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A computational investigation of the thermal
elimination chemistry of β-borylated sulfoxides.
Sulfenic acid vs. boryl sulfenate elimination

Eric A. Nicol and Adrian L. Schwan *

Electronic structure calculations were performed to assess how a β-boryl substituent modulates barriers

for the classical Ei elimination of sulfoxides. Four main boron substituents were investigated: H, Me, F and

OMe. Across the series, methanesulfenic-acid elimination exhibits reduced activation free energies and

enthalpies as the boron functionality accepts electron density from the Cβ–H bond, promoting a more

asynchronous transition state with advanced Cβ–H cleavage and O–H formation and correspondingly less

S–Cα bond rupture relative to the benchmark ethyl methyl sulfoxide transition state. Nevertheless, β-boryl
substrates of the 1B family access lower-energy minima that lead preferentially to boryl sulfenate elimin-

ation: the corresponding ΔG‡ values are 9.5–15.5 kcal mol−1 lower than for the competing proton-trans-

fer (sulfenic-acid) pathway. Replacing methyl with vinyl or phenyl lowers ΔG‡ by 1.9–4.9 kcal mol−1

through enhanced stabilization of developing electron density at sulfur. A comparison of common

boronic esters (catechol, pinacol, BMIDA) for both proton-transfer and boronic-ester-transfer pathways

shows catechol (Bcat) gives the lowest barriers, whereas BMIDA is distinctive in that its methanesulfenic

acid elimination resembles that of methyl ethyl sulfoxide, and boryl-sulfenate elimination is disfavoured

owing to loss of intramolecular N → B coordination. Collectively, β-boryl substitution lowers Ei barriers via

electron-acceptor stabilization and biases reaction manifolds toward boryl sulfenate elimination, with the

extent governed by conjugation patterns and ester identity.

Introduction

For more than 50 years,1–3 the thermal syn elimination of sul-
fenic acid from an organic molecule possessing a sulfoxide
and a vicinal hydrogen (Fig. 1a) has been a staple in organic
synthesis. This reaction places a double bond between carbons
that held a sulfoxide and β-hydrogen of suitable positioning
and has been an important step in numerous synthetic
sequences.4–8 The reaction has also found applications in
materials9 and polymer10 chemistries and as a source of slow-
release fragrances.11

Known to proceed by an internal elimination (Ei)
mechanism,12,13 the elimination has been explored extensively
by the Barattucci/Bonaccorsi group with a focus on transform-
ing the sulfenic acid fragment,14–16 to create (a) a series of
mixed disulfides with applications to linker technology and
nanoparticle formation and (b) a collection of sulfoxides with
applications as ligands, sulfinyl dienes, bolaamphiphiles and
bioactive glycoconjugates.

Among the computational studies of the reaction,13,17–19

the Jenks group13 performed an extensive study of the elimin-
ation reaction through a combined theoretical and experi-
mental analysis of over 31 compounds (Fig. 1b).13 Those
researchers synthesized and performed the elimination on 12
of the 31 sulfinyl compounds explored computationally.

The simplest structures proceeded to eliminate with a ΔH‡

barrier of 32.9 kcal mol−1 (Fig. 1b).13 Conjugation to the sulfi-
nyl group in the form of vinyl ethyl sulfoxide and phenyl ethyl
sulfoxide reduced ΔH‡ values by approximately 2 kcal mol−1.
The work also addressed many substitution and electronic
effects. For example, the presence electron withdrawing groups
at β-carbon could lower the enthalpy of activation by
8.1–9.8 kcal mol−1 whereas such a group at the α-carbon stabil-
ized the transition state by 10–11 kcal mol−1. The work of
Claes,20 further broke down the roles of carbon backbone sub-
stituents on rate and synchronicity of the Ei mechanism.18,20,21

