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Abstract: The cycloaddition of thiobenzophenone S-methylide to thiobenzophenone, an experimentally
well-known reaction, was studied, using (U)HF/3-21G* for finding stationary points and (U)B3LYP/6-31G*//
(U)HF/3-21G* single-point calculations for energies. Some optimizations were performed by (U)B3LYP/
6-31G* to check the reliability of the calculations. The comparison of the concerted pathways and stepwise
reactions via C,C-biradicals and C,S-zwitterions showed that the formation of a tetraphenyl-substituted
C,C-biradical and its ring closure to 4,4,5,5-tetraphenyl-1,3-dithiolane constitutes the energetically most
probable pathway of product formation, despite the fact that the regioisomeric 2,2,4,4-tetraphenyl-substituted
product is more favorable by 17 kcal mol-1. Model calculations on bond dissociation energies showed that
(U)B3LYP with various basis sets overestimates radical stabilization, whereas CBS-QB3 closely reproduced
experimental values. Results with the BLYP functional are similar to those with B3LYP. The consequences
of the overestimation of radical stability for the cycloaddition mechanism involving biradicals are discussed.
Thiobenzophenone S-methylide, if not captured by a dipolarophile, dimerizes to 2,2,3,3-tetraphenyl-1,4-
dithiane. Calculation disclosed likewise a tetraphenyl-substituted C,C-biradical as intermediate.

Introduction

The chemistry of thiocarbonyl ylides has been well re-
viewed,1-4 but their 1,3-dipolar cycloadditions have not (yet)
reached the same synthetic importance as those of, e.g., nitrones
(azomethine oxides) or azomethine ylides. ThioketoneS-
methylides 3 are prepared by the two-step sequence from
thioketones1 and diazomethane via 2,5-dihydro-1,3,4-thiadia-
zoles 2. The nucleophilic 1,3-dipoles3 undergo irreversible
electrocyclization to give thiiranes6 but are easily intercepted
in situ by electrophilic CdC bonds producing thiolanes.

The CdS bond of thiones is a “superdipolarophile”5 and
accepts thiocarbonyl ylides with formation of 1,3-dithiolanes4
and 5. The regiochemistry is striking: sterically hindered
cycloalkanethioneS-methylides and dialkylthioketoneS-meth-
ylides react with alicyclic or aliphatic thiones to give exclusively
the 2,2,4,4-tetrasubstituted 1,3-dithiolanes4.6 Aryl groups in
one or both reactants lead to a preference or even complete
formation of the 4,4,5,5-tetrasubstituted isomers5 (Scheme 1).

Obviously, several mechanisms are involved in 1,3-dithiolane
formation. As a consequence of the scarcity of experimental
criteria, we resorted to quantum chemical calculations. In a
previous contribution, concerted and stepwise mechanisms for
the cycloadditions of thioformaldehydeS-methylide and thio-
acetoneS-methylide with thioformaldehyde and thioacetone
were analyzed by ab initio and DFT methods.7

The parent system,3 + 1 with R ) R′ ) H, undergoes
concerted cycloaddition without passing a transition structure
(TS), i.e., product formation occurs without activation energy.
For the concerted cycloaddition of3 + 1, R ) R′ ) Me, small
barriers of activation were found for the formation of both
regioisomeric 1,3-dithiolanes, a lower barrier for4 than for5.
The evaluation of the potential energy surface for both the
unsubstituted and dimethyl-substituted reaction partners brought
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to light cycloaddition pathways viaC,C- andC,S-biradicals, the
formation of which required somewhat higher activation energies
than the concerted processes. However, the modest differences
in barrier heights suggested that suitable radical-stabilizing
substituents R might change the mechanistic preference from
the concerted to the stepwise pathway of cycloaddition. A case
of particular interest is3 + 1, R ) R′ ) phenyl, which would
provide intermediate biradicals with diphenylmethyl stabiliza-
tion. The calculation of the hypersurface of this reaction is the
subject of this contribution.

The reaction of thiobenzophenoneS-methylide (3, R ) Ph)
with thiobenzophenone (1, R ) Ph) has an amusing history
which deserves brief recounting. In 1930 Bergmann et al.
ascribed biradical character to thiobenzophenone and regarded,
besides the deep blue color, the reaction with diazomethane as
evidence.8 The formation of 4,4,5,5-tetraphenyl-1,3-dithiolane
(5, R ) R′ ) Ph) as 2:1 product showed a formal analogy to
the reaction of triphenylmethyl with diazomethane which gives
rise to hexaphenylpropane.9

Bergmann et al.8 as well as Scho¨nberg et al.,10 who described
in 1931 the same reaction, abstained from proposing a detailed
pathway for the quantitative formation of dithiolane5, R ) Ph.
In a broad variation of diazoalkane and thione, Scho¨nberg’s
group observed that each reactant pair furnished either 1,3-
dithiolane or thiirane, without allowing mechanistic conclu-
sions.11

The mechanistic elucidation of the “Scho¨nberg reaction”, i.e.,
the formation of5, R ) R′ ) Ph, from thiobenzophenone and
diazomethane at 0°C, was achieved in the Munich labora-
tory,12,13 50 years after its discovery. When the reaction was
carried out in THF at-78 °C, the isolable thiadiazoline2, R )
R′ ) Ph, was quantitatively formed; it lost N2 (a 1,3-dipolar
cycloreversion) at-45 °C in THF with a half-life of 56 min.
When thiobenzophenoneS-methylide (3, R ) R′ ) Ph) was
liberated in the presence of thiobenzophenone, 4,4,5,5-tetra-
phenyl-1,3-dithiolane (5, R ) R′ ) Ph) was isolated in 95%
yield; searching of the mother liquor for the regioisomer4,
R ) R′ ) Ph, was in vain. Replacement of the second equivalent
of thiobenzophenone by other dipolarophiles with CdC, CtC,
CdS, or NdN bonds made a wealth of five-membered
cycloadducts accessible.14,15

The corresponding thiadiazoline from adamantanethione and
diazomethane (2, R2 ) C9H14) loses N2 with a half-life of 88
min at +40 °C in THF.16 The enormous rate increase for the
N2 extrusion from2, R ) Ph, (56 min at-45 °C) demonstrates
how much the formation of thiobenzophenoneS-methylide (3,
R ) Ph) profits from the incipient phenyl conjugation.

