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Deoxygenation and Desulfurization of Oxiranes and Thiiranes by Carbenes:

A Theoretical Study

Ming-Der Su*®l and San-Yan Chu*!

Abstract: The potential-energy surfaces
for the abstraction reactions of carbenes
with oxirane and thiirane have been
characterized in detail by using density
functional theory (B3LYP/6-31G*),
which include zero-point corrections.
Six carbene species: dimethylcarbene,
cyclobutylidene, cyclohexylidene, phen-
ylchlorocarbene, methoxyphenylcar-
bene, and dimethoxycarbene have been
chosen in this work as model reactants.

ers, and enthalpies of the reactions were
used comparatively to determine the
relative carbenic reactivity, as well as the
influence of substituents on the reaction
potential-energy surface. As a result, our
theoretical investigations indicate that,
irrespective of deoxygenation and de-
sulfurization, the relative carbenic reac-
tivity decreases in the order: cyclobutyl-
idene > dimethylcarbene ~ cyclohexyl-
idene > phenylchlorocarbene > methoxy-

phenylcarbene > dimethoxycarbene.
Namely, the alkyl-substituted carbene
abstractions are much more favorable
than those of the m-donor-substituted
carbenes. Moreover, for a given carbene,
while both deoxygenation and desulfur-
ization are facile processes, the deoxy-
genation reaction is more exothermic
but less kinetically favorable. Further-
more, a configuration-mixing model
based on the work of Pross and Shaik

All the interactions involve the initial
formation of a loose donor-acceptor
complex followed by a heteroatom shift
via a two-center transition state. The

complexation energies, activation barri- thiiranes

Introduction

Reductive deoxygenation of organic molecules has been a
topic of considerable interest over the past three decades,
from mechanistic as well as synthetic perspectives.l'! A varied
series of reagents has been used for the purpose of organic
synthesis and of proving structures,? illustrating its richness
and complexity. Basically, deoxygenation reactions can be
classified into two principal types: a) those in which oxygen is
simply abstracted from a molecule and b) those in which
oxygen removal occurs in tandem with intermolecular cou-
pling. The former is best exemplified by the deoxygenation of
oxiranes (ethylene oxides and epoxides!?) to give alkenes
[Eq. (1)].B! The most common example of the second mode of
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is used to rationalize the computational
results. The results obtained are in good
agreement with available experimental
observations, and allow a number of
predictions to be made.

. oxiranes -

deoxygenation is the reductive coupling of ketones and
aldehydes to yield olefins [Eq. (2)].[¥ Nevertheless, the de-
tailed reaction mechanism of deoxygenation has not been
firmly established by either experimental or theoretical
studies, and many key questions remain open.
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Similarly, sulfur-containing compounds have played an
increasingly important role in organic synthesis owing to the
ease of sulfur incorporation into complex structures and the
ease of its removal as required by the synthesis. It is therefore
not surprising that reductive desulfurization of organic
molecules has been subjected to extensive synthetic and
mechanistic investigations.”! In fact, the search for general
and selective methods of desulfurization has led to the
development of many procedures and reagents.[) Desulfur-
ization appears to be a general process, the chemistry of which
parallels that of deoxygenation. In connection with studies of
oxygen-transfer reactions, it is therefore desirable to examine
the reaction mechanisms of sulfur atom abstractions in
relation to the analogous reactions of heteroatom-transfer
chemistry.
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Recently, through the elegant studies performed by Lusz-
tyk, Warkentin, and many others,” 8! it was found that singlet
carbenes are capable of abstracting oxygen and sulfur atoms
from oxiranes and thiiranes, respectively, undergoing the
reaction shown above [Eq. (1)]. Several qualitative conclu-
sions concerning the oxirane deoxygenation and thiirane
desulfurization can be made: a) the magnitudes of the rate
constants for heteroatom transfer are dependent on the
philicity of the carbene intermediate; b) trends in the kinetic
data suggest that oxygen and sulfur transfer occur by concerted
mechanisms through ylide-like transition states; c) ylides
formed by the attack of carbenes on heteroatom donors were
not observed for any of the heteroatom-transfer reactions;
and d) absolute rate constants for the heteroatom transfers
show that both deoxygenation and desulfurization are facile
processes, the latter proceeding much faster than the former.

No estimates of the absolute activation energies of such
abstractions are, to our knowledge, available yet from experi-
ments.l In fact, it is very difficult to detect the intermediate as
well as the transition state due to limitations in current
experimental techniques. For a long time chemists have used
transition-state structures to explain the transformation of
reactants into products. Correct evaluations of transition-state
geometries and energies are a powerful approach to the study
of chemical reaction mechanisms. In this regard, in order to
examine the mechanisms of the heteroatom-transfer reac-
tions, we have undertaken a systematic investigation of the
abstraction reactions of various carbene species [Eq. (3)] by
using density functional theory (DFT).
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Six carbenes (1-6), which mimic the experimental work,”
have been chosen as model systems for heteroatom transfer in
this work. These carbene species are dimethylcarbene (1),
cyclobutylidene (2), cyclohexylidene (3), phenylchlorocar-
bene (4), methoxyphenylcarbene (5), and dimethoxycarbene
(6). We compared both the deoxygenation of oxiranes and the
desulfurization of thiiranes (ethylene sulfidesP) by the same
carbene species. Our approach was to calculate a number of
examples of the reaction for which activation parameters are
available, as is the case for carbenes 1-6. Even if the
uncertainties in the calculated activation parameters for
individual reactions are too large for definite conclusions to
be drawn, the relative values for a number of related reactions
are likely to be reproduced, at least qualitatively. Comparison
of the predicted pattern of rates with experiment should then
provide a more reliable test of the predicted mechanism than
any calculation for a single case.

The purpose of the present DFT mechanical study was to
locate the transition state for the reaction given in Equa-
tion (3), to carry out a vibrational analysis at this stationary
point, and to explain why there appears to be a barrier for the
carbene abstractions. Through the study, we may then clarify
the factors that affect the relative stability of intermediates
and control the activation barriers for these abstraction
reactions. The other impetus for this work was an attempt to
ascertain whether such abstractions occur in a concerted
fashion or in a stepwise biradical manner with a highly
distorted transition state. Besides these, our aim was further to
search for a general theory of reactivity for such abstraction
reactions, and to decide whether reactivity can be predicted
through an understanding of the reaction mechanisms,
although qualitative in nature, from either simple molecular-
orbital or valence-bond considerations. Furthermore, an
understanding of the factors that can facilitate both the
oxirane deoxygenation and thiirane desulfurization may
suggest further synthetic applications.

