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Density functional theory (DFT) calculations at the B3LYP/6-31G(d) level demonstrated that sodium O-(3-
phenylallyl) dithiocarbonate undergoes [3,3]-sigmatropic rearrangement to sodium S-(1-phenylallyl) dithiocar-
bonate, which then isomerizes to the more thermodynamically stable sodium S-(3-phenylallyl) dithiocarbonate.
The calculations also showed that sodium 2-alkenyl trithiocarbonates and their esters are more labile towards

the allylic rearrangement.
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Allylic thiols and related sulfur compounds are very im-
portant in the fields of biological activity,” and because of
their synthetic utility as building blocks of organic com-
pounds.> > We previously reported a one-pot preparation of
precursors of allylic thiols, in which heating a suspension of
sodium hydride in benzene containing an allylic alcohol (2-
alkenol) and an excess of carbon disulfide gave the corre-
sponding di(2-alkenyl)trithiocarbonate (3) in good yields.®
Allylic thiols can be generated from 3 by heating with
ethanolamine (Chart 1).” In this reaction, sodium 2-alkenyl
trithiocarbonate (3-Na) (a precursor of 3) was formed via
thermal rearrangement of sodium O-(2-alkenyl) dithiocar-
bonate (1-Na) to S-(2-alkenyl) dithiocarbonate (2-Na) fol-
lowed by the reaction with an excess of carbon disulfide.®
The thione-to-thiol rearrangement of sodium O-(2-alkenyl)
dithiocarbonate (1-Na) was thought to proceed via an ionic
mechanism to give the thermodynamically stable allylic iso-
mer. However, the rearrangement was highly regioselective
for an ionic reaction, and allylic isomers were not observed
in every case (see Chart 1). The reaction took place in a non-
polar aromatic solvent, such as benzene, so an Sni-type four-
membered cyclic mechanism is more plausible than a carbo-
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nium ion mechanism.

These considerations prompted us to investigate the details
of the thione-to-thiol rearrangement pathway using computer
simulation techniques.”

Results and Discussion

First, we tried to locate the transition-state (TS) structure
for the Sni-type rearrangement of sodium O-allyl dithiocar-
bonate (1a-Na) (Chart 2).

During the TS structure optimization by the density func-
tional theory (DFT) method,” using structural models, we
unexpectedly observed that the Sni-type transition structure
model (TS,) was transformed to the one of Sni’-type model
(TS,) (i.e. a [3,3]-sigmatropic rearrangement). The calcu-
lated geometries and energies for both TS, and TS, are
depicted in Fig. 1.

The reaction barrier for the Sni-type reaction is calculated
to be 41.0kcal/mol, which is higher than that for the [3,3]-
sigmatropic rearrangement whose reaction barrier is pre-
dicted to be 28.2kcal/mol. This suggests that allylic re-
arrangement of the sodium O-allyl dithiocarbonate (1a-Na)
proceeds easily in boiling benzene. This assumption is sup-
ported by the fact that the experimental reaction barrier
height for O-cinnamyl S-methyl dithiocarbonate in n-hexade-
cane is 26.2 kcal/mol,'” close to the B3LYP/6-31G(d)-calcu-
lated value of 25.1kcal/mol.'” Calculations using anion
models in the absence of sodium ions gave essentially the
same results.'” The subsequent calculations were therefore
performed on dithiocarbonate anion models.

Interestingly, the DFT calculations indicate that the S-allyl
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dithiocarbonate anion (2a) undergoes a [3,3]-sigmatropic re- Similar calculations were performed using an unsymmetri-
arrangement to give the allylically isomeric product (Fig. 2). cal substrate, i.e., the O-cinnamyl dithiocarbonate anion (1b)
The reaction barrier was calculated to be 27.3kcal/mol, and the S-cinnamyl dithiocarbonate anion (2b) (Fig. 3). The
slightly lower than that for rearrangement of the O-allyl reaction barrier (AE) for the thione-to-thiol rearrangement is
dithiocarbonate anion (1a). estimated to be 26.8kcal/mol, the resonance energy of
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Fig. 1. DFT-Calculated Geometries and Energies of TS at B3LYP/6-31G(d) Level for the Thione-to-Thiol Rearrangemet of Sodium O-Allyl Dithiocarbon-
ate (1a-Na)
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Fig. 2. B3LYP/6-31G(d) TS Structure for the Reaction of S-Allyl Dithiocarbonate Anion (2a)
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Fig. 3. DFT-Calculated Potential Energy Profile and Geometries for the Sequential [3,3]-Sigmatropic Rearrangement of O-Cinnamyl Dithiocarbonate
Anion (1b)
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Fig. 4. DFT-Calulated Reaction Barriers for the Isomerization of 2-Alkenyl Methyl Trithiocarbonates
(A) Allyl methyl trithiocarbonate (3a-Me). (B) 1-Phenylallyl methyl trithiocabonate (3¢-Me).
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Fig. 5.
Trithiocarbonate (3e-Me)