Computational Methods

Semiempirical calculations on the PM3 level were initially per-
formed.17 However, the reliability of semiempirical methods for

biradical structures is low and the results are, therefore, not reported
here. Ab initio and DFT calculations were carried out with the
Gaussian98 suite of programs.18 Due to the size of the systems,
geometry optimizations were carried out mostly on the (U)HF level
with the 3-21G* basis set which includes polarization functions for
second row elements. Single point calculations of the stationary points
obtained by these calculations were done with (U)B3LYP/6-31G*.
Some optimization calculations of ground states, intermediates (I), and
transition structures (TS), although very time-consuming, were done
by (U)B3LYP/6-31G*.

Molecules with obviously closed shell character were evaluated by
DFT theory using the B3LYP functional. In cases where biradical
character was assumed, UB3LYP was applied including the key words
guess) alter or guess) mix in Gaussian. When B3LYP and UB3LYP
gave identical results, the key word stable) opt was additionally
applied in order to look for an improved UB3LYP wave function with
a lower total energy. Biradical character (BRC)19 was determined by
CAS(2,2)/3-21G* calculations, if not indicated otherwise in the Tables.
CAS(2,2) is the minimum configuration interaction to calculate BRC.
This approach does not, however, take proper account of the dynamic
electron correlation, which may lead to an overestimation of the true
biradical character.20 As a check on the quality of the CAS(2,2)
determined BRC, the total energies calculated by RHF and UHF
methods are compared. If this difference is small, 2-3 kcal mol-1, the
biradical contribution to the total wave function must be small. This
must also be the case when B3LYP and UB3LYP both indicate a closed
shell configuration.21 In general B3LYP and UB3LYP yielded identical
results when the CAS(2,2) calculated biradical character did not exceed
30% appreciably. The BRC should parallel the magnitude of the energy
difference between a RHF and a UHF, in our case RB3LYP and
UB3LYP calculation. High BRC should be present when this difference
exceeds 10 kcal mol-1 (see below). The energies of singlet and triplet
biradical wave function can be taken as further proof of a high BRC.
When their energies are close or identical, the structure should be a
true biradical.

Stationary points were checked by frequency calculations to see
whether they constituted minima or maxima on the potential energy
surface. All transition structures are characterized by only one imaginary
frequency. TSs were tested whether they connected properly the ground
state of reactant(s) and product. The results were corrected, if possible,
by ZPVE. Determinations of TSs by UB3LYP/6-31G* were done by
reaction coordinate calculations, and∆ZPVE corrections for these
structures were estimated from related, properly evaluated TSs.

Apparently, density functional evaluations do not provide reliable
energies in cases of high biradical character. More advanced procedures
such as the CASPT2 scheme available in MOLCAS,22 which was
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applied in our previous study,7 cannot be used here due to the size of
the systems. To obtain an estimate of the DFT “error”, bond dissociation
energies were determined with CBS-QB3 for small molecules, and
compared with DFT results using various basis sets and experimental
values.

Results and Discussion

Structures of reactants and products. The structures of
thiobenzophenoneS-methylide (7) and thiobenzophenone (8)
were determined on the RHF/3-21G* and the B3LYP/6-31G*
levels of theory (Tables 1 and 3). The C-S bond lengths of7
are slightly different, being 1.63 Å (1.68 Å) at the substituted
side and 1.61 Å (1.65 Å) at the other side (B3LYP/6-31G*
values in brackets). The CSC bond angle amounts to 117°
(116°). Due to steric interaction, the phenyl groups cannot be
coplanar with the CSC plane for optimal conjugation. One
dihedral angle SC-CC is 37° (35°), exophenyl group, the other
is 57° (44°). In particular theexo phenyl group can interact
favorably with the allylanionicπ system of7; on the basis of
the [cos2 R] function, R ) 36° corresponds to 65% of full
conjugation energy. A similar situation arises for thiobenzo-
phenone (8). The CdS double bond length of 1.63 Å (1.66 Å)
compares well with that of thioformaldehyde (1.64 Å),7 and
the dihedral angle SC-CC of theC2 symmetric molecule is
36° (33°). The percent BRC of7 and8 amounts to 19 and 10%,
respectively. The C-S bond of7 is nearly as short as the CdS
bond of8. The resonance energy of the parent 1,3-dipole3, R
) R′ ) H, was 19.3 kcal mol-1, as determined from the
rotational barrier with UB3LYP/6-31G*.7

Due to the one-sided phenyl substitution of the 1,3-dipole,
two regioisomeric cycloadducts can be formed (9 and10). In
4,4,5,5-tetraphenyl-1,3-dithiolane (10) the four phenyl groups
reside on neighboring atoms, thus causing strong steric interac-
tions, while in 2,2,4,4-tetraphenyl-1,3-dithiolane (9) these groups
are at maximal distance from each other. Both five-membered
rings are not planar. In9 an envelope structure is realized with
one sulfur atom out of the quasi-plane of the four other atoms.