The results are divided into three major parts. First, the
results for both the oxirane deoxygenation and thiirane
desulfurization. Second, the comparison between deoxygena-
tion and desulfurization.. In the last section, the origin of the
barrier heights and reaction enthalpies for these abstraction
reactions is discussed.

Computational Methods

All geometries were fully optimized without imposing any symmetry
constraints, although in some instances the resulting structure showed
various elements of symmetry. For our DFT calculations, we used the
hybrid gradient-corrected exchange functional proposed by Becke,!'")
combined with the gradient-corrected correlation functional of Lee, Yang,
and Parr.'!l This functional is commonly known as B3LYP, the results of
which have been shown to be closer to the QCISD(T) reference than the
MP2 value."?l For C, H, O, and S the standardized 6-31G* basis set was
used.l¥ We thus denote our B3LYP calculations by B3LYP/6-31G*. The
spin-unrestricted (UB3LYP) formalism used for the open-shell (triplet)
species, and their (S?) values were all nearly equal to the ideal value (2.00).
The vibrational frequencies were investigated to characterize the structures
as minima or transition states. Relative energies are corrected for
vibrational zero-point energies (ZPE, not scaled). All calculations were
performed with the GAUSSIAN 94/DFT package.['*]
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Results and Discussion

Structures and energies of intermediates and transition states

Carbene and oxirane: Before discussing the geometrical
optimizations and the potential-energy surfaces for the
abstraction reactions, it is perhaps worthwhile to recall briefly
the electronic structure of a carbene. It is well established that
carbene has a relatively low-lying o lone-pair orbital and a
higher lying 7 (p in C) orbital.'™™] There are two low-lying
states, singlet and triplet, depending on whether the electronic
configuration is o’n® (singlet) or high spin o's! (triplet). The
optimized reactant geometries of dimethylcarbene (1), cyclo-
butylidene (2), cyclohexylidene (3), phenylchlorocarbene (4),
methoxyphenylcarbene (5), and dimethoxycarbene (6) for
each reaction obtained at the B3LYP/6-31G* level of theory
are presented in in Figures 1-6, respectively. The triplet
structures of carbenes 1-6 were also optimized (UB3LYP/6-
31G*) and their geometrical parameters are shown in
parentheses.[') Calculated values for the energy difference

keal mol )
kcal mol™’)

o
©0o

-

(-

+SC2H4

1-O-PC

-3.8 kcal mol™

1-S-PC

-5.8 kcal mol ™

1-S-PC
1-O-TS ~0.12 kcal mol™

+3.3 keal mol™

1-S-AP

-72 kcal mol™

1-O-AP

-99 kcal mol™

Figure 1. The optimized geometries (bond lengths in A and angles in
degrees) for the precursor complexes (PC), transition states (TS), and
abstraction products (AP) of oxirane and thiirane with dimethylcarbene
(1). All were calculated at the B3LYP/6-31G* level of theory. Values in
parentheses are in the triplet state. The relative energies are taken from
Tables 1 and 3. The heavy arrows indicate the main atomic motions in the
transition-state eigenvector.
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2
0.0 kcal mol™
(+0.60 kcal mol™)

+SC2H4

2-0-PC
-5.5 kcal mol”

2-0-TS
-0.032 kcal mol”

2-S-TS

+ +
C2Ha CeHa
2-0-AP 2-S-AP
-102 kcal mol™! -75 kcal mol™

Figure 2. The optimized geometries (bond lengths in A and angles in
degrees) for the precursor complexes (PC), transition states (TS), and
abstraction products (AP) of oxirane and thiirane with cyclobutylidene (2).
All were calculated at the B3LYP/6-31G* level of theory. Values in
parentheses are in the triplet state. The relative energies are taken from
Tables 1 and 3. The heavy arrows indicate the main atomic motions in the
transition-state eigenvector.

AE (= Egipiee — Eqinger) between the singlet and triplet states
of various carbenes (ABC:) are given in Table 1; a negative
value for AE, implies that the triplet is predicted to be the
ground state rather than the singlet.

Dimethylcarbene (1) is now believed to have a singlet
ground state with a small AE, of 1.0-1.5 kcalmol Ll
However, our B3LYP/6-31G* calculations predict that the
singlet state of this carbene is no more than 1.9 kcalmol~!
above the triplet ground state. In any event, these calcula-
tional results strongly imply that the energy separation
between the singlet and triplet states of dimethylcarbene is
very small. In fact, it has been understood for some time on a
theoretical level that there are two distinct ways to control the
singlet—triplet gap.l'! The first is through a change in
geometry, primarily the bond angle (¢) at the carbene
center.l' 2 Theory predicts that as ¢ contracts, the energy
of the singlet carbene decreases relative to that of the triplet.
Our B3LYP/6-31G* results confirm this prediction. For
example, cyclobutylidene (2, ¢ =87°) is found to have a
singlet ground state with AE, of 0.60 kcalmol~!, whereas
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3-S-PC
-3.5 kcal mol”

3-O-TS

+2.3 kcal mol™’

3-S-TS

Figure 3. The optimized geometries (bond lengths in A and angles in
degrees) for the precursor complexes (PC), transition states (TS), and
abstraction products (AP) of oxirane and thiirane with cyclohexylidene (3).
All were calculated at the B3LYP/6-31G* level of theory. Values in
parentheses are in the triplet state. The relative energies are taken from
Tables 1 and 3. The heavy arrows indicate the main atomic motions in the
transition-state eigenvector.

cyclohexylidene (3, ¢ =115°) possesses a triplet ground state
with AE of —1.0 kcalmol~'.["] The second factor that affects
the relative energy between the singlet and triplet states is
related to electronic perturbation, which depends on the
nature of substituents.?!l It is generally accepted that the
singlet state appears to be the ground state of an acyclic
carbene ABC: whenever either A or B has a lone-pair n-
donor atom bonded directly to the carbene center.?? Again,
our theoretical calculations are in good accord with this
conclusion. For instance, the ground state of C(CsHs)(Cl) (4),
C(C¢H;)(OCH;) (5), and C(OCHs), (6) is predicted to be the
singlet with AE of 4.3, 19, and 54> kcal mol !, respectively,
based on the B3LYP/6-31G* level of theory.