Substitution or positioning of different atoms for this ther-
molytic reaction has been the focus of other studies,12,22 where
the sulfur can be replaced by nitrogen (Cope elimination)12 or
selenium.22 The latter is commonly preferred over sulfur in
synthetic chemistry due to the near room temperature con-
ditions required for the elimination.23–25 Due to reactivity
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similarities between hydrogen and silicon atoms,26 the place-
ment of a silicon atom β to the sulfur has the potential to
create a competitive option for the sulfinyl oxygen’s preferred
interaction. When studied, it was determined that the silicon
group activates the hydrogen on the same carbon accelerating
sulfenic acid elimination (Fig. 1c)27–30 even though the barrier
for RSOSiH3 elimination falls below 32.9 kcal mol−1.27–31

Natural bond orbital (NBO) and Natural Population
Analysis (NPA) showed that the silicon had the greatest effect
in stabilizing the positive charge developing on Cβ relative to
the TMS group.30 This work prompted McCulla and Jenks to
further analyse the effects of a β-silicon on the sulfoxide elim-
ination.31 Employing computational protocols previously
established by the Jenks group,13 analysis was performed with
SiH3 instead of the SiMe3 group for computational efficiency.31

SiH3 substitution at Cβ reduces activation barriers, with a dim-
inution of 10.2 kcal mol−1 attributed primarily to the polariz-
ability of the silicon atom.31

Having computationally probed the interaction of a sulfe-
nate oxygen with boron,32 and realizing the influence of an
electropositive silicon atom, we were interested to learn about
the interaction of a sulfoxide oxygen with β-positioned boron
atoms to determine the nature of the sulfinyl oxygen’s engage-
ment with the boron atom for thermal elimination chemistry.
Such a reaction has already been observed between a boronate
ester β to a selenoxide by the Aggarwal group who exhibited
the elimination as an olefination reaction (Fig. 1d).33,34 The
study included computational work that indicated elimination
would proceed with a low barrier (ΔG‡ = 0.4–2.2 kcal mol−1)
through seleninyl oxygen engagement of a β-boronate ester in
preference to selenenic acid loss.34 The following work entails

a computational study to evaluate similar competitive elimin-
ation chemistries of β-boryl sulfoxides and the role the boryl
substituent plays in sulfenic acid elimination. The compu-
tations were performed in the gas phase to facilitate compari-
son to past contributions13,34 and to permit a focus on the
electronics of the interactions, as there is a paucity of literature
addressing the interaction of sulfinyl oxygens with organo-
boron functional groups.

Computational methodology

Calculations on all structures (starting sulfoxides, transition
states and products) were performed at two levels of theory.
Geometry optimizations, frequency calculations, and intrinsic
reaction coordinate (IRC) analyses were conducted in the gas
phase at 298.15 K and 1 atm using the B3LYP functional35–37

with the D3 dispersion correction of Stefan Grimme38 and the
def2-TZVP basis set,39 as implemented in Gaussian 16
(Revision C.01).40 Minima were identified by a lack of imagin-
ary frequencies; all transition states were confirmed by the
presence of a single imaginary frequency which corresponded
to the atomic motion for the appropriate reaction and verified
via IRC analysis. Single-point electronic energies were com-
puted at the B3LYP-D3 geometries using DLPNO-CCSD(T)41,42

with tight PNO settings and a complete basis set (CBS) extra-
polation from the def2-TZVP and def2-QZVP basis sets, as
implemented in ORCA 4.0.43,44 These methods were combined
to evaluate the thermodynamics of both activation and reac-
tion processes. Natural Resonance Theory (NRT) bond orders,
Natural Population Analysis (NPA) charges, second-order per-

Fig. 1 Examples of eliminations of sulfenic acid derivatives.
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turbation stabilization energies, and natural steric exchange
energies (SXE) were obtained using NBO7.45–47 QTAIM analysis
for bond critical points were identified using AIM2000.48 For
analysis of the BMIDA systems, a global minimum structure
was identified via the GOAT program of ORCA 6.0.49,50 Figures
were generated using CYLView51 for general structures and
AIM2000 for bond critical point images.