In 10 it is the methylene group that is out of the plane, which,
however, is not as well defined as in9. The steric encumbrance
in 10 finds its expression in the reaction energy. Relative to
starting molecules these are-41.2 kcal mol-1 for 9 and-24.4
kcal mol-1 for 10; thus, the interaction of two neighboring
phenyl pairs produces an extra destabilization of 16.8 kcal mol-1

(Table 1). An elongated C-C-bond length of 1.61 Å in10 is
the consequence of strain; the C-C bond length in isomer9 is
1.56 Å. The cycloadditions of thiacetoneS-methylide to
thioacetone, where two methyl pairs are present instead of the
phenyl groups in7 and8, displayed reaction energies of-61.1
(4, R ) R′ ) CH3) and-56.1 (5, R ) R′ ) CH3) kcal mol-1,
respectively. For the cycloaddition of thioformaldehydeS-
methylide to thioformaldehyde the corresponding value is-76.1
kcal mol-1.7 Both alkyl and aryl substitution lead to a
destabilization of the 1,3-thiolane ring system, with phenyl
exerting a much more pronounced effect.

The steric repulsion of the two phenyl pairs in10 may be
compared to that in hexasubstituted ethanes. On the basis of
thermochemical measurements,23 Rüchardt and Beckhaus as-
cribed a strain energyHs ) 6.5 kcal mol-1 to 2,2,3,3-
tetramethylbutane. For 2,2,3,3-tetraphenylbutane, force field
MM2 calculation providedHs ) 26.1 kcal mol-1, whereas
Hs) 18.2 kcal mol-1, resulting from thermochemical data, was
regarded as less reliable.24 The cyclic 1,3-dithiolanes are not
strictly comparable with the open-chain structures, but 5.0 kcal
mol-1 for the steric interaction of two pairs of methyl groups
and 16.8 kcal mol-1 for two phenyl pairs appear reasonable.
Of course, the energy levels of the products reflect not only
their steric destabilization, but also the loss of conjugation
energy of the reactants.

A cycloaddition enthalpy of-24.4 kcal mol-1 is in accor-
dance with the cycloreversion of10 at elevated temperature;

(23) Rüchardt, C.; Beckhaus, H.-D.Angew. Chem., Int. Ed. Engl.1985, 24,
529-538.

(24) Scha¨tzer, J. Ph.D. Thesis, University of Freiburg 1980.

Table 1. B3LYP/6-31G*//RHF/3-21G* Calculations on Thiobenzophenone S-methylide (7), Thiobenzophenone (8), Cycloadducts (9 and 10),
and TSs (11 and 12); Energies Relative to 7 + 8 in kcal mol-1

structure

∆ZPVE
RHF/

3-21G* Erel

%BRC
CAS(m,n)/

3-21G* m,n Erel+∆ZPVE

thiobenzophenone-S-methylide 7 18.6 4,3
thiobenzophenone 8 9.9 2,2

7+8 0.0 0.0 0.0

2,2,4,4,-tetraphenyl-1,3-dithiolane 9 (Prod) 4.0 -45.2 -41.2
4,4,5,5,-tetraphenyl-1,3-dithiolane 10 (Prod) 4.3 -28.7 -24.4
TS for 2,2,4,4,-tetraphenyl-1,3-dithiolane 11 (TS) 0.7 5.7 16.6 6,5 6.4
TS for 4,4,5,5,-tetraphenyl-1,3-dithiolane 12 (TS) 1.1 10.0 35.4 6,5 11.1
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the electrocyclization3 f 6, R ) R′ ) Ph, and the head-head
dimerization to tetraphenyl-1,4-dithiane renders the splitting
irreversible. Scho¨nberg et al.10 described the thermolysis of10
at 220°C. When10 was heated in CDCl3 at 135°C for 35 h in
a sealed tube, 66% of 1,1-diphenylethylene (desulfurization of
thiirane 6, R ) Ph) and 100% thiobenzophenone were ana-
lyzed.13

Concerted Cycloaddition of ThiobenzophenoneS-Meth-
ylide to Thiobenzophenone. The four-center approach of the
reactants7 and 8 should be hindered by four phenyl groups.
Are concerted pathways to dithiolanes9 and 10 possible at
reasonable barrier heights? A search of the potential energy
surface (RHF/3-21G*) revealed TSs11and12which correspond
to the two addition directions (Table 1). Activation energies of
6.4 and 11.1 kcal mol-1 (B3LYP/6-31G*//RHF/3-21G*) for the
formation of9 and10, respectively, are surprisingly moderate.
The two TSs differ by 4.7 kcal mol-1 compared with a
difference in product stability of 16.8 kcal mol-1. Thus, the TSs
must occur early on the reaction coordinate; indeed, early TSs
are a general characteristic of concerted cycloadditions.25a The
C-S bonds of the reactants7 and8 are only slightly elongated
in 11 and12. In TS 11 both incipient bonds are about 1.0 Å
longer than in dithiolane9. However, the two newσ-bonds in
TS 12 greatly deviate from a synchronous cycloaddition: 2.23
Å for the C-S bond and 3.17 Å for the C-C bond. Thus, C-S
bond making is fairly progressed, whereas the formation of the
C-C bond, which is flanked by four phenyl groups, has barely
started. BRC, determined by CAS(6,5)/3-21G* calculations, is
significantly greater for TS12 (35%) than for TS11 (17%).

According to the activation energies, the concerted cycload-
dition of 7 with 8 should furnish the 2,2,4,4-tetraphenyl-1,3-
dithiolane (9), in contrast to the experimental observation. In
1987 Achiwa et al. generated thiobenzophenoneS-methylide
(7) from a silylated precursor and reacted it with thiobenzophe-
none; dithiolane10 was isolated in 54% yield.26 The Japanese
authors derived the regiochemical preference for10 in a
concerted cycloaddition from a FMO correlation diagram with
MNDO calculated HO-LU energies and atomic orbital coef-
ficients. The result is at variance with our TS calculationsthe
present “state of art”sand illustrates the fallacies of regio-
chemical assignments on the basis of the second-order term of
the perturbation equation; steric effects are neglected.