We now turn to the computed structures reported in
Figures 1-6. It is understood and widely accepted that the
triplet carbene (ABC:) has a significantly wider bond angle ¢
and shorter bond lengths (C—A and C—B) than the closed-
shell singlet state.’?2 There are, however, two exceptions
found in Figures 5 and 6, in which the optimum C—O bond
lengths in both triplet C(OCHj;), and triplet C(C¢Hs)(OCHs;)

3780
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9 5

0.0 keal mol}
(+4.3 kcal mol™’)

+0CzHa

+SCz2H4

4-0-PC

-2.1 kcal mol™!

4-0-TS

b 4-S-TS
+6.5 kcal mol

+2.1 kecal mol™

-58 kcal mol!

Cz2H4 ,91- kcal mol™! Cz2H4

Figure 4. The optimized geometries (bond lengths in A and angles in
degrees) for the precursor complexes (PC), transition states (TS), and
abstraction products (AP) of oxirane and thiirane with phenylchlorocar-
bene (4). All were calculated at the B3LYP/6-31G* level of theory. Values
in parentheses are in the triplet state. The relative energies are taken from
Tables 1 and 3. The heavy arrows indicate the main atomic motions in the
transition-state eigenvector.

are longer than those in the singlet state.?! The reason for this
is presumably the fact that conjugation of the triplet carbene &
electron to the two m electrons of the OCH; group is less
important than the delocalization of the latter into the empty
p-m orbital on the carbene carbon atom in the singlet state.

The optimized geometries of the calculated compounds
oxirane and thiirane at the B3LYP/6-31G* level are collected
in Table 2. As one can see in Table 2, the agreement for both
bond lengths and bond angles in the compounds between the
B3LYP results and experiments®! is quite good, with the bond
lengths and angles in agreement to within 0.023 A and 1.7°,
respectively. It is therefore believed that the B3LYP calcu-
lations provide an adequate theoretical level for further
investigations of molecular geometries, electronic structures,
and kinetic features of the reactions.

Furthermore, there is general agreement that the abstrac-
tion reactions of carbenes proceed via the singlet state,”*! and

0947-6539/00/0620-3780 $ 17.50+.50/0 Chem. Eur. J. 2000, 6, No. 20



Oxiranes and Thiiranes

3777-3787

0.0 kcal mol’!
| (+19 kcal mol ™)

+SC2Ha

5-0-PC

» 5-S-PC
-0.83 kcal mol

-1.6 kcal mol™

5-S-TS
+8.2 kcal mol™

5-0-AP
-86 kcal mol!

5-S-AP
-55 kcal mol ™

Figure 5. The optimized geometries (bond lengths in A and angles in
degrees) for the precursor complexes (PC), transition states (TS), and
abstraction products (AP) of oxirane and thiirane with methoxyphenyl-
carbene (5). All were calculated at the B3LYP/6-31G* level of theory.
Values in parentheses are in the triplet state. The relative energies are taken
from Tables 1 and 3. The heavy arrows indicate the main atomic motions in
the transition-state eigenvector.

much of the experimental work on carbenes (such as 1-6)
involves initial generation of the singlet from the appropriate
precursor.”®l Indeed, this is consistent with results based on
spin conservation, which predict that a singlet carbene is
required to produce singlet abstraction products.’”! Addition-
ally, as noted earlier, all of the carbenes 1- 6 considered in this
study have either a singlet ground state or a triplet ground
state with a relatively small singlet —triplet energy gap. Hence,
our investigation will be confined to the singlet surfaces.

Let us now explore the potential-energy surface for these
abstraction reactions. When we searched the potential-energy
surface for transition structures of the deoxygenation of
oxiranes producing a ketone and an alkene, we noticed an
initial decrease in total energy as compared with the isolated
molecules at large separation. Indeed, it is reasonable to
expect that the reaction between carbene and oxirane occurs

Chem. Eur. J. 2000, 6, No. 20
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1.433

6-0-PC
-2.1 kcal mol”

6-S-PC
-1.6 kcal mol™

6-S-TS

1 +13 kcal mol™

+35 kcal mol”

6-O-AP
CaHa -73 keal mol™ CzHa

6-S-AP

-40 kcal mol™!
Figure 6. The optimized geometries (bond lengths in A and angles in
degrees) for the precursor complexes (PC), transition states (TS), and
abstraction products (AP) of oxirane and thiirane with dimethoxycarbene
(6). All were calculated at the B3LYP/6-31G* level of theory. Values in
parentheses are in the triplet state. The relative energies are taken from
Tables 1 and 3. The heavy arrows indicate the main atomic motions in the
transition-state eigenvector.

Table 1. Relative energies for singlet and triplet carbenes and for the
process carbene + oxirane — precursor complex — transition state — ab-
straction products.®®!

System AE 9 AE 1 AE*l] AHWY
[kcalmol~'] [kcalmol™!] [kcalmol™'] [kcalmol™!]
1 /\ —2276 —6.318 +0.9259 —99.67
HsC “cHs (—1.879)  (—3.780) (+3.316) (—98.60)
~ —04746  —8913 —3.758 —104.3
2 <> (+0.6037)  (—5.462) (=0.0320) (—102.3)
N —3.125 —8.244 —1.921 —102.1
3 O (=1.027)  (—3478) (+2.321) (=99.01)
4 /\ +4.563 —2.885 +5.515 —90.82
ph CI (+4.291)  (—2.093) (+6.462) (—90.88)
s /'i +19. 90 —1.415 +24.32 —86.39
Ph ‘OCHs (+19.23) (—0.8289)  (+24.40) (—86.28)
p ~ +54.64 —2.824 +34.87 —72.86
CH:O ©OCH3 (+53.55) (—2.115) (+34.55) (=72.75)

