a paral- 
lel orientation of the charge-carrying orbital on the carbon 
atom and the S-Ph bond, thus allowing a maximal nega- 
tive hyperconjugation. As a result of the repulsion between 
the electrons in the charge-carrying orbital on the carbon 
atom and the lone pairs on the sulfur atom, there is a tend- 
ency for the latter to delocalize into the n* orbital of the 
phenyl substituent on the sulfur atom. 
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In order to obtain optimal overlap of the ns orbitals and 
the n$h orbital, the S-Ph bond of 8 adopts a conformation 
in which the phenyl substituent is coplanar to the carb- 
anion-sulfur bond, i.e. Cortho-Cipso-s-Calpla lie in one 
plane (deviation from coplaiiarity defined as torsion angle 
\v: in 8a y = 7"). 

!$qJ H3Tb - H3C Y 5 7 0  

Y - c,-c,-s-c, 
8a 

Although this places the phenyl ring in a sterically disfa- 
vored position, such a coplanar preference is also observed 
in the solid-state structures of phenylthio methyllithium 
(deviation 4") and diphenylphosphino methyllithium[131. 

During rotation about the C--S bond, the system passes 
from the ground state 8a through the transition states 8b 
[Osb (H-C--S-Ph) = O.O", Ere, = 8.2 kcallmol, the 
phenyl group moves past the hydrogen substituent of the 
carbanion] and 8c [O,, = 180.0", Erel = 11.6 kcal/mol, the 
phenyl group moves past the methyl substituent of the carb- 
anion]. The heat of formation (MNDO) of 8 as function of 
the torsion angle 0 is shown in Figure 1. 

Figure 1. Ere, [kcal/mol] of H,C-HC--SPh (8) as fuiiction of the 
torsion angle 0 (H-C--S-Ph) 

A I 

b Q 180 

torsion angle 0 (H-C--S-Ph) [ O J 

For both transition states it is noteworthy that, as a 
consequence of the then orthogonal relationship between 
the nc and the oBph orbitals, no stabilization of the car- 
banion lone pair by negative hyperconjugation is possible. 
The "coplanar" orientation of the phenyl group (Y = 0") 
is maintained in the transition state 8b. In the transition 
state Sc, however, this is not possible due to the syn-pentane 
interaction between the phenyl group and the methyl sub- 
stituent. In 8c the phenyl ring is forced to twist by y = 21" 
out of the electronically preferred coplanar arrangement, as 
depicted in Figure 2. 

The attendant decrease in n-rt* delocalization and the 
steric hindrance cause the transition state 8c to be 3.4 kcal/ 
mol higher in energy than transition state 8b. Thus, the in- 
crease in the racemization barrier of the duryl-substituted 
compound can be traced to a steric hindrance, which orig- 

Figure 2. Torsion angle Y (C,-C,S-C,) in H,C-HC--SPh (8) 
as a function of the torsion angle 0 (H-C--S-Ph) 

torsion angle 0 (H-C--S-Ph) [ O ] 

inates from the need to delocalize the lone pairs on the het- 
eroatom into the n* orbital of the aryl group. Hence, no 
such effect should be seen in the aryl(dury1)-silicon analogs 
of e.g. 4, having no lone pairs on the heteroatom. This has 
in fact been observed, as 9 (X-Ar = Me2Si-Ph) with 
4GzG9 = 11.3 kcal/mol and 10 (X-Ar = Me,Si-Mesityl) 
with AGfG9 = 11.9 kcallmol have essentially the same race- 
mization 

Y - 0 "  Y=21"  
8b 8c 

Me,SiMesityl 11 0 

On the basis of these MNDO calculations the (exper- 
imentally found) higher configurational stabilities of the a- 
durylthio, a-durylselenium and a-duryltellurium lithi- 
umalkyls 4 to 6 compared to those of their phenyl analogs 
1 to 3 can be 

L H  L Me L H  
P h A  P h A x  

'I' 'I' I 

1 - 3  11 4 - 6  
- 1  I 

analog 8b analog 8c 

In all of these compounds there is the tendency to delo- 
calize the lone pair electrons on sulfur, selenium or tel- 
lurium into the E* orbital of the aryl substituent in order to 
minimize the destabilizing repulsion between the carbanion 
lone pair and the lone pairs on the heteroatom. When ro- 
tation around the carbanion-heteroatom bond (cf. Scheme 
1) defines the barrier of the overall racemization process, 
rotation would pass through a transition state resembling 
8b in the case of the phenyl-substituted compounds 1 to 3. 
Here, the phenyl substituent may move past the hydrogen 
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at the carbanionic center. When going to the tertiary alkyl- 
lithium compound 11 the transition state for rotation (cf. 
Scheme 1) would correspond to 8c in which the phenyl 
group has to move past either one of the two alkyl groups 
at the anionic carbon center. According to the MNDO cal- 
culations (cf. Figure l), this would correspond to an in- 
crease of the racemization barrier by 3.4 kcallmol for X = 
S. For this steric hindrance of rotation to occur, it does not 
matter whether the alkyl group is on the carbanion center 
or in the ortho postion of the aryl group, which have to 
move past one another. For this reason, the transition state 
of rotation for the duryl-substituted derivatives 4 to 6 would 
also be subject to similar steric hindrance as is present in 
8c with the concomitant increase in the energy barrier for 
rotation. 