FMO Energies and Reactivity. The π-FMO energies of
thiocarbonyl ylide3, R ) H, as well as those of ethylene,
formaldehyde, and thioformaldehyde were calculated with
B3LYP/6-31G* and reveal in Figure 1 that the energy separation
of HO(CH2SCH2) and LU(CH2S) is the smallest by far. A simple

nucleophile-electrophile addition appears possible and would
establishone bond between the reactants, giving rise to a
biradical or zwitterion which subsequently closes the five-
membered ring. DFT and ab initio methods showed that
biradical formation in the interaction of3 + 1 (R ) R′ ) H or
Me) is feasible but still requires higher activation energies than
the concerted cycloadditions.7

One large and one smallπ-HO-LU interaction likewise
increases the rate of the concerted cycloaddition, compared with
two equidistant interactions, as shown in the Essen laboratory
in the early 1970s27 and widely confirmed in the meantime.25b

The term “superdipolarophile”5 pertains to concerted and two-
step pathways and ultimately is a consequence of the lowπ
HO-LU separation of the CdS double bond in comparison with
CdC, CdN, and CdO. For example, the unusually fast
cycloadditions of nitrones to thiones28 are concerted according
to ab initio calculation.29

Cycloaddition Pathway to 10 viaC,C-Biradical 14. TS12
for the concerted process leading to the experimentally observed
dithiolane10 attracted attention, due to the inequality of the
two incipientσ bonds. The long C-C bond (3.17 Å) and a BRC
of 35% suggest that the omission of CC bonding might open a
more favorable pathway via a biradical with double diphenyl-
methyl stabilization.

We probed the potential energy surface by UHF/3-21G* and
concentrated on two extended biradical conformations14aand
14b which are energy minima. On the way from the reactants
to these intermediates, we arbitrarily chose points13aand13b
on the reaction coordinates in which the incipient C-S bond
has a length of 2.70 Å. There was no restriction on other degrees
of freedom in the calculation of13a,b. Since the C-S bond
length in the calculated TS for the formation of the correspond-
ing methyl-substituted biradical is 2.28 Å,7 the structures13a

(25) Huisgen, R. In1,3-Dipolar Cycloaddition Chemistry, 1st ed.; Padwa, A.,
Ed.; Wiley-Interscience, 1984; Vol. 1, (a) pp 35-47; (b) pp 99-128; (c)
pp 40-42.

(26) Aono, M.; Terao, Y.; Achiwa, K.Chem. Lett.1987, 1851-1852.

(27) Sustmann, R.Pure Appl. Chem.1974, 40, 569-593.
(28) Huisgen, R.; Fisera, L.; Giera, H.; Sustmann, R.J. Am. Chem. Soc.1995,

117, 9671-9678.
(29) Sustmann, R.; Sicking, W.; Huisgen, R.J. Am. Chem. Soc.1995, 117,

9679-9685.

Figure 1. Frontier molecular orbitals for thioformaldehydeS-methylide,
ethylene, formaldehyde, and thioformaldehyde according to B3LYP/6-31G*
calculations.
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and13b assumed here should be locatedbeforethe proper TS.
The energies of these “snapshots” on the way to real TSs should
be positive relative to the reactants level. However, evaluation
of their energies by single-point UB3LYP/6-31G*//UHF/3-21G*
calculations furnished-0.8 kcal mol-1 for 13a and-1.5 kcal
mol-1 for 13b (Table 2). Using this level of theory, there seem
to be no barriers on the way to biradical conformations14a
and14b. The same single-point method provided the energies
of the biradicals,-17.2 kcal mol-1 for 14a and -20.2 kcal
mol-1 for 14b, when ZPVE corrections for methyl-substituted
biradicals7 were used. The biradical energies are only 7.2 and
4.2 kcal mol-1, respectively, above the energy of dithiolane10.
A pictorial representation of the potential energy surface is given
in Figure 2.

ZPVE calculations for structures of the size of14 require a
high amount of computation time. This effort was undertaken
for biradical14b, and the resulting∆ZPVE amounts to 1.4 kcal
mol-1, i.e. only little different from the value (Table 2) obtained
for the corresponding structures of methyl-substituted biradicals.7

Therefore, we used for the other structures of Table 2 the

∆ZPVE values which come from the study of the system
thioacetoneS-methylide+ thioacetone.7

Not the barrier of ring closure,14 f 10, but rather that of
ring opening was calculated. The C-C bond of 10 was

Figure 2. (U)B3LYP/6-31G*//(U)HF/3-21G* energy diagram for the concerted and stepwise cycloaddition of thiobenzophenoneS-methylide to
thiobenzophenone in kcal mol-1.

Table 2. C,C-Biradical Pathways to 10 (UB3LYP/6-31G*//UHF/
3-21G*); Energies Relative to Reactants in kcal mol-1

structure ∆ZPVEa

∆ZPVE
UB3LYP/
6-31G* Erel

%BRC
CAS(m,n)/

3-21G* m,n Erel+∆ZPVE

13a(TS)b 0.4 -1.2 47.0 6,5 -0.8
13b (TS)b 0.4 -1.9 44.3 6,5 -1.5
14a(I) 1.2 -18.4 89.6 2,2 -17.2
14b (I) 1.2 1.4 -21.4 98.0 2,2 -20.2a/ -20.0c

-21.4d

-6.2e

15 (TS)b 1.5 -10.1 28.1 2,2 -8.6

a ∆ZPVE from ref 7, cycloaddition of thioacetoneS-methylide to
thioacetone;b See text;c ∆ZPVE from an UB3LYP/6-31G* optimization;
d Triplet energy (UB3LYP/6-31G*//UHF/3-21G*);e Closed shell energy
(RB3LYP/6-31G*//UHF/3-21G*).
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successively elongated by UHF/3-21G* calculations until the
apparent TS15was reached at a distance of 2.7 Å, and a relative
energy of-8.6 kcal mol-1 (single-point UB3LYP/6-31G*//
UHF/3-21G*) resulted. On further elongation, the reaction
coordinate leads to biradical conformation14b which hasC2

symmetry. Structure14b′ displays a different view of14b and
presents the spin density distribution. Most of the density is
accumulated at the two central C atoms, and the amount of
delocalization into the phenyl rings depends on the differing
SC-CC dihedral angles. CAS(2,2)/3-21G* calculations attribute
90 and 98% BRC to14a and14b, respectively. According to
the energy criteria (see Computational Methods and Table 2)
14 constitutes a true singlet biradical: The difference between
the RB3LYP/6-31G* and UB3LYP/6-31G* energies on the
UHF/3-21G* structure is-15.2 kcal mol-1, and there is no
energetic difference between the singlet and triplet biradical.
The TS15 is on the way to a closed shell molecule, as the
decrease of BRC to 28% reveals. Similarly, the structures13a
and13b (no local maxima) show partial BRC (47 and 44%).