[a] At the B3LYP/6-31G* level. The B3LYP optimized structures of the
stationary points see Figures 1-6. [b] Energies differences in parentheses
have been zero-point corrected. [c] Energy relative to the corresponding
singlet state. A positive value means the singlet is the ground-state. [d] The
stabilization energy of the precursor complex, relative to the corresponding
reactants. [e] The activation energy of the transition state, relative to the
corresponding reactants. [f] The exothermicity of the product, relative to
the corresponding reactants.
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0947-6539/00/0620-3781 $ 17.50+.50/0



FULL PAPER

M.-D. Su, S.-Y. Chu

Table 2. Comparison of structures of oxirane and thiirane.l*l
A A

X 1.429, (1.428) 1.838, (1.815)

c—C 1.462, (1.469) 1.481, (1.484)

H 1.090, (1.086) 1.087, (1.083)

61.80, (61.62) 4827, (47.51)
1152, (116.9) 115.8, (114.5)

[a] At the B3LYP/6-31G* level. [b] Values in parentheses denote the
experimental data. For oxirane and thiirane see ref. [24a] and [4b],
respectively. [c] Bond lengths are in A and bond angles are in degrees.

with the initial formation of a precursor complex (PC), in
which the vacant p-m orbital on the carbene is oriented for
maximum interaction with the o lone pair on the oxygen.
Therefore, as shown in Figures 1-6, the deoxygenation of
oxirane by carbenes initiates the formation of a two-center
ylide-like complex (1-O-PC, 2-0-PC, 3-0-PC, 4-O-PC, 5-O-
PC, and 6-O-PC) with optimal overlap between the carbene
carbon and oxygen atoms
through a parallel plane ap-
proach of the two molecules
(see structure 7 in Scheme 1).
We note that the calculated
Hessian matrices had no nega-
tive eigenvalues, confirming
their identification as true min-
ima on the potential-energy surface. In fact, it is well-known®®!
that the interaction between the empty p orbital on the
abstracting species (carbene) and the lone-pair orbital on a
Lewis base (oxirane) can cause lone-pair donation that
stabilizes the intermediate complex (donor-acceptor com-
plex) initially formed in the abstraction reaction (see
Scheme 1).

Complexation energies computed for the formation of
these intermediate complexes are given in Table 1. The DFT
results of Figures 1-6 show that the calculated C—O bond
lengths between the carbene and the oxirane in the precursor
complexes 1-0-PC, 2-0-PC, and 3-0-PC are 2.06 A, 2.19 A,
and 1.99 A, respectively, whereas 4-O-PC, 5-O-PC, and 6-O-
PC have a C-O distance of 2.77 A, 3.01 A, and 344 A,
respectively. We attribute the weak intermediate bond and
long C—O distance in the last three precursor complexes to the
steric effect of bulky substituents on the carbene species.
Coincidentally, it is of interest to stress that a longer C-O
distance should correlate with a smaller value for the
intermediate stabilization energy. For instance, as shown in
Table 1, of the investigated species the complexation energies
of 1-0-PC, 2-0-PC, and 3-O-PC are estimated to be 3.8, 5.5,
and 3.5 kcalmol~! at the B3LYP/6-31G* level, respectively,
which are larger than those for 4-O-PC (2.1 kcalmol '), 5-O-
PC (0.83 kcalmol '), and 6-O-PC (2.1 kcalmol~'). Note that,
even when the ZPE correction is considered, the stabilization
energies of these precursor complexes relative to their
corresponding reactants are still less than 6.0 kcalmol~!. Our
attempt to determine the molecular complexes at much
shorter C—O distance for the addition of carbene to oxirane
were not successful. Thus, the present calculations indicate

Scheme 1.
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that those precursor complexes obtained in this work can be
referred to as rather loose donor-acceptor complexes. In
other words, our theoretical findings suggest that the ylide-
like precursor complex exists only as a shallow minimum and
experimental detection of such an intermediate formed
during the reaction is not possible. Our model prediction is
consistent with experimental observations, in which ylides
from the reaction of carbenes with oxiranes were not detected
by laser flash photolysis (LFP) methods.[” ®l

In addition, it should be noted that charge transfer between
oxirane and carbene occurs despite their large separation.
This charge separation may be used as a guide to examine the
carbene philicity. For instance, the B3LYP results show that
the net charge-transfer decreases in the order: 3-O-PC
(0.130 au) >1-0-PC (0.113 au) >2-0-PC (0.0822 au) > 5-0-
PC (0.0166 au) >4-0-PC (0.0142 au) > 6-O-PC (0.0119 au).
This suggests that the carbenes 1, 2, and 3 are electron-
deficient (electrophilic) molecules, the carbenes 4 and 5 are
ambiphilic in nature, and carbene 6 is considered to be
nucleophilic in character. These features are in reasonable
agreement with the previous study!”) based on Moss’ carbene
philicity scale.l*"]

We then examined the transition state for the oxygen
transfer from oxirane to carbene [Eq. (1)]. The transition-
state structures (1-O-TS, 2-O-TS, 3-O-TS, 4-O-TS, 5-O-TS
and 6-O-TS) obtained for the abstraction reaction are
displayed in Figures 1-6, respectively. All the transition
states at the B3LYP level of theory were confirmed by the
calculation of the energy Hessian, which shows only one
imaginary vibrational frequency: 455icm~! (1-O-TS),
379 cm! (2-O-TS), 385i cm™! (3-0-TS), 380i cm~! (4-O-TS),
595i cm™! (5-O-TS), and 658i cm™! (6-O-TS). The arrows in
Figures 1 -6 illustrate the directions in which the atoms move
in the normal coordinate corresponding to the imaginary
frequency. The transition vector (normal mode associated
with the imaginary frequency) consists mainly of the forming
C—O stretching mode coupled to O—C bond breaking in the
oxirane and is compatible with the changes in geometry that
occur during the reaction. Apparently, the transition states
connect the corresponding precursor complexes to the
abstraction products. It should be emphasized that the
primary similarity among these transition states is the two-
center pattern involving carbon (carbene) and oxygen (oxi-
rane). Moreover, the B3LYP calculations show that the
forming C—O bond in the 1-O-TS, 2-0O-TS, 3-O-TS, 4-O-TS,
5-O-TS, and 6-O-TS structures is shorter by 20 %, 26 %, 17 %,
36 %, 45%, and 51 %, respectively, than the corresponding
precursor complex. These structural features reveal that the
three transition structures 1-O-TS, 2-O-TS,and 3-O-TS take
on more reactant-like character than those of 4-O-TS, 5-O-TS,
and 6-O-TS. As will be demonstrated below, this is consistent
with the Hammond postulate,?”l which associates an earlier
transition state with a smaller barrier and a more exothermic
reaction.

