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and the solvent completely removed in vacuo. The residue was dissolved in
water (S5mL) and subjected to ion-exchange chromatography (Dow-
ex S0WX8, eluent 4N HCI) to remove the nonbasic components. The
eluent was lyophilized and the residue dissolved in methanol (2 mL). In
order to remove Fe™ jons, NaSCN (50 mg) was added. Chromatography on
Sephadex LH-20 yielded 45 mg of the amino acids (0.09 % of fresh weight).

Determination of the incorporation of labeled precursors: The isolated
amino acids were silylated with N-methyl-N-(trimethylsilyl)trifluoroacet-
amide (MSTFA) and subsequently analyzed by GC/MS. The incorporation
of single fluoro-labeled precursors was
determined by measuring the ion current
NH of the base peak derived from 4 (m/z 372).
CO,TMS In the case of double-labeled precursors the
ion m/z 373 was used. If *C-labeled pre-
cursors were used the incorporation rates
were determined by C NMR measure-

ments.

TMS
TMSO

TMSO

m/z 372

4 In order to determine the configuration of
the derived 3-fluoro-f-tyrosine, the amino
acid (0.5 mg) was esterified with methanol

(0.5 mL) and Me;SiCl (100 pL). After removal of the solvent, the residue
was dissolved in pyridine (100 pL). (R)-(—)-a-Methoxy-a-(trifluorome-
thyl)phenylacetic acid chloride (2 uL) and a catalytic amount of 4-dime-

thylaminopyridine (DMAP) were

added, and the mixture was kept
Ph._,OMe

W“CF:; at room temperature for 12 h. The
O”Cm solvent was then removed and the

i _COMe residue treated with MSTFA

/Q/\/ (40 uL). The amino acid deriva-
TMSO tive 5 was identified by GC/MS
F monitoring of the ion m/z 284.
(2'S,3R)-5 Temperature program: 2 min iso-

therm at 50°C, then 10 Kmin~' to

300°C, followed by 15 min iso-
therm at 300°C. Column: fused-silica capillary column (DB-5 ms, J&W,
30 m x 0.25 mm x 0.25 um). The Kovats indices were determined by
coinjection with a mixture of straight chain saturated hydrocarbons
(Cio—-Cs). (2'S,3R)-5: GC: R;=2622; (2'S,35)-5: GC: R;=2649.
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Demonstration of Chiral Enantiomerization in
a Four-Atom Molecule**

Paul von Ragué Schleyer* and Michael Mauksch

In 1997, we presented the first example of the enantiome-
rization of a chiral five-atom molecule, cyclo-SeSSOS, via a
completely asymmetric reaction path in a single-step proc-
ess.lTs it possible for a chiral molecule with only four atoms
to enantiomerize via a chiral pathway? The answer is “no” if
all four atoms are different. Oddly, the answer may be “yes” if
two of the four atoms are the same.

In 1992 and 1993, Mislow et al. presented an elegant proof
that fully chiral paths might be involved in the interconversion
of mirror images of asymmetric (geometrically distorted)
tetrahedra, which are not fully labeled.> 3 In contrast, Mislow
demonstrated in 1995 that this is an exception: No path for
interconverting mirror images can preserve chirality for fully
labeled, three-dimensional, four-vertex simplexes.! These
must pass through a two-dimensional boundary in order to
reach the enantiomorphic forms.>71 Later in 1995, Mezey
explained this conundrum, “Mislow’s Labeling Paradox”,® °]
by showing, in an abstract form (Figure 1), that chiral four-
vertex simplexes, in which at least two identically labeled
vertices can switch roles (for example, as a permutation of
sites), may be transformed to their enantiomorphs on a fully
asymmetric reaction path.!' In tetraatomic molecules, such a
“permutation of sites”, which leads to an enantiomer, can
occur only if two atoms of the same chemical element and
isotope have distinguishable sites and exchange their chemical
and spatial environments.