Ph—CH=CH- being lost in the allylic isomerization. The re-
arranged product 2c¢ is thought to isomerize readily to the S-
cinnamyl dithiocarbonate anion (2b). The calculated reaction
barrier is 22.3 kcal/mol, lowered by the resonance stabiliza-
tion. These results strongly suggest that the S-(2-alkenyl)
dithiocarbonate anion is equilibrated by a [3,3]-sigmatropic
rearrangement and that the structure of the isolated product
depends on the relative thermodynamic stabilities of the
allylic isomers.

This consideration is also applicable to the [3,3]-sigma-
tropic rearrangement of allylic trithiocabonates. The calcu-
lated reaction barrier for S-allyl S-methyl trithiocarbonate
(3a-Me) is 23.4 kcal/mol (Fig. 4A). In the phenyl-substituted
allyl derivative (3c-Me), the exclusive formation of S-cin-
namyl S-methyl trithiocarbonate (3b-Me) can be predicted
from the DFT calculation data. The reaction barrier for the
isomerization of l-phenylallyl methyl trithiocabonate (3c-
Me) to cinnamyl methyl trithiocarbonate (3b-Me) is
12.7 kcal/mol, whereas the barrier for the reverse isomeriza-
tion is 24.9 kcal/mol (Fig. 4B). The relative stabilities of 3c-
Me and 3b-Me are affected by resonance stabilization in
accordance with experimental result.®

3,5,5-Trimethylcyclohex-2-enol was subjected to a similar
reaction to give the corresponding trithiocarbonate, without
skeletal changes (Chart 1).® The DFT calculation supported
the relative stabilities of the allylic isomers. 3-Methylcyclo-
hex-2-enyl methyl trithiocarbonate (3e-Me) is 8.0 kcal/mol
more stable than 1-methylcyclohex-2-enyl methyl trithiocar-
bonate (3d-Me) (Fig. 5).

Allylic thiols can be regioselectively prepared by choosing
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Ground-State Energies and Geometries of 1-Methylcyclohex-2-enyl Methyl Trithiocarbonate (3d-Me) and 3-Methylcyclohex-2-enyl Methyl
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a suitable preparation method (reaction 1 or 2 in Chart 3).
Thermodynamically unstable allylic thiols can be prepared
by [3,3]-sigmatropic rearrangement of allylic xanthates
under mild and low-temperature conditions'®!*'%; stable
allylic thiols are readily prepared by a procedure based on
allylic trithiocarbonates, without using allylic halides.

In the latter procedure, the transformation from the dithio-
carbonate anion to the trithiocarbonate anion is considered to
be caused by sequential retro-ene [20+20+27] and ene
[27+27+20] reactions (Chart 4),'” in which the intermedi-
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ary compound (RCH=CHCH,SNa) can attack the thiocar-
bonyl carbon atom of 3-Na to give di(2-alkenyl)trithiocar-
bonate (3) and Na,S.

In conclusion, DFT calculations provided a reliable theo-
retical evidence for the [3,3]-sigmatropic rearrangement of
allylic O,S- and S,S-dithiocarbonates and trithiocarbonates,
for both the sodium salts and the alkyl esters. Use of a peri-
cyclic reaction of the thione esters provides a simple and effi-
cient method for regioselective and stereoselective synthesis
of allylic thiols which are difficult to prepare by other meth-
ods.

Experimental

Molecular Orbital (MO) Calculation The MO calculations were per-
formed by density functional theory (DFT) based ab initio method at the
B3LYP/6-31G(d) level using the Linda-Gaussian03 program package.” The
input geometries of the ground states (GS) and the transition states (TS)
were obtained by semi-empirical MO calculations.'® 2 Zero point energy
(ZPE) corrections were scaled by 0.9804.2) All of the calculations were per-
formed on an HIT PC cluster of 4—16 processors (Pentium 4, 3.0 MHz) or
an HIT Linux cluster server (4 CPU) made up of dual 1.6 GHz Itanium 2
processors.
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