Furthermore, the most dramatic result in our DFT calcu-
lations is that all the transition states for the oxygen-transfer
reactions are asynchronous. That is, bond breaking at the C,
carbon is far more advanced that at the C, carbon, but there is
nonetheless some bond breaking there as well. As can be seen
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in Figures 1 -6, in each case one of the breaking bonds (O—C;)
is only slightly longer than in a normal O—C single bond of
oxirane (ie., 1-O-TS 1431 A; 2-0-TS, 1437 A; 3-O-TS,
1433 A; 4-O-TS, 1444 A; 5-0-TS, 1434 A; and 6-O-TS,
1.453 A), while the other (O—C,) is greatly stretched (i.e., 1-
O-TS, 1.567 A; 2-O-TS, 1.546 A; 3-O-TS, 1.552 A; 4-O-TS,
1.585 A; 5-0-TS, 1.627 A; and 6-O-TS, 1.876 A). Notably, it is
clear from these results that 6-O-TS has the highest activation
barrier structure with the most pronounced asynchronicity,
while 2-O-TS has the lowest barrier energy and is more
synchronous. In principal, it is believed that the steric effect
(caused by bulky substituents on the carbene and/or oxirane
molecules) should enhance the asynchronicity. Despite the
dramatic asynchronicity in these transition structures, the
present calculations indicate that the oxirane deoxygenation
reaction is still concerted, since no energy minimum corre-
sponding to an intermediate between the transition state and
products has been found. Additional support for such a
concerted process comes from the work of Schuster,® where
the oxirane deoxygenation was found to take place with
complete retention of stereochemical integrity in the alkene.

To better estimate the reactivities of carbenes 1-6 in
oxygen-transfer reactions, the activation barriers were eval-
uated. The activation energies for the transition states 1-O-TS,
2-0-TS, 3-O-TS, 4-O-TS, 5-O-TS, and 6-O-TS are also
summarized in Table 1. As one can see in Table 1, the energy
of the transition state relative to its corresponding reactants
increases in the order: 2-0-TS (—0.032 kcalmol~') < 3-O-TS
(2.3 kcalmol™') < 1-O-TS (3.3 kcalmol™') <4-O-TS (6.5 kcal
mol~') < 5-0-TS (24 kcalmol~!) < 6-O-TS (35 kcalmol~!). As
a result, the dimethoxycarbene (6) deoxygenation should be
comparatively difficult to carry out experimentally due to its
highest activation barrier (estimated 35 kcal mol~'), but other
carbene-abstraction reactions [especially for dimethylcarbene
(1), cyclobutylidene (2), and cyclohexylidene (3)] may readily
undergo oxygen-transfer reaction in a concerted fashion. It is
of importance to note that these theoretical trends are
precisely what is observed by experiment;[”! this implies that
the B3LYP calculations can provide a reliable theoretical
level for further investigations of heteroatom-transfer reac-
tions.

Finally, as expected, the abstraction products (AP) of the
deoxygenation of oxirane by carbenes are ketones (1-O-AP,
2-0-AP, 3-O-AP, 4-O-AP, 5-O-AP, and 6-O-AP) and an
ethylene. The optimized product geometries and their relative
energies for each abstraction reaction are also collected in
Figures 1 -6 and Table 1, respectively. It is worth noting that
the newly formed C—O bonds in the transition structures are
stretched by an average 38% relative to their final equi-
librium values in absraction reactions for carbenes 1-3, and
35% for carbenes 4-6. Again, these structural features
indicate that the alkyl-substituted carbene-abstraction reac-
tion reaches the TS relatively early, whereas the m-donor-
substituted carbene abstraction arrives at the TS relatively
late. According to the Hammond’s postulate,! one may then
anticipate a larger exothermicity for the former than for the
latter. This is demonstrated perfectly by evaluating the
reaction enthalpies for these carbene-abstraction reactions.
For instance, as seen in Table 1, the oxygen-transfer reaction is
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exothermic and the exothermicity increases in the order:
cyclobutylidene (2, —102 kcalmol~!) < cyclohexylidene (3,
—99.0 kcalmol ') < dimethylcarbene (1, —98.6 mol™!)<
phenylchlorocarbene (4, —90.9 kcalmol~') < methoxyphe-
nylcarbene (5, —86.3 kcalmol~!) < dimethoxycarbene (6,
—72.8 kcalmol~'). Namely, our model calculations demon-
strate that the alkyl-substituted carbene abstractions are
favored thermodynamically over the m-donor-substituted
carbene ones.

Carbene and thiirane: Next we consider the reaction for
sulfur transfer from thiirane to carbene, leading to thiones and
an ethylene. In principle, the computational results of the
thiirane desulfurization are similar to those noted above for
the oxirane system. Namely, these exothermic reactions
proceed via initial formation of a donor-acceptor complex
and subsequent rearrangement through a two-center transi-
tion state to yield the eventual abstraction products. The fully
optimized geometries of the reactants, precursor complexes,
transition states, and products for various model reactions
calculated at the B3LYP/6-31G* level are given in Figures 1 -
6. The energy parameters at the same level of theory are
summarized in Table 3.

Table 3. Relative energies for singlet and triplet carbenes and for the
process carbene -+ thiirane — precursor complex — transition state — ab-
straction products.®®!