Weinberg and Mislow’s 1996 dimensional analysis!'!]
showed that all submaximally labeled chiral simplexes are
chirally connected (for example, asymmetric tetrahedrons
with at least two identical atoms can be converted into their
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Figure 1. Illustration of the “Labeling Paradox” process, taken from
ref. [8] (see therein for further details). Only if a,=a, ,; is a completely
asymmetric transformation of the n-chiral S ={a,a,,a;,...a,_1,a,,a,,,} into §’
possible. The combination of p, and p,,; then constitutes the reaction
coordinate for the enantiomerisation of a real molecule. The distances d,
and d,,, will generally be different in actual chemical examples.

mirror image forms without encountering achiral configura-
tions).'l Can the abstract Mislow —Mezey solution be real-
ized in tetraatomic molecules? Is it possible, in an intra-
molecular process and by purely chemical means, to exchange
the sites of two atoms without transposing them? The
theoretical proofs are general and do not specify the
potential-energy surface (PES), that is, whether the process
proceeds, for example, by one or by two steps. The independ-
ent internal motions in a two- or multistep enantiomerization
should, in principle, permit the occurrence of an asymmetric
path comprising different sequential steps. All instantaneous
configurations on the enantiomerization path must be chi-
ral—which includes transition states and minimum energy
conformations. As discussed above, this rules out the enan-
tiomerization of a fully labeled molecule with four different
atoms (which must pass through a coplanar arrangement).

Exemplary molecular systems of the X,AB type are easy to
visualize: S,CIF 1, S,BrF 2, and S,BrCl 3, with branched
S=SAB and linear ASSB isomers; all have the ability to
enantiomerize in two steps via fully asymmetric paths
(Scheme 1 and Table 1). The unimolecular chiral process
can take place by two consecutive 1,2-halogen shifts through
C, transition states (TS) ¢ and d (Scheme 1).l] The two
asymmetric enantiomerization itineraries have different ini-
tial stages (enantiomers are denoted by primes; Scheme 2):
a—c—b—d—a’ and a—d —b’ —c —a' ¥l Mezey’s “role
switch” of identical atoms takes place because the mono- and
tricoordinate sulfur atoms S1 and S2 in a (Scheme 1) have
exchanged their role in the enantiomers a’. These simple
S,AB systems illustrate that chiral enantiomerizations in
tetraatomic molecules are possible.

However, these examples have practical drawbacks in
experimental realization. Our computations (Table 1) confirm
expectations based on earlier results!'¥ on related systems,
that achiral pathways may be more favorable. Indeed, planar
transition states with cis- (1e—3e) and with trans-configura-
tions (1f-3f), as well as those that involve inversion at one
sulfur center (TS g), are prefered energetically over the
asymmetric paths involving ¢ and d (Scheme 2). The energies
of ¢ and d are not lowered below those of e —g with the heavier
halogens (Table 1).
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Scheme 1. Schematic representation of the S,AB structures a—d involved
in the enantiomerization of 1a,b—3a,b (1: A=Cl,B=F;2: A=Br,B=F;
3: A=Br, B=Cl). The S—S bonds are always in the paper plane. For
relative energies, see Table 1.

Table 1. Zero-point energy (ZPE) corrected relative energies E,, of S,AB
species at the B3LYP/6-31G* level. The stationary points of S,F, at the
same level of theory are included for comparison.

E. [kcalmol ']

Structure, Nature of the

point stationary S,CIF 1 S,BrF2 S,BrCl13 S,F, 4
group point?!

a, C, Min. 0.0 0.0 0.0 0.0 (Gl
b, C, Min. 9.8 8.8 14.6 0.1 (Cy)
¢, C, TS 453 (CHll 544 (F) 394 (Cl) 49.6 (C))
d, C, TS 36.6 (F) 36.4 (Br) 40.1 (Br) -

e, C, TS 24.9 21.7 18.8 25.7 (Cyp)
f C, TS 21.6 19.3 15.7 -

g, C, TS 36.5 375 36.5 33.7(Cy,)

[a] Based on vibrational analysis at the B3LYP/6-31G* level. [b] With
respect to the (most stable) 1,2-isomers 1a—3a. [c] The point groups in
parenthesis refer to S,F, alone. [d] Migrating atom.

ey

a sym. g a
.N
\ f

sym.
\

d* b' c'
asym.