Results and discussion
Sulfenic acid elimination from β-boryl sulfoxides

The initial investigation was to establish the role of the
geminal borane or boronate on the barriers of the Ei elimin-
ation of methanesulfenic acid from the sulfoxides, leading to
the formation of a vinyl borane or boronate. Four boron substi-
tuents were investigated to determine the effect of Lewis
acidity on the proton transfer reaction: H, F, Me, and OMe.
Transition states for each elimination reaction were located;
starting structures (1, 1BH-H, 1BF-H, 1BC-H, 1BO-H) were
identified through the IRC of the proton transfer transition
states and do not necessarily represent global minima. Final
reaction energies arise from the summation of energies of the
isolated structures. Geometric parameters of important atoms
for starting structures and transition states can be found in
Table S1 and those computed structures are assembled in
Fig. 2.

Gibbs free energies, enthalpies and entropies for the
proton-based elimination reaction for compounds 1, 1BH-H,
1BF-H, 1BC-H, and 1BO-H can be found in Table 1. The Gibbs
free energy of activation tracks with the enthalpy of activation,
though a minor contribution is noted from the slight decrease
in entropy of activation, which is most pronounced for the
boron substituted sulfoxides. The introduction of a geminal
boron species reduces the free energy barrier for sulfenic acid
elimination by 6.2–15.8 kcal mol−1 compared to the unsubsti-
tuted sulfoxide 1 (ΔG‡ = 34.3 kcal mol−1). The trends roughly
parallel the computed hydride affinities of the simplified
series of compounds: BH3 > BHMe2 > BHF2 > BH(OH)2 (linear
regression R2 = 0.913).52

Natural resonance theory (NRT) bond orders45 for starting
materials, transition states and products are compared in
Table S2. Transition state values for compound 1‡ are relatively
balanced with regards to bond formation and breakage; S–Cα,
Cβ–H and O–H bond orders are 0.43, 0.49 and 0.46, respect-
ively. Substitution of the boron functionality geminal to the
proton transferred leads to asynchronicity of the reaction in
the transition state: S–Cα and O–H bond orders in each of
1BH-H‡, 1BC-H‡, 1BF-H‡, and 1BO-H‡ are higher than 1‡, indi-
cating reduced S–Cα cleavage and advanced O–H bond for-
mation, respectively, while the Cβ–H bond order of the boron
containing systems reveals advanced bond breakage compared
to 1‡, an effect that is most pronounced for compounds
1BH-H‡ and 1BC-H‡. Overall, it appears the boron functionality
lowers barriers for sulfenic acid elimination by advancing
aspects of bond formation and cleavage of the bonds directly
involved in proton transfer.

Differences in these structural parameters and bond orders
show that boron substitution has the greatest effect in the tran-
sition state, enhancing proton transfer while minimizing S–Cα

bond breakage. NPA charges (Table S2) show an increased
negative charge on the boron bearing carbon (Cβ) of the boron
substituted sulfoxides, compared to compound 1. The increase
in charge at the Cβ position upon moving to the transition
states is comparable for compounds 1, 1BF-H, and 1BO-H (an
increase of 0.08). However, for compounds 1BH-H and 1BC-H
less charge buildup occurs.

Fig. 2 Starting sulfoxides and transition states for the methanesulfenic acid elimination of sulfoxides 1 and 1B. Bond lengths are listed in angstroms.

Table 1 Thermodynamics of methanesulfenic acid elimination from
compounds 1 and 1B a

Compound→ 1 1BH-H 1BF-H 1BC-H 1BO-H

ΔH‡ 34 17.4 23.3 22.3 27.3
ΔG‡ 34.3 18.5 24.4 23.3 28.1
ΔS‡ −1 −3.7 −3.7 −2.7 −2.7
ΔH 19.2 14.8 16 16.2 17.2
ΔG 7.5 2.3 3.8 3.6 4.1
ΔS 39 42 41 42.3 44.1

a Energy units are kcal mol−1; entropy units are cal K−1 mol−1.
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Compounds 1BH-H and 1BC-H also show a significant
reduction in charge on the boron atom in the transition state
(by 0.22 and 0.13, respectively) while the change for the more
electronegative substituents is far less (by 0.06 and 0.02 for
1BF-H and 1BO-H, respectively), indicating the increased
ability of the borane groups to accept density from Cβ com-
pared to their F and OMe counterparts. This repositioning of
negative charge onto the β-carbon and the boron atom indicate
stabilization of the charge development in the transition state
is better managed when H or Me are attached to boron,
leading to a more significant reduction in the free energy
barrier. Delocalization and stabilization of charge can be
identified and quantified through NBO second order pertur-
bation theory in the NBO7 program.46,53