Thus, the exclusive formation of the thermodynamically less
favored dithiolane10 from 7 + 8 is kinetically controlled by
the intermediacy ofC,C-biradical14b. However, the calculated
stability of 14b (-20.2 kcal mol-1) compared with that of10
(-24.4 kcal mol-1) poses a problem. Chemical intuition
militates against such a small energy difference of biradical and
closed shell cyclization product.

As a check on the reliability of the computational results,
we subjected some of the single-point calculations of Table 2
(UHF/3-21G* geometry) to optimization on the UB3LYP/
6-31G* level; admittedly, the computation times amounted
sometimes to several weeks of CPU (Athlon 2000+ processor).
For some stationary points a frequency analysis was carried out
to obtain ZPVEs, likewise with UB3LYP/6-31G* (Table 3);
for maxima of the reaction coordinate, the estimates of ZPVEs
reported in Table 2 were used. Geometry parameters of the new
UB3LYP/6-31G* structures are given in the corresponding
formulas. Whereas the relative energy of dithiolane10at-22.8
kcal mol-1 is modestly changed (-24.4 kcal mol-1 before),
biradical14b turns out to be at-15.4 kcal mol-1, i.e. higher
by 4.8 kcal mol-1 than the calculation based on the UHF/
3-21G* geometry.

The new reaction coordinate calculation found an apparent
TS 13b at a CS separation of 2.60 Å and provides a positive
value of +0.8 kcal mol-1 (Table 3). Thus, a tiny barrier of
biradical formation results at this level of theory. The TS15 of

biradical cyclization remains at a CS distance of 2.7 Å, but the
energy rises from-8.6 to -5.0 kcal mol-1 (Table 3). The
optimized energy ofC,C-biradical14b is now 7.4 kcal mol-1

above the level of dithiolane10 (Figure 3), i.e. sufficient to
preclude direct evidence for an equilibrium concentration of14b
in the solution of10. Nevertheless, doubts remain about the
calculated biradical energies.

Bond Dissociation Energies and the B(3)LYP Functional.
B3LYP DFT calculations have been used with great success to
evaluate closed shell systems. The calculation of radicals and
biradicals is no easy task. In particular, it is not clear within
density functional theory what the significance of the calcula-
tions is, as the electron density and not the wave function with
a properS2 value is determined. Since we used the B3LYP
functional30 throughout, we checked its reliability for the
calculation of bond dissociation energies (BDEs). The influence
of different basis sets was tested; in particular, the influence of
additional polarization functions was investigated. BDEs were
calculated for several C-C bonds, a C-S bond, and a S-S
bond. The DFT results are compared with those of the advanced
method CBS-QB3 (Table 4). The results for the latter procedure
provide agreement of the experimental BDEs (∆H298) with the
calculated values within 0.0-1.0 kcal mol-1 for four out of five
systems, a very satisfactory result. In the case of C6H5-CH2•
+ CH3•, the CBS-QB3 calculated value may even be better than
the two experimental data reported.

UB3LYP reproduces the dissociation of ethane to two methyl
radicals fairly well with the basis sets BS1 (3-21G*), BS2
(6-31G*), and BS3 (6-31G*(2d,p), but the extended basis sets
BS4 (6-311++G**) and BS5 (6-311+G(3df,2p)) overestimate
the stability by 3.1 kcal mol-1 per methyl radical. When the
isopropyl radical combines with methyl, the BDE (∆H298),
calculated with BS2 and BS3, is too low by about 6 kcal mol-1,
i.e., the stability of isopropyl is overestimated, 3 kcal mol-1

per stabilizing methyl group. A better agrement is found with
the 3-21G* basis set (BS1).

The same irritating trend is observed in generating sulfur-
centered radicals. UB3LYP/6-31G* calculated BDEs for CH3-

(30) Becke, A. D.J. Chem. Phys.1993, 98, 5648.

Table 3. (U)B3LYP/6-31G* Calculations on Thiobenzophenone
S-methylide (7), Thiobenzophenone (8), Cycloadduct 10, TSs 11,
13b, and 15, and Biradical 14b; Energies Relative to 7 + 8 in kcal
mol-1

structure ∆ZPVE Erel

%BRC
CAS(m,n)/

3-21G* m,n Erel+∆ZPVE

7 24.2 4,3
8 10.5 2,2
7+8 0.0 0.0 0.0
10 (Prod) 3.8 -26.6 -22.8
11 (TS) 0.6 6.3 6.9
13b (TS)b 0.4a +0.4 30.4 6,5 +0.8
14b (I) 1.4 -16.8 95.1 2,2 -15.4
15 (TS)b 1.5a -6.5 27.1 2,2 -5.0

a ∆ZPVE from ref 7, cycloaddition of thioacetoneS-methylide to
thioacetone.b See text.

