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phenyl)-2-phenylethanone,® 1,4-diphenyl-3-buten-2-one,® 1-
phenyl-2-dodecanone,'® 1-phenyl-2-heptanone,!! 2-methyl-1-
phenyl-3-buten-1-one,'? 1-(4-chlorophenyl)-2-methyl-3-buten-1-
one,'? 2-methyl-1-(4-nitrophenyl)-2-buten-1-one,? 3-methyl-1-
undecen-4-one,'? 1-phenyl-3-buten-1-one,!? 1-(4-chlorophenyl)-
3-buten-1-one,!? valerophenone,!® 2-phenyl-4-penten-2-ol,* 1-
allylcyclohexanol,!® 1-allylcyclopentanol,'® 3-ethyl-5-hexen-8-ol,'
1-(1-methyl-2-propenyl)cyclohexanol,'” 3-ethyl-4-methyl-5-hex-
en-3-ol.18
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Introduction
Radical displacement reactions at sulfur centers are of
particular interest since the reaction may proceed through
a relative energy minimum corresponding to a tricoordi-
nate, hypervalent sulfuranyl radical intermediate.? Sul-
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Figure 1. Molecular structure of (a) trimethylsulfuranyl, (b)
dimethylsulfuranyl, and (c) sulfuranyl radicals.

furanyl radicals have been reported with o-, o*-, and w-type
ground-state electronic structures.’® By analogy with
closed shell 9-S-4 (9 formal electrons about 4-coordinate
sulfur) sulfuranes, one or more electronegative ligands are
probably required to achieve stable 9-S-3 sulfuranyl rad-
icals.” Previous electronic structure calculations on SF,
have indicated that the species is a stable intermediate,
while SH, is probably a transition state.? Neither pre-
diction was experimentally verifiable due to limitations in
methodology and experiment. While our earlier kinetic
studies® have revealed that the rate-determining step of
alkyl radical displacement at sulfur centers is sensitive to
the stability of the displaced radical, the intermediacy of
a 9-S-3 alkyl species could not be rigorously excluded.
Thus, ab initio molecular orbital calculations were per-
formed on a series of sulfuranyl species ((H;C),S°,
(H;C),HS*, and H;S*) with weakly electron-donating lig-
ands to resolve the question of intermediacy of alkyl-
sulfuranyl radicals and to determine the applicability of
many-body perturbation methods” for achieving accurate
thermochemical estimates of second-row free-radical re-
action energetics.

Computational Methods

Electronic structure calculations were performed with the AcEs®
and GAUSSIAN-86° systems of programs. The geometries for
reactants and transition states were optimized at the SCF level
with the 4-31G*!° split valence basis set. Electron correlation
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Table I. Activation Energies (AE*, kcal/mol) for
H,CSCH; + CH, — [(H;C);S]* — CH; + HyCSCH;,

level AE® AE(spin)? AE*
SCF 26.54 19.46 19.19
MBPT(2) 19.23 13.48 13.21
MBPT(3) 20.06 16.15 15.88
DQ-MBPT(4) 20.25
SDTQ-MBPT(4) 17.32 13.41 13.14

¢ Interaction energies calculated as AE = E(AB) - (E(A) + E-
(B)). ?Using spin-projected molecular energies'! after annihilation
of unwanted spin states. Fourth-order spin annihilation correction
was estimated as Epypprs — Emerre = Epmerrs - Ewmpers:
¢ Thermodynamic corrections (zero point and thermal energies)
were estimated by standard statistical mechanical techniques using
unscaled frequencies.