System AE9 AE, AE*] AHM
[kcalmol~!'] [kcalmol™!] [kcalmol™'] [kcalmol™!]
1 K —2.276 —7.901 —1.245 —7282
Hsé “cHs (—1.879)  (—5.821) (—0.1186) (—71.59)
~ —04746  —5.980 —2.496 —176.34
2 <> (+0.6037) (—4.872) (=1.672)  (=75.29)
N —3.125 —5.201 —3.096 —76.36
3 (—1.027)  (—3.474) (+0.6344)  (—73.01)
4 /‘i +4.563 —2.852 +0.5802  —57.40
ph CI (+4.291)  (—2.144) (+2.073)  (=57.67)
. /'i +19.90 2247 +8.300 —54.64
Ph ‘OCHs (+19.23) (—1.630) (+8230)  (—54.64)
p ~ +54.64 —2293 +13.16 —40.43

CHsO OCHs (+53.55)  (—1.647)  (+13.11)  (—40.39)

[a] At the B3LYP/6-31G* level. The B3LYP optimized structures of the
stationary points see Figures 1-6. [b] Energies differences in parentheses
have been zero-point corrected. [c] Energy relative to the corresponding
singlet state. A positive value means the singlet is the ground state. [d] The
stabilization energy of the precursor complex, relative to the corresponding
reactants. [e] The activation energy of the transition state, relative to the
corresponding reactants. [f] The exothermicity of the product, relative to
the corresponding reactants.

Like the oxirane deoxygenation discussed earlier, the ylide-
like precursor complexes 1-S-PC, 2-S-PC, 3-S-PC, 4-S-PC, 5-
S-PC, and 6-S-PC for thiirane desulfurization were also
located at the DFT level. These adducts were confirmed to
have no imaginary frequency; this indicates that they are true
minima on the potential-energy surfaces. As noted previously,
these intermediates correspond to donor-—acceptor com-
plexes that are stabilized by the donative interaction between
lone pair electrons on the sulfur atom and a vacant p-m orbital
on the carbene as illustrated in Scheme 1. However, our
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B3LYP calculations indicate that they all have very long C—S
distances (2.43 A-3.79 A) compared with those in their
corresponding abstraction products. Such long C—S distances
between carbene and thiirane are also reflected in their
calculated binding energies. For instance, as presented in
Table 3, the energy of the precursor complex relative to its
corresponding reactants is less than 4.0 kcalmol~!. Conse-
quently, it appears unlikely that the ylide-like intermediate
complexes can be isolated experimentally at room temper-
ature because their stabilization energies are too low. Our
computational findings agree well with the experimental
evidence. It was reported that the sulfur ylide intermediate
formed during the reaction has not been observed directly by
LFP.7

Likewise, the intermediate complex is transformed via a
two-center-like transition state to the product thione and
ethylene. Transition-state geometries (1-S-TS, 2-S-TS, 3-S-TS,
4-S-TS, 5-S-TS and 6-S-TS) were located with full optimiza-
tion and in each case were characterized by having only one
imaginary vibrational frequency. As illustrated by the tran-
sition vectors in Figures 1-6, movement of the transferring
sulfur atom dominates as the C=S bond forms and the two
S—C bonds break. It is of interest to note that the overall
feature of the structural changes in the thiirane desulfuriza-
tion is essentially the same as that calculated previously in the
oxirane deoxygenation. The most striking difference, how-
ever, is that almost equal separations for the two breaking
S—C bonds are found in the transition structures of dimethyl-
carbene (1-S-TS), cyclohexylidene (3-S-TS), phenylchlorocar-
bene (4-S-TS), methoxyphenylcarbene (5-S-TS) and dimeth-
oxycarbene (6-S-TS), which demonstrates a synchronous
concerted process.

Moreover, it is of interest to emphasize that the newly
formed C—S bond length in 1-S-TS, 2-S-TS, and 3-S-TS is
shorter by 13% —16% relative to their value of precursor
complex, while the analogous C—S bond in 4-S-TS, 5-S-TS,
and 6-S-TS is on average 40% shorter than that in the
corresponding ylide-like complex. These structural features
suggest that the barrier is encountered earlier in the reaction
of the first three carbenes than in that of the last three. This is
definitively reflected in the computed activation energies. As
shown in Table 3, the predicted activation barriers for
these desulfurization increase in the order: 1-S-TS
(—0.12 kcalmol ') < 2-S-TS (—1.7 kcalmol ') < 3-S-TS (0.63
kcalmol!) <4-S-TS (2.1 kcalmol™') <5-S-TS (8.2 kcal
mol~') < 6-S-TS (13 kcalmol~'). Besides, it is evident from
Table 3 that all the thiirane desulfurizations are exothermic,
and the order of exothermicity follows the same trend as that
of the activation energy: cyclobutylidene (2, —75 kcal
mol~!) < cyclohexylidene (3, —73 kcalmol™') < dimethylcar-
bene (1, — 72 kcal mol~') < phenylchlorocarbene (4, — 58 kcal
mol~') < methoxyphenylcarbene (5, —55 kcalmol™!) < di-
methoxycarbene (6, — 40 kcalmol~'). Consequently, the the-
oretical findings suggest that the desulfurization of thiirane by
alkyl-substituted carbenes is much more favorable both from
a kinetic and a thermodynamical viewpoint than by s-donor-
substituted carbenes. Again, our results find excellent support
in some experiments by Lusztyk, Warkentin, and co-work-
ers.l”
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Comparison with oxirane deoxygenation and thiirane desul-
furization

A comparison of the oxirane deoxygenation with the thiirane
desulfurization, reveals the following similarities and differ-
ences that are worth mentioning. As for the similarities, our
model calculations strongly indicate that heteroatom transfer
from oxiranes and thiiranes should occur via a ylide-like (two-
center) transition state rather than through a persistent ylide
intermediate which then fragments. Moreover, regardless of
the abstraction reactions applied, our theoretical investiga-
tions suggest that the formation of a complex between
reactants is highly unlikely to be detected by experiments.

Additionally, these abstraction reactions may take place in a

concerted fashion, with partial breaking of the two X—C (X =

S and O) bonds in the single transition state. It is therefore

predicted that these abstractions are highly stereospecific and

that the relative configuration of substituent groups is
retained completely in the olefins.