The results from the calculations detailed above allow a 
further transformation to be discussed: This is the carb- 
anion inversion at the stage of 7c and of 7d: 

15.6 kcaWmol 24.8 kcaVmol 15.6 kcalfmol 

10.9 kcaVmol 18.6 kcaVmol 10.9 kcaVmol 
'Stationary points of higher order (i=2) 

One notes that the inversion barrier for 7c amounts to 
9.2 kcallmol and for 7d to 7.7 kcal/mol. The former is 
higher, because of the coplanar arrangement of the C- 
methyl and the S-methyl groups in the fictive transition 
state 7g['']. The interesting phenomenon is that both inver- 
sion barriers are substantially higher than that of the 
ground state configuration 7a. This difference might be as- 
sociated with the different levels of negative hyperconju- 
gation in 7a (high) and 7c or 7d (zero). The hight of inver- 
sion barriers is intuitively associated with the degree of py- 
ramidalization of the starting state. The angles of pyrami- 
dalization O were calculated for 7a to 145", for 7c to 105" 
(!) and for 7d to 129". 

a= 145 O a= 149 O a= 133 O 

7a 12 13 

Thus, in the absence of negative hyperconjugation (7c, 
7d) pyramidalization at the anionic center is higher than in 
7a which corresponds to a higher inversion barrier. Differ- 
ent degrees of pyramidalization have also been noted in the 
calculations by Wiberg[6d] who found a higher degree of 
pyramidalization in 13[14] than in 12rscl. This is in line with 

the intuitive expectation of a higher degree of negative hy- 
perconjugation in 12 than in 13. This reasoning - strong 
negative hyperconjugation leads to low pyramidalization 
and a low inversion barrier; weak negative hyperconjug- 
ation leads to a higher degree of pyramidalization and a 
higher inversion barrier - has implications for the in- 
terpretation of experimental findings on the racemization 
(inversion) of 14[151. 

14 

So far the inversion barrier of 10.8 kcal/mol reported by 
H. J. Reich for 14[151 was considered as exceptionally high. 
The cyclic system present in 14 enforces a geometry about 
the carbanionic site that is close to 7c, for which an inver- 
sion barrier of 9,2 kcal/mol was calculated above. This co- 
incidence should not be overinterpreted, though: While in 
14 there is a low degree of negative hyperconjugation into 
the S-aryl bond, there could be substantial negative hyper- 
conjugation into the silicon-phenyl bonds, and the solvent 
separated ion pair corresponding to 14 has an sp2-hy- 
bridized planar anionic structure['5]. Thus, our discussion 
has perhaps identified just one factor among several factors 
which contribute to the high activation barrier for the race- 
mization of 14. 

Conclusion 

The inversion of configuration of a-sulfur- and a-se- 
lenium-substituted carbanions consists of two steps: 1. in- 
version at the carbanion center and 2. rotation about the 
a-C-- S bond to reestablish the favorable arrangement for 
negative hyperconjugation. Ab initio calculations of 
H3CHC--SMe (7) show that rotation and inversion do not 
occur in concert but independently of one another. The in- 
version of the anionic carbon (energy barrier 1.1 kcallmol) 
is rapid compared to the rotation about the C--S bond 
(energy barriers 10.9 kcal/mol and 15.6 kcal/mol). MNDO 
calculations of H3CHC--SPh (8) demonstrate that the 
lone pairs of the sulfur conjugate into the n* orbital of the 
phenyl substituent on the sulfur atom in the ground state 
and probably even more so during the rotation around the 
a-C--S bond. This causes a preferred conformation of the 
S-Ph bond in which the phenyl substituent is coplanar to 
the carbanion-sulfur bond. During the rotation about the 
C--S bond the preferred conformation of the S-Ph bond 
is maintained, leading to a steric hindrance in the rotation 
step when the phenyl group moves past the methyl group at 
the anionic carbon. The latter effect can be used to explain 
the higher configurational stabilities of the a-arylchalcog- 
eno alkyllithium compounds 4 to 6 compared to those of 1 
to 3. 
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Table 1. Calculated energieda1 and selected bond of 7 

.d Etot (HF/6-31 +G') Etot (MP2/6-31 +G') E,I (MP2/6-31 +G'f R (C--S) R (S-Me) I 

7a -515.107 88 -515.674 72 0.0 1.723 1.884 0 
7b -515.107 53 -515.673 50 0.8 1.755 1.830 0 
7c -515.089 17 -515.649 83 15.6 1.820 1.852 1 
7d -51 5.094 02 -515.657 40 10.9 1.806 1.828 I 
78 -51 5.1 02 73 -515.672 07 1.1 1.696 1.888 I 
7f -515.076 47 -515.642 53 18.6 1.768 1 -794 2 
79 -51 5.068 20 -515.632 65 24.8 1.794 1.804 2 

la] The total qiergies are given in hartrees, the relative energies are given in kcallmol. - Lb] Selected bond lengths of the anion, geometry 
are given in Angstram. - lC] Using ZPE, scaled by 0.89[S1. - Id] Number of imaginary frequencies. 

Table 2. Energies of 8 

State AHf (MNDO) E,, (MNDO) 
[kcal/mol] [kcal/mol] 

8a 14.8 0.0 ground 
8b 23.0 8.2 transition 
8c 26.5 11.7 transition 
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