An examination of the most significant interactions in 1‡

indicate the direct involvement of NBOs associated with
proton transfer (bond formation and cleavage) and S–Cα clea-
vage; that is nO → σCβ–H* and σCβ–H → σS–Cα

* provide stabiliz-
ation energies of 114.4 kcal mol−1 and 35.9 kcal mol−1 respect-
ively. These orbital interactions serve to promote both bond
formation and breakage related to proton transfer, while also
advancing S–Cα cleavage. The resulting synchronicity is
reflected in the natural bond orders presented in Table S2. In
contrast, in the ground states of 1BH-H, 1BF-H, 1BC-H and
1BO-H exhibit significant delocalization (14.19 kcal mol−1,
9.57 kcal mol−1, 11.30 kcal mol−1 and 9.00 kcal mol−1, respect-
ively) of density from σCβ–H into the lone valence of boron is
observed, weakening the bond prior to transition state for-
mation. The extent of delocalization is reduced for boron sub-
stituents with donation capability of their own; the lone pairs
of both fluorine and oxygen ligands in 1BF-H and 1BO-H
donate significantly to the lone valence orbital on boron, with

nO/F → B(lv) stabilization energies of 94.4 kcal mol−1 and
118.9 kcal mol−1, respectively. The extent of donation is
reflected further in transition states (1BF-H‡, 1BO-H‡) in which
the lone valence orbital of boron is no longer free but is
instead occupied in π systems with O and F. Transition states
with hydrogen and methyl substituents (1BH-H‡, 1BC-H‡),
however, still have a lone valence orbital on boron available to
help stabilize charge redistribution.

It should be noted that the NBO program identifies more
significant cleavage of the Cβ–H bond such that a lone pair is
present on Cβ in both 1BF-H‡ and 1BO-H‡, which has been
observed before by Kingsbury12 upon fluorine substitution.
The advanced nature of these transition states suggests the
dominant interaction as that between the lone pair of Cβ and
the σO–H* orbital, delaying bond formation behind cleavage – a
concept well supported by the increased charge on Cβ in both
1BF-H‡ and 1BO-H‡ (Table S2) and the higher barriers for
proton transfer. However, both 1BH-H‡ and 1BC-H‡ still
exhibit strong delocalization of the σCβ–H orbital into the unoc-
cupied boron lone valence orbital (σCβ–H → B(lv)). The left side
of Fig. 3 shows the composite energy level diagram for the Ei
reaction of compound family 1B and ethyl methyl sulfoxide
(1). Non-parenthesized ΔG‡ values permit direct comparison
of the borylated compounds.

Boryl sulfenate elimination from β-boryl sulfoxides

To assess the competition between hydrogen elimination and
borane/boronate elimination, two sets of transition states for
boryl sulfenate elimination from compounds 1B were located.
They were classified based on ring enveloping that placed a
pseudoaxial boron substituent either syn or anti to the sulfur
methyl group. The anti set of transition structures were either

Fig. 3 Composite energy level diagram for sulfenic acid (left) and boryl sulfenate (right) eliminations of β-boro sulfoxides. Non-parenthesized
values in the proton transfer manifold represented free energy barriers from local minima (1, 1BH-H, 1BC-H, 1BF-H, 1BO-H) for sulfenic acid elimin-
ation and the positional energy levels reflect these values. Parenthesized energy values in the proton transfer manifold are the ΔG‡ barriers from the
0.0 kcal mol−1 position for compounds 1BH-B, 1BC-B, 1BF-B and 1BO.
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of lower energy (−2.2 kcal mol−1 for BMe2 group) or of compar-
able energies (within ±0.5 kcal mol−1) compared to the syn
structures. For reasons of simplicity and because a unified set
of comparable geometries will permit a rational assessment of
other parameters including role of boron substituents, the
anti-transition states were adopted for study herein. Images of
the syn transition states comprise Fig. S1.