Figure 3. (U)B3LYP/6-31G* potential energy surface for the biradical
pathway of cycloaddition of7 to 8 (kcal mol-1).
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SCH3 f CH3S• + CH3• and CH3SSCH3 f 2 CH3S• fall behind
the CBS-QB3 results by 5.9-9.1 and 8.4-13.9 kcal mol-1,
respectively. The CBS-QB3 calculated energy for C6H5CH2-
CH3 f C6H5CH2• + CH3• exceeds the UB3LYP/6-31G* values
(BS2, BS3) by 6.3-6.7 kcal mol-1, whereas BS1 shows better
agreement. As result of these model calculations we can state
that DFT calculations with different basis sets overestimate in
a nonsystematic way the stability of radicals. The 6-31G* basis
set, used mainly in this paper, is no exemption in exaggerating
the influence of substituents on radical stability. Oddly, the
improvement of the basis is rather counterproductive. The reason
for the failure might be that the B3LYP functional was not
developed for open shell systems. Thus, it can also be assumed
that the stability of biradicals will probably be overestimated.
It was tested with the 6-31G* basis set whether the BLYP
functional,31-33 not involving Hartree-Fock (HF) contributions,
leads to better results. As can be seen from the last column of
Table 4, the results are almost identical to those of the B3LYP
calculation with the same basis set.

What is the relevance of these results for the biradical pathway
considered for the formation of10? Our structures have different
amounts of biradical character. It was mentioned that UB3LYP
results are identical to those of B3LYP calculations as long as
the CAS(2,2) determined BRC remains below ca. 40%. Thus,
the energies of these structures, representing proper S2 ) 0
states, should not be touched by the deficiency of the B3LYP
functional for open shell systems. This applies to TS15 (BRC
28%) which does not need any correction. Intermediate struc-
tures13a,b (48%) may be slightly affected by the deficiency,
whereas the stabilities of14a(BRC 90%) and14b (BRC 98%)
should be too high on this basis. This had been deduced already
from the comparison with the experimentally observed stability
of cycloadduct10. It is to be expected that the energy difference
between10 and14 is greater than that calculated by B3LYP,
but it is difficult to say how large the correction should be
quantitatively. Regrettably, the advanced method CBS-QB3
cannot be applied to structures of the size of10 and 14.
However, it can still be concluded that the biradical pathway
to 10 is energetically the favored one.

Other Two-Step Pathways to 9 and 10.In the evaluation
of the potential energy surface for the reaction of thioformal-

dehydeS-methylide to thioformaldehyde and of thioacetone
S-methylide to thioacetone, aC,S-biradical turned out to be more
stable thanC,C-biradicals. Thus far, only the most plausible
biradical intermediate14, aCC-biradical, has been considered.
In a more systematic way all four possible intermediates which
can be formed from7 and8, i.e.,14 and16 with CC terminals
as well as18 and19 with C,S terminals, have to be taken into
account (linear formulas in Scheme 2).

Chemical intuition and comparison with previous calculations
tell us that intermediates14 and18 should be more stable than
either 16 or 19; 14 and 19 yield cycloadduct10, whereas16
and18 lead to9.

The C,C-biradical 16, being stabilized only at one side by
two phenyl groups should be less favorable than14. This was
confirmed by the UB3LYP/6-31G*//UHF/3-21G* calculation
which provided+12.0 kcal mol-1 for 16 (Table 5), compared
with -20.0 kcal mol-1 for 14b relative to the reactants. The
supposedC,S-biradical of structure18, a more serious competi-
tor, is located at-4.2 kcal mol-1, whereas19 at +23.6 kcal
mol-1 suffers from van der Waals pressure which is caused by
four phenyl groups at two adjacent quaternary C atoms.
Intermediate18 is formed via TS17which is situated 10.8 kcal

(31) Miehlich, B.; Savin, A.; Stoll, H.; Preuss, H.Chem. Phys. Lett.1989, 157,
200.

(32) Lee, C.; Yang, W.; Parr, R. G.Phys. ReV. B 1988, 37, 785.
(33) Becke, A. D.Phys. ReV. A 1988, 38, 3098.

Table 4. Bond Dissociation Energies (∆H298) of Selected CC-, CS-, and SS-bonds according to CBS-QB3, (U)B3LYP, and (U)BLYP
Calculations with Different Basis Sets (BS) (kcal mol-1)