While the similarities between the two abstraction reactions
for each carbene system are remarkable, the differences
between them are more significant. Some points of interest
pertinent to the results of the calculations follow:

1) The sulfur ylide-like intermediates have a long-range
minimum corresponding to a loosely bound complex
between carbene and thiirane, whereas oxygen ylide-like
intermediates are more tightly bound in the sense of
exhibiting a shorter forming C — O bond length. That is to
say, overall, the carbene appears to be bound slightly more
weakly in the thiirane ylide-like complex than in the
oxirane ones.

2) As discussed earlier, oxirane undergoes concerted deoxy-
genation by reaction with carbenes via an asynchronous
transition state. In contrast, thiirane desulfurization reac-
tions are predicted to be concerted, but more synchronous,
via a transition structure with two more-or-less equal
breaking bonds.

3) For a given carbene species, the activation barrier for the
thiirane desulfurization is smaller than that for the oxirane
analogue; this indicates that the former is kinetically more
favorable than the latter. This conclusion is in line with
experimental observations. It has been reported that,
providing reaction conditions remain the same, the desul-
furization reactions are generally more efficient than the
deoxygenation ones.!”!

4) It is generally found that while both deoxygenation and
desulfurization are facile processes, the deoxygenation
reaction is more exothermic. Thus, the production of
carbonyl compounds is clearly more thermodynamically
favorable than that of thiocarbonyl molecules.

In brief, considering both the activation barrier and
exothermicity based on the model calculations presented
here, we conclude that the resulting carbenic reactivity orders
are as follows: cyclobutylidene > dimethylcarbene ~ cyclo-
hexylidene > phenylchlorocarbene > methoxyphenylcarbene >>
dimethoxycarbene. In other words, electron-donating groups
(or electropositive substituents) on the carbene accelerate the
abstraction reaction, whereas electron-withdrawing groups
(or m-donor substituents) on the carbene retard the reaction.
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The configuration-mixing model

Although theoretical analysis based on Moss’ carbene phi-
licity scale has been used to predict the reactivities of carbene
intermediates,” 2! we believe that a somewhat different
approach and some new aspects emphasized here may
supplement their results. According to our theoretical anal-
ysis, it was found that all our computational results can be
rationalized on the basis of a configuration-mixing (CM)
model, which was developed by Pross and Shaik.* 3% 321 Tn this
section we show how concepts deduced from the CM model
can be used to predict the relative reactivity of reactants.

Although many electron configurations of the species
involved in the abstraction reaction contribute to the precise
form of the energy surface,*'l there are only two predominant
configurations that contribute significantly to the total wave-
function ¥and, in turn, to the potential-energy surface. One is
the reactant ground-state configuration that ends up as an
excited configuration in the product region. The other is the
excited configuration of the reactants that correlates with the
ground state of the products.

The key valence bond (VB) configurations for heteroatom-
transfer reaction (8 and 9) are illustrated in Scheme 2, while
the key molecular orbital (MO) configurations (10 and 11) are

By oM A
X *I oot X *I

'[ABC:]'[XC2H4] 3[ABC:]°[XC2H4]

8 9
Scheme 2.

illustrated in Scheme 3.*1 The VB configuration 8, labelled
TABC:])'[XC,H,], is termed the reactant configuration be-
cause this configuration is a good descriptor of the reactants;
the two electrons on the ABC: moiety are spin-paired to form
the lone pair, while the two electrons on the X heteroatom are
spin-paired with the ethylene moiety to form two X—C o
bonds. On the other hand, configuration 9 is the VB product
configuration. It might initially appear strange that triplet
pairs are incorporated into the description of a singlet
carbene-abstraction reaction. In reality, however, there is no
actual spin change here because, despite the fact that
S[ABC:[XC,H,] appears to contain two triplet pairs, the
overall spin state of }[ABC:]’[XC,H,] remains a singlet.
Moreover, it is a doubly excited configuration only in the
reactant geometry. In terms of the product geometry, it is not
an excited configuration at all, just the configuration that
describes the ground-state abstraction products.?*! The MO
representations of VB configurations 8 and 9 are shown in
Scheme 3. A schematic energy plot of 8 and 9 (or 10 and 11)
for heteroatom-transfer reaction, as a function of the reaction
coordinate (approach of a carbene to the XC,H, molecule), is
illustrated in Figure 7. The ground-state reaction profile,
obtained by the mixing of reactant and product configura-
tions, is indicated by the dashed curve and exhibits an
activation energy barrier. Thus, it is the avoided crossing of
these two configurations that leads to the simplest description
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R

Figure 7. The energy diagram for an abstraction reaction showing the
formation of a potential-energy curve (¥) by mixing two configurations:
the reactant configuration and the product configuration. The reactants are
separated by an energy gap A. Configuration-mixing near the crossing
point causes an “avoided” crossing (dotted line).

(A)(B)C=X + C2Ha

of the ground-state energy profiles for abstraction reactions of
the carbene species.: 3

Based on Figure 7 for barrier formation in carbene-
abstraction reactions, we are now in a position to provide
insight into the parameters that are likely to affect reactivity
in this system. The energy of point 9 (left in Figure 7), the
anchor point for JJABC:[]*[XC,H,] in the reactant geometry,
will be governed by the singlet—triplet energy gap for both
the carbene and the oxirane (or thiirane), that is, AE
(= Eipet — Einger for ABC?) + AE e (= Erripler — Egingier TOT
XC,H,). In other words, the smaller the AE,+ AE,,. value,
the lower the activation barrier and the larger the exother-
micity.’ 32l Bearing the above analysis in mind, we shall
explain the origin of the observed trends as shown previously
in the following discussion:

a) Why are the alkyl-substituted carbene much more favorable
than the © donor-substituted carbenes towards the abstraction
reactions with oxirane and thiirane? The driving force for this
can be traced to the singlet—triplet energy gap (AE,) of the
carbene. As analyzed above, if AE . is a constant, the smaller
the AE of carbene, the lower the barrier height and the larger
the exothermicity, and, in turn, the faster the heteroatom-
transfer reaction. Indeed, our theoretical calculations confirm
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this prediction. For the B3LYP/6-31G* calculations on the six
carbene species studied here, a plot of the activation barrier
(AE*) and the reaction enthalpy (AH) versus AE, for the
oxirane deoxygenation is given in Figure 8: the best fit is

100
'_g A
e . 6
£ 0 132 4
=)
5 B
Lﬁ Hw/_f_{,,,,-——»—r“
0-1001—%s 2 s ¢
= 32
g
©
o

-200

40 0 10 20 30 40 50 60

AE (kcal mol™')
Figure 8. AE (= Eyipiet — Eqinger) for carbenes 1-6 versus the activation
energy and reaction enthalpy for the deoxygenation of oxirane. The linear
regression equation is A) AET=0.625AFE, +4.00 and B) AH = 0.486AFE, —
97.7 with correlation coefficients r>=0.94 and r*>=0.94, respectively. All
values were calculated at the B3LYP/6-31G* level, see text.