Precursor compounds of this series were identified by
further optimization of IRC-derived starting structures and
through optimization of open-form structures and various pre-
coordinated arrangements, the latter assessment addressing
enveloping preferences of the B atom in relation to sulfur’s
methyl substituent. This process provided precoordinated
structures 1BH-B, 1BF-B and 1BC-B as minima for the –BH2,
–BF2, and –BMe2 substituted structures of lower free energy
(16.4 kcal mol−1, 9.6 kcal mol−1 and 8.3 kcal mol−1, respect-
ively) with an envelope shape. Precomplexed form 1BO-B
proved to be a local minimum as uncoordinated structure
1BO, with no significant O → B interaction, was found to be
4.8 kcal mol−1 more stable. The implication is the sulfinyl
oxygen is not a strong enough Lewis base to displace the
internal coordination of the methoxy oxygens to boron’s lone
valence orbital.

Transition state geometries for 1BH-B‡, 1BF-B‡, 1BC-B‡,
1BO-B‡ can be found in Fig. 4. As with the ground-state mole-
cules, transition states assume an envelope-like 5-membered
ring with a tetracoordinate boron centre, in these cases,
oriented anti to the sulfinyl methyl (Fig. 4). The S–Cα bond
lengths are more extended in the boron group transfer tran-
sition states. Extension of the Cβ–B bond is generally greater
than the decreased distance between boron and the sulfinyl
oxygen, excluding the case of 1BO, where the lack of pre-
coordination accounts for the significant change observed
(Table S3).

The magnitudes of the free energy barriers for elimination
boryl sulfenate are reduced by 3.1–9.3 kcal mol−1 compared to

the parallel sulfenic acid elimination in all cases except 1BH-B
where ΔG‡ increases from 18.5 to 19.4 kcal mol−1 (Table 2). As
with the proton transfer, the barrier is principally enthalpic.
Referencing both processes to a common global zero (Fig. 3,
0.0 kcal mol−1) and using the parenthesized ΔG‡ values of the
proton-transfer manifold for sulfenic acid elimination, the
boryl sulfenate elimination pathway is favored by 9.5–15.5 kcal
mol−1 (ΔΔG‡ entries, Table 2).

The enthalpic barriers for boron elimination exhibit only
small variation across the series, despite their differing boron
Lewis acidities. Natural steric analysis reveals a large increase
in the total steric exchange (SXE) energy moving from 1BO to
1BO-B‡ of +46.4 kcal mol−1 as the structure tightens upon
dative coordination of the sulfinyl oxygen to the boronate. For
1BO-B, total steric exchange energy shows a slight decrease
upon moving to the transition state by 1.1 kcal mol−1 as bond
lengths elongate. Examination of the NPA charges for the start-
ing sulfoxides, transition states and products in Table S4

Fig. 4 Starting sulfoxides and transition states for the boryl sulfenate elimination of sulfoxides 1B. Bond lengths are listed in angstroms.

Table 2 Thermodynamics of boryl sulfenate elimination from com-
pounds 1B a

Compound→ 1BH-B 1BF-B 1BC-B 1BO b

ΔH‡ 19.4 21.8 18.9 23.1
ΔG‡ 19.4 21.3 18.6 23.6
ΔS‡ 0.0 1.7 0.9 −1.7
ΔH 6.8 7.1 0.4 2.6
ΔG −6.9 −7.6 −14.2 −10.8
ΔS 45.8 49.3 49.0 45.0

ΔG‡ MeSOH elimc 34.9 34.0 31.6 33.7
ΔΔG‡d 15.5 12.7 12.0 9.5

a Energy units are kcal mol−1; entropy units are cal K−1 mol−1. b 1BO-B
is a stationary point on the path of 1BO to the transition state. c Free
energy difference for sulfenic acid elimination from lowest energy con-
formation. d Free energy difference between boryl sulfenate and sulfe-
nic acid elimination from common lowest energy conformation.
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reveals that charge in the transition state decreases signifi-
cantly on Cα and slightly on Cβ, contrary to the proton transfer
reactions wherein charge on Cβ increases marginally. The
sulfur assumes an increasing negative charge in the transition
states as it accepts electrons from Cα, while boron becomes
more positive in all cases where pre-coordination has
occurred.