Scheme 2. Possible reaction paths in the intramolecular enantiomerization
of 1a,b-3a,b. Two asymmetric (asym.) and three symmetric (sym.)
alternatives exist. For relative energies, see Table 1.

The CISSCI™ and BrSSBrl'®!7 forms are well known
experimentally.'®! The thio-thionyl isomers S=SCl, and
S=SBr, are much less stable (Table 1) but there is at least
experimental evidence for S=SCL,.I"! In contrast, S=SF, is
—2.7+0.4 kcalmol ' % more stable than the corresponding
FSSF isomer.?l Experimentally, FSSF isomerizes slowly to
S=SF, above —100°C,?! which indicates a much lower
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activation barrier than the 40— 60 kcal mol~! computed for the
TS of the intramolecular isomerization at various levels (such
as 46.1 kcalmol™' at the B3LYP/6-311++ G(3df) leve-
1221 [22. 23] However, according to Seel, Budenz, and Wern-
er,?!! a bimolecular complex [FSSF-S=SF,], forms at tem-
peratures below —80°C; this suggests that the actual isomer-
isation mechanism may not be unimolecular. Possible
associative or dissociative mechanisms!'* 2!l would complicate
experimental studies of these systems further.

Density functional theory seems to overestimate somewhat
the relative stability of the C, (FSSF) over the C, (S=SF,)
conformer (Table 1).2 In contrast, the C, form is preferred
over the C, form by 3.0 kcalmol™' at the MP4(SDTQ)/6-
311G(2d)//MP2/6-311G(2d) level (including zero-point en-
ergy corrections at the MP2/6-31G* level),™ which agrees
well with the experimental value.?™ At the same
(MP4(SDTQ)) level of theory, the FSSF—S=SF, isomer-
ization barrier is 46.6 kcalmol~!, which is close to the value
calculated at the B3LYP/6-311 ++ G(3df) level.??I Hence, we
believe that the use of density functional theory in this paper
is justified.

Measurements of the He-I photoelectron spectra of a S=SF,
sample at two different temperatures gave a first-order rate
law with an activation barrier of 24.1 kcal mol~! for an alleged
S=SF, —FSSF isomerization (with reversed order of stabil-
ity!).?4 However, our computation of the vertical ionization
potentials for S=SF,, FSSF, and SF, suggested the occurrence
of a disproportionation 2S=SF, —%S;+ SF, rather than the
purported isomerization.!

To conclude, we have shown the feasibility of “Mislow’s
Labeling Paradox” in molecular systems. However, other
achiral paths are lower in energy for the illustrative cases
reported here. A remaining challenge is in the identification
of tetraatomic systems comprised of a different set of
elements, which enantiomerize preferentially via unimolecu-
lar asymmetric rather than achiral paths, as well as the
demonstration of a single step example. Other enantiomeri-
zations might involve a similar “role switch”.
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1,3-Stereoinduction in Radical Reactions
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The possibility of steering the stereoselectivity of the
trapping reactions of acyclic radicals possessing a stereogenic
center in the 3-position is of great importance, both with
respect to the synthesis of natural products bearing stereo-
genic centers in the 1,3-position and to the free radical
polymerization of vinyl monomers. However, most radical
polymerizations are more or less unselective,l'd) with the
exception of a few sterically highly demanding methacry-
lates.”! On the other hand it has been shown during the last
few years that acyclic radicals can react with high stereo-
selectivity;3 the addition of Lewis acids has proved to be
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