AE*=0.625AE, +4.00 (»=0.936; r = correlation coefficient)
and AH =0.486AE, — 97.7 (r* = 0.944), respectively. Likewise,
the linear correlation between AE and AE* as well as AH for
thiirane desulfurization, also obtained at the same level of
theory, are AE*=0.248AE;+0.288 (’=0.944) and AH=
0.578AE, — 69.3 (r»=0.939), respectively.

Furthermore, since two new bonds have to be formed
between the carbene carbon and the heteroatom during the
abstraction reaction, the “bond-prepared” carbene state must
have at least two open shells, and the lowest state of this type
is the triplet state. Accordingly, from the valence-bond point
of view, the bonding in the product can be recognized as bonds
formed between a triplet carbene state and a triplet hetero-
atom (overall singlet). This is similar to considering the bonds
in a carbon monoxide molecule as being formed between a
triplet carbon atom and a triplet oxygen atom.*> Therefore, if
a reactant carbene has a singlet ground state with a low-lying
triplet state (and vice versa), it will readily undergo single-step
bond abstractions due to involvement of the triplet state in the
reaction (remember that the whole abstraction reaction still
proceeds on the singlet surface). As noted in the previous
section, alkyl substituents lead to a lowering in the energy of
the triplet state as relative to that of the singlet state in the
carbene species; this results in a smaller singlet—triplet
splitting AEy (= Eyipier — Eginger)- For example, the B3LYP
calculations result in a AE for carbenes 1-3 of —1.9, 0.60,
and — 1.0 kcalmol~!, respectively. A consequence of the near
degeneracy of these two states is their rapid equilibration.B
Thus, the chemical properties expressed by such carbenes are
characteristic of both a singlet and triplet carbene. It is
therefore anticipated that a carbene species with the electron-
donating substituents (such as the alkyl groups) would lead to
a smaller AE and, in turn, allow a more facile heteroatom-
transfer reaction.

On the other hand, if the magnitude of the carbene energy
gap (AE,) separating the triplet from the singlet ground state
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is too large to permit participation of its triplet in the reaction,
then this would retard the heteroatom-transfer reaction. As
mentioned earlier, for the Cl and OCH; substituents, the
singlet — triplet energy gap increases as more potent electron-
withdrawing groups are attached to the carbene. This
observation can be explained simply as a result of greater
stabilization of the singlet than of the triplet by m-donor
substituents. For instance, our results show that AE, of
carbenes 4-6 are 4.3, 19, and 54 kcalmol!, respectively.
These gaps are too large to be overcome within the lifetime of
the singlet carbene and thus the three carbenes behave as
classical singlet carbenes. It is therefore predicted that by
adding m-donor substituents (or electron-withdrawing sub-
stituents) such as the Cl and OCHy, the stability of the singlet
carbene increases (and thus leads to a larger AE). Con-
sequently, its reactivity toward the abstraction reaction
decreases.

b) For a given carbene species, why are the activation barriers
for thiirane desulfurization lower than those for oxirane
deoxygenation? The reason for this may be traced to AE,
which can be evaluated to a good approximation from the
energies of the vertical HOMO —1 (the bonding X—C o
orbital of XC,H,) — LUMO (the antibonding X—C o* orbital
of XC,H,) triplet excitation in oxirane (X =0) and thiirane
(X =S).P"1 As anticipated by the CM model shown in Figure 7,
if AE of carbene is a constant, then a smaller value of AE.
leads to a lower barrier height. Our DFT results suggest an
decreasing trend in AE,. for oxirane (188 kcalmol™') to
thiirane (106 kcalmol~').3®! This is in good accord with the
experimental and theoretical observations as noted earlier,
that is, thiirane is more susceptible to a carbene-abstraction
reaction than oxirane.

Conclusion

In conclusion, our theoretical attempts to reflect the exper-
imental trend of carbene-abstraction reactions are quite
encouraging. In particular, the agreement between DFT and
experimental results indicates that the B3LYP/6-31G* meth-
od can be an adequate tool to investigate these heteroatom-
transfer reactions. Additionally, our work provides strong
evidence that the singlet — triplet splitting (AEy and AE,.) can
be used as a diagnostic tool to predict the reactivity of the
reactants. In consequence, with the above analysis in mind, we
are confident in predicting that electron-donating or bulky
substituents on the carbene will result in a smaller AE; and, in
turn, will facilitate the heteroatom-transfer reaction. It should
be noted that while both deoxygenation and desulfurization
are facile processes, the deoxygenation reaction is more
exothermic but less kinetically favored. Besides this, the
present model calculations demonstrate that a concerted
process that does not involve ylide intermediates should play
a dominant role in such abstraction reactions. That is to say,
these heteroatom-transfer reactions by carbenes will proceed
stereospecifically, leading to an olefin with retained stereo-
chemistry.
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Furthermore, as our analysis demonstrates, the CM ap-
proach adds additional facets and insights to this relatively
poorly understood area of mechanistic study. Although the
relative reactivity of various carbenes are determined by the
entire potential-energy surfaces, the concepts of the CM
model, focusing on the singlet—triplet splitting in the reac-
tants, can allow one to assess quickly the relative reactivity of
a variety of carbenes without specific knowledge of the actual
energies of the interactions involved. In spite of its simplicity,
our approach can provide chemists with important insights
into the factors that control the activation energies for
heteroatom-transfer reactions and thus permit them to
predict the reactivity of some unknown carbenes. The
predictions may be useful as a guide to future synthetic
efforts and to indicate problems that merit further study by
both theory and experiment. It is hoped that our study will
stimulate further research into the subject.
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