The significant changes in charge on both sulfur and Cα

correlate with a reduced transition state S–Cα bond order, indi-
cating more advanced cleavage in the transition state for
boron transfer. Both methyl and hydrogen substituted boranes
have significantly higher O–B bond orders than their more
electronegative counterparts. In terms of synchronicity, the
changes in bond order in moving from the starting sulfoxide
to the transition state (ΔBO) are most uniform for 1BH-B and
1BC-B. To understand the retardation of O–B bond formation
in 1BF-B‡ and 1BO-B‡, second-order perturbation theory ana-
lysis was performed. The strongest interaction of the σ*O–B
orbital is by the lone pairs of the methoxy oxygen and fluorine
(13.09 and 11.66 kcal mol−1, respectively), inhibiting bond for-
mation. Additional details and graphics addressing differences
in bond order for these compounds may be found in the SI (p.
S6).

Conjugation effects on boron transfer

To determine the role of conjugation on the energetics of boron
transfer three additional compound families were investigated,
all possessing the H, F, Me and OMe boron substituents: 2B
with a vinyl sulfoxide, 3B with a phenyl sulfoxide, and 4B still
with a methyl sulfoxide, but harbouring an alkene between the
sulfur and boron atoms which leads to alkyne formation upon
boryl sulfenate loss (Fig. 5). Some summary content of this part
of the investigation is provided here; detailed outcomes, expla-
nations and associated graphics and tables are found in the SI
(pp. S7–S13, Tables S6–S8 and Fig. S3–S5).

Paralleling compounds 1B, the sulfinyl to boron co-
ordinated structures 2B/3B with H, F and Me groups proved to
be the lowest energy identified structures. Whereas for
methoxy groups on the boron, the structures lacking signifi-
cant oxygen to boron interaction (2BO/3BO) prevailed as global
minima, lying 4.5 kcal mol−1 and 1.7 kcal mol−1 lower than co-
ordinated local minima 2BO-B and 3BO-B, respectively. For
compounds 2B/3B, Gibbs energies of the boryl sulfenate elim-
ination are generally reduced by 2.1–2.6 kcal mol−1, with the
3BO reaction as an outlier at 5.9 kcal mol−1. These lower bar-
riers are partially attributed to delocalization of the electron
density in the S–Cα bond into the π* orbitals of the phenyl and
vinyl groups (NBO analysis).

Regarding the sulfenyl borylate elimination of compounds
4B free energy barriers for the elimination are increased sig-
nificantly compared to 1B, with free energy barriers increasing
by 12.6–15.9 kcal mol−1 for the lowest energy starting sulfoxide
starting structures. This observation is consistent with past
work13 and is to be expected as bond strengths of the Cβ–B
and Cα–S bonds should be increased due to the sp2 character
of the carbons involved.

Boronic esters – proton and boron transfer

Whereas the elimination chemistry of 1B-O serves as an
example of a boronic ester, particularly for comparison to
other compounds 1B, methoxy groups do not embody
common boronate usage in organic chemistry. Accordingly,

Fig. 5 Conjugated boryl sulfoxides under study (X = H, F, Me, OMe).

Fig. 6 Structures of boronate esters under study.