CBS (U)B3LYP/BSa (U)BLYP/

reaction exptl QB3 BS 1 BS 2 BS 3 BS 4 BS 5 BS 2

H3C-CH3
b f 2 CH3

•c 89.7 90.7 90.2 89.0 88.5 84.5 84.5 88.5
(CH3)2CH-CH3

c f (CH3)2-CH•d+ CH3
• 88.9 88.9 86.2 82.8 82.5

H3C-S-CH2-H3 f H3C-S-CH2
• + CH3

• 82.9 81.4 80.3 79.3 75.4 74.0
H3C-S-CH3

e f H3C-S•f + CH3
• 73.6 73.9 69.4 68.0 68.0 64.8 66.4 67.3

H3C-S-S-CH3
e f 2 H3C-S• 65.4 64.7 55.1 52.9 55.5 50.8 56.3 52.8

C6H5-CH2CH3
h f C6H5-CH2

•d,g+ CH3
• 77.2d 78.9 76.0 72.2 72.6 71.3

75.5g

a BS 1 ) 3-21G*; BS 2) 6-31G*; BS 3) 6-31G(2d,p); BS 4) 6-311++G**; BS 5 ) 6-311+G(3df,2p).b Pittam, D. A.; Pilcher, G.J. Chem. Soc.,
Faraday Trans. 11972, 68, 2224-2229.c Chase, M. W.J. Phys. Chem. Ref. Data.1998, Monograph 9, 1-1951.d Tsang, W. Heats of Formation of
Organic Free Radicals by Kinetic Methods. InEnergetics of Organic Free Radicals; Martinho Simoes, J. A., Greenberg, A., Liebman, J. F., Eds.; Blackie
Academic and Professional: London, 1996; pp 22-58. e M. G. Voronkov, V. A. Klyuchnikov, S. N. Kolabin, G. N. Shvets, P. I. Varusin, E. N. Deeryagina,
N. A. Korchevin, S. I. Tsvetnitskaya,Dokl. Phys. Chem. (Engl. Transl.)1989, 307, 650-653. f J. M. Nicovich, K. D. Kreutter, C. A. van Dijk, P. H. Wine,
J. Phys. Chem.1992, 96, 2518-2528.g Beckhaus, H. D.; Dogan, B.; Schaetzer, J.; Hellmann, S.; Ru¨chardt, C.Chem. Ber.1990, 123, 137-144. h Prosen,
E. J.; Johnson, W. H.; Rossini, F. D.J. Res. Natl. Bur. Stand. (U.S.)1946, 36, 455-461.
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mol-1 above the reactants. Nevertheless, the pathway to
intermediate18 can hardly compete with that viaC,C-biradical
14 which is formed without activation energy at this level of
calculation. The terminal CS bond lengths, those with the
unpaired electron at carbon, are 1.77 Å for (C6H5)2C-S in 14a
and16and 1.73 Å for H2C-S in16. Thus, they are intermediate
in length between a CS double and a CS single bond (see8, 9,
and10). The BRCs for16 and18 are 96 and 83% according to
CAS(2,2). In19, a compact structure, where the sulfur atoms
come close to each other (2.32 Å), indicating some covalent
interaction, the BRC is 14%.

It came as a surprise that the relevant CS bond lengths in18
and19 are quite different from those in14a, being close to a
CS double bond ((C6H5)2C-S 1.65 in18 and H2C-S 1.60 Å
in 19) and to a CS single bond ((C6H5)2C-S 1.85 in18 and
1.86 Å in 19), respectively. The C-S bond lengths of thiocar-
bonyl ylide7 amount to 1.68 and 1.61 Å and in thiobenzophe-
none (8) to 1.66 Å. This suggests a strong zwitterionic character
of the ground states of18 and 19 as represented in18a and
19a (Scheme 2), which is also supported by the fact that UHF
and RHF wave functions are identical. This would indicate that

the (insufficient) CAS(2,2) calculation strongly exaggerates the
% BRC of 18. To check on this, the UB3LYP/6-31G* and
RB3LYP/6-31G* single-point calculations on structure18were
compared. Although the calculated percent BRC is>80, the
energy difference is only 2 kcal mol-1 in favor of the
unrestricted calculation, pointing to a small BRC. The com-
parison of singlet and triplet energiessthe triplet is 9.5 kcal
mol-1 higher in energysalso supports the zwitterionic, closed
shell representation18A of a sulfonium thiolate (Scheme 2).
The dipole moment of 7.6 D (UB3LYP/6-31G*//UHF/3-21G*)
is a further hint in the direction of the zwitterion; for biradicals
14b and16 values of 0.4 and 0.9 D were obtained. It has to be
concluded that CAS(2,2)-determined BRCs alone are not a
sufficient measure of the correct ground-state character.

The formation of10via cyclization of14has been discussed
above. It is expected that19 will be less stable than14 and,
therefore, will not be a candidate as intermediate to10. C,C-
Biradical16 and zwitterion18, both lead to9, but they do not
provide pathways to the cycloadduct, which are energetically
comparable to the formation of10 via 14, as shown above.

Dimerization of Thiocarbonyl Ylides to 1,4-Dithianes. This
dimerization is formally aπ4s + π4s cycloaddition which is
forbidden to take a concerted pathway according to the rules of
conservation of orbital symmetry.34 A two-step process via a
biradical intermediate is expected instead.

Thiocarbonyl ylides are not isolable. In the case of thioben-
zophenoneS-methylide (7), the dimerization to form 2,2,3,3-
tetraphenyl-1,3-dithiane (33) in a second-order reaction is
preferred to the electrocyclization to give 2,2-diphenylthiirane;
the latter is a first-order reaction which was observed in very
dilute solution.12,13 On the other hand, aliphatic thioneS-
methylides exclusively form thiiranes, and a dimerization was
not reported. For reasons of comparison, the dimerizations of
S-methylides20 and21 were likewise analyzed.

Dimerization of Thioformaldehyde S-Methylide (20). The
symmetrical approach of two molecules of20 was considered

(34) Woodward, R. B.; Hoffmann, R.Angew. Chem.1969, 81, 797-869;
Woodward, R. B.; Hoffmann, R.Angew. Chem., Int. Ed. Engl.1969, 8,
781.

Table 5. UB3LYP/6-31G*//UHF/3-21G* Calculations on
Intermediates 14b, 16, 18, and 19 and TS 17; Energies Relative to
Reactants in kcal mol-1

structure ∆ZPVE Erel

%BRC
CAS(m,n)/

3-21G* m,n m [D] Erel+∆ZPVE

14b (I) 1.4a -21.4 98.0 2,2 0.4 -20.0
16 (I) 1.4a 10.6 96.3 2,2 0.9 12.0
17 (TS) 0.9b 9.9 29.0 6,5 6.2 10.8
18 (I) 2.5b -6.7 82.7 2,2 7.6 -4.2

+2.8c 0.7
-4.7d 10.5

19 (I) 2.5b 21.1 14.1 2,2 2.9 23.6

a ∆ZPVE taken from14b (UB3LYP/6-31G* geometry),b ∆ZPVE taken
from RHF/3-21G* calculation, see text,c Triplet energy (UB3LYP/6-31G*//
(RHF/3-21G*),d Closed shell energy (RB3LYP/6-31G*//(RHF/3-21G*).
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first, and the distances of the new CCσ-bonds were chosen as
reaction coordinate (marked in22). As anticipated, a TS for
the “forbidden” concerted cycloaddition could not be found. It
is fascinating to learn that the system escapes to structures in
which only one newσ-bond is formed. The TSs23 - 25 are
different conformations on the way toC,C-biradicals. These TSs
are located slightly above the reactants level (Table 6). The
smaller value for23 results from the close distance of the two
sulfur atoms (3.3 Å), which generates some covalent interaction
with concomitant reduction of BRC to 29%, whereas both24
and 25 show 35% BRC. It should be remembered that the
concerted cycloadditon of20 with H2CdS proceeds without
activation energy.7

The formation of the extended biradical26 (BRC 97%) via
TS 24 is exothermic by 47.0 kcal mol-1 with respect to the
reactants level. The dithiane27 assumes a chair conformation
which lies at-116.5 kcal mol-1.