+ CH,CH,CH,CH,SR —_, Cs . R

Figure 2. Intramolecular displacement reaction of 4-(alkyl-
thio)butyl radicals.®

corrections were estimated by open-shell many-body perturbation
theory (MBPT) through fourth order at the SCF determined
geometries. Spin-corrected total energies had their unwanted spin
contaminants removed using the Lowdin spin annihilator oper-
ator,112 with the spin correction to the fourth-order perturbation
energy estimated from the third-order method.!® Vibrational
frequencies were evaluated using analytical second derivatives
at the SCF level and thermodynamic quantities estimated by
standard statistical mechanical techniques.!*

Results and Discussion

The optimized geometries of the trial sulfuranyl species,
(H4C),S*, (H,C),HS", and H,;S", are summarized in Figure
1. Relative energetics for the symmetric displacement
reaction of methyl radical and dimethyl sulfide are col-
lected in Table I. Extensive geometry searches failed to
reveal a stable 9-S-3 structure but did locate transition-
state structures for the displacement reactions. The mo-
lecular structures resemble those of phosphoranyl radi-
cals,’® exhibiting a T-shaped molecular structure ({eq-S-
axial ~90°, (axial-S-axial ~175°), with both the sulfur
lone pair and the singly occupied orbital assuming pseu-
doequatorial positions.® For the three structures, the vi-
brational frequency analysis has revealed one eigenvalue
of 690i, 677i, and 1454i cm™ for (H;C),S*, (H;C),HS", and
H,S*, respectively. The eigenfunctions of these frequencies
exhibit axial compression and displacements modes, con-
sistent with a displacement-type reaction. In previous
work, we have shown that the singly occupied molecular
orbital (SOMO) of the trimethyl- and propyl-1,4-butyli-
denesulfuranyl radicals show antibonding interactions
between the axial groups consistent with axial-axial dis-
placements.® Thus, we conclude that alkyl radical dis-
placement at dialkyl and alkyl sulfides procedes through
an axial-axial transition state rather than a 9-S-3 inter-
mediate, consistent with our kinetic studies® and other
lines of experimentation.!®

Although the activation energy for the trimethyl-
sulfuranyl radical has not been experimentally determined,
activation barriers for the closely analogous reactions of
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4-(n-propylthio)butyl (AH® = 2.1 kcal/mol, AE* = 12.2
kcal/mol) and 4-(tert-butylthio)butyl radical (AH® = -2.2
kcal/mol, AE* = 11.4 + 0.4 kcal/mol) lead us to estimate
a barrier of 12 = 2 kcal/mol for the displacement reaction
of methyl radical and dimethyl sulfide. For the theoretical
treatment of the open-shell transition state, past experi-
ence for first-row reactions suggests that spin contami-
nation will be a complicating effect. Our results (Table
I) indicate that the barrier heights calculated at the UHF
and MBPT levels without spin annihilation are also too
high, but can offer good agreement after elimination of
unwanted spin components. Both correlation energy
corrections (AE ~ 6.3-9.2 kcal/mol) and spin annihilation
(AE =~ 3.9-7.1 kcal/mol) in the unpaired electron species
result in significant corrections to the activation energy.
Consistent with previous studies on the C;H, + H"* reac-
tion, higher orders of perturbation theory recovers greater
degrees of correlation energy, but only marginally improve
the spin contamination problems.!* Upon removal of the
first spin contaminant, the S? value for the trimethyl
sulfuranyl radical changes from 0.877 to 0.754. Thermo-
chemical corrections for zero point energy and internal
energy were calculated at the SCF level and result in a
~0.27 keal/mol difference. The resulting theoretical values
at the MBPT(2) and MBPT(4) levels are in good agree-
ment with the predicted experimental value (12 + 2
keal/mol).

In summary, we conclude that radical displacement at
sulfur lacking electronegative ligands proceed through
9-S-3 transition states, rather than hypervalent reaction
intermediates. The application of many-body perturbation
methods allows one to approach thermochemical quality
in second-row free-radical systems, with MBPT(2) cap-
turing the majority of the correlation energy. Spin con-
tamination of the wavefunction presents a major problem
for accurately predicting the relative energetics for these
species.
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Vicinal diamines find wide application in synthesis as
both synthons and catalysts.? While tertiary diamines
such as N,N,N’,N"-tetramethylethylenediamine are com-
mon in catalysis,®* the secondary and primary diamines
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