Dimerization of ThioacetoneS-Methylide (21) and Thioben-
zophenoneS-Methylide (7). The TS28 was considered for
the generation of the extendedC,C-biradical 29 from two
molecules of21. The activation energy is 2.9 kcal mol-1 (Table
6). The biradical29 is formed with liberation of 46.4 kcal mol-1,
and the 1,4-dithiane30 is found at-100.6 kcal mol-1 relative
to two molecules of21. The BRC of intermediate29 amounts
to 98%.

Of special interest in our context is the dimerization of
thiobenzophenoneS-methylide (7). The size of the system limits
the method of calculation, and an approximate TS31 (+2.4
kcal mol-1) was determined by a reaction coordinate calculation
on the UB3LYP/6-31G*//UHF/3-21G* level (Table 6). The
extended,C2-symmetric biradical32 and the dithiane33 were
found at -68.0 and-70.2 kcal mol-1, respectively. When
ZPVE was taken into account, theC,C-biradical32 (-64.1 kcal
mol-1) comes out even more stable than product33 (-61.6 kcal
mol-1). The dithiane33 assumes a chair conformation, placing
two phenyl groups each in equatorial and axial positions. The
energy level (based on reactants) of the unsubstituted dithiane
27 is by 55 kcal mol-1 lower than that of the tetraphenyl
derivative33; steric crowding in the product and the loss of
phenyl conjugation in7 are responsible.

According to the energy data, the dithiane33 should be in
equilibrium with biradical32, the latter even prevalent. How-
ever, the tetraphenyldithiane33 is a stable colorless substance
with mp 205-207 °C; the blue color of the melt signals
thiobenzophenone as decompostion product. Qualitative obser-
vations suggest that the thermal stability of33 exceeds that of
tetraphenyl-1,3-dithiolane10. This result demonstrates once
more that B3LYP density functional calculations overestimate
the stability of biradicals.

Conclusions

Concerted and two-step cycloadditions of thiobenzophenone
S-methylide (7) with thiobenzophenone (8) to yield 4,4,5,5-

Table 6. Dimerization of Thioformaldehyde S-Methylide (20)
((U)B3LYP/6-31G*), Thioacetone S-Methylide (21) ((U)B3LYP/
6-31G*), and Thiobenzophenone S-Methylide (7) ((U)B3LYP/
6-31G*//(U)HF/3-21G*); Energies Relative to Reactants in kcal
mol-1

structure ∆ZPVE Erel

%BRC
CAS(m,n)/

6-31G* m,n Erel+∆ZPVE

22a 10.1
23 (TS) +1.0 0.5 28.9 8,6 1.5
24 (TS) -0.5 2.9 35.4 8,6 2.4
25 (TS) -0.4 2.6 34.1 8,6 2.2
26 (I) +3.3 -50.3 97.4 2,2 -47.0
27 (Prod) +9.3 -125.8 -116.5
28 (TS) -0.1 3.0 39.8 8,6 2.9
29 (I) +3.9 -50.3 97.9 2,2 -46.4
30 (Prod) +8.6 -109.2 -100.6
31 (TS)a -0.1b 2.5 28.2c 8,6 2.4
32 (I) +3.9b -68.0 93.6c 2,2 -64.1
33 (Prod) +8.6b -70.2 -61.6

a See text.b ∆ZPVE from dimerization of thioacetoneS-methylide.
c CAS(m,n)/3-21G*.
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tetraphenyl-1,3-dithiolane (10) were studied by density func-
tional theory, mainly the B3LYP functional. The results suggest
an intermediateC,C-biradical 14 which is stabilized by two
adjacent thioether functions and two pairs of phenyl groups.
Concerted cycloadditions require higher activation energies, and
the energetically more favorable 2,2,4,4-tetraphenyl-1,3-dithio-
lane (9) would be preferred. Interestingly, attack of7 at the
carbon atom of8 does not furnishC,S-biradicals, but rather
closed-shell species, represented as sulfonium thiolates.

An overestimation of radical stability by the B3LYP func-
tional was unveiled when the BDEs of model systems were
calculated. In particular, substituent effects (alkyl, methylthiyl,
phenyl) are not properly reproduced. CBS-QB3 gave correct
results and is well suited to calculate radicals but, unfortunately,
can thus far not be applied to systems of a size greater than
benzyl. The stabilization (B3LYP) ofC,C-biradical14 likewise
comes out too high, and its value depends on the basis set.
However, the biradical pathway of the cycloaddition can be
considered as well substantiated. CAS(2,2) determined BRCs
may not always be reliable. Comparison of energy differences
of restricted and unrestricted calculations, together with struc-
tural data, provide additional criteria for assessment of biradical
character.

For several intermediates and TSs described above, the
energies achieved by restricted calculation were lowered by

some kcal mol-1 in the unrestricted mode. This would be in
harmony with a mixture of zwitterionic and biradical character.
In our opinion, zwitterion and singlet biradical are not separate
entities, strictly defined, but rather extremes on a continuous
scale.25c The conjugative isolation of the left and right parts of
the species by a tetrahedral C atom does not block the
delocalization of one electron.

Thiocarbonyl ylide7 dimerizes to 2,2,3,3-tetraphenyl-1,4-
dithiane (30). B3LYP calculation not only discloses a biradical
intermediate, but attempts of finding a TS for a concertedπ4s

+ π4s cycloaddition failed, in accordance with the rules of
orbital control.
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