Fig. 7 Starting sulfoxides and transition states for the elimination of
methanesulfenic acid from boronic ester substituted sulfoxides. Bond
lengths are listed in angstroms.
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the proton and boron transfer pathways for more popular bor-
onates54 were investigated. This section addresses compounds
1 featuring the more common boro-catechol (1Bcat), boro-
pinacol (1Bpin) and boro-N-methyliminodiacetyl (1Bmida)
esters55,56 (Fig. 6). The latter are of particular interest since the
normally trivalent boron is ‘protected’ through internal N → B
coordination of the proximal nitrogen, which imparts
additional stability to the substrate.57

Starting sulfoxide structures 1Bcat-H and 1Bpin-H were
created from structure 1BO-H, then resubmitted for further
optimization. In the case of the BMIDA group, the global
minimum was obtained by conformational sampling using the
ORCA GOAT computational package; the 8 low energy struc-
tures obtained from that exercise were then optimized to
afford 1Bmida, possessing the nitrogen–boron bond approxi-
mately anti to one Cβ–H bond. QTAIM and NBCP analysis
confirm the presence of two interactions between hydrogens of
the BMIDA group and the sulfinyl oxygen (Fig. S6). A reorienta-
tion of the MeS(O)CH2CH2 chain requires 6.8 kcal mol−1 and
provides 1Bmida-H a local minimum aligned for sulfenic acid
elimination (Fig. 8).55

Transition states were located for the boronate esters, as
shown in Fig. 7. Free energy barriers for methanesulfenic acid
elimination and other thermodynamic parameters can be
found in Table 3. The data for the 1BO-H is provided for
comparison.

As with 1BO-H, stabilization in the reaction is found in
ground state molecules 1Bpin-H and 1Bcat-H via delocaliza-
tion of the Cβ–H electron density into boron’s lone valence in
the ground state sulfoxides on the order of 9.37 kcal mol−1

and 9.67 kcal mol−1, respectively. The free energies of acti-
vation for 1BO-H‡ and 1Bpin-H‡ are comparable and are
∼1.7 kcal mol−1 greater than for 1Bcat-H‡ (Table 3). In the
corresponding transition states, a lone pair identified on Cβ in
1Bpin-H‡ donates into the πO–B* system with a stabilization
energy of 53.37 kcal mol−1, while in 1Bcat-H‡ the Cβ–H
bonding orbital remains available to donate into the lone
valence of boron with a stabilization energy of 36.64 kcal
mol−1.

Of particular interest is the lack of π systems between boron
and oxygen within the catechol system, as analysed by the
NBO program. The higher stabilization energy for 1Bpin-H‡ is
consistent with the localization of the electrons as a lone pair
on Cβ. Bond orders for the reaction for both the Bpin and Bcat
systems show incredible similarities (Table S9) though slight
differences are observed in the S–Cα, Cα–Cβ and Cβ–H bond
orders in the transition states. In particular, addressing the
Bcat system, the Cβ–H bond is slightly weaker and Cα–Cβ

π-bond formation lags slightly. The larger increase in bond
order of the Cβ–B bond in 1Bcat-H‡ does indicate a more sig-
nificant role in engaging with the electron density on Cβ.

Regarding 1Bmida-H‡, the bond orders of Cβ–H and O–H
are almost equivalent meaning each has progressed exactly
50% of the way through its transition required for the elimin-
ation (Table S9). Additional delocalizations were identified in

Table 3 Thermodynamics of sulfenic acid elimination from boronic
esters 1B a

Compound→ 1BO-H 1Bcat-H 1Bpin-H 1Bmida-H

ΔH‡ 27.3 25.6 26.7 27.3
ΔG‡ 28.1 26.5 27.4 27.5
ΔS‡ −2.7 −3.1 −2.5 −0.6
ΔH 17.2 16.6 17.2 15.0
ΔG 4.1 4.4 4.9 2.1
ΔS 44.1 41.0 41.3 43.2

a Energy units are kcal mol−1; entropy units are cal K−1 mol−1.

Fig. 8 Competitive elimination pathways for 1Bmida.
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the transition state as the alignment of the B–N bond of the
BMIDA group was found to be 176° with respect to the Cβ–H
bond allowing donation into the σB–N* and antibonding
orbital. The stabilization energy for this interaction is
14.12 kcal mol−1.

For boryl sulfenate elimination, we were able to locate suit-
able ground state and transition state structures for the Bpin
and Bcat containing structures. The lowest energy structure,
1Bpin, exhibits the sulfinyl oxygen near the boronate, yet the
boron remains trivalent as with structure 1BO. We were unable
to locate a converged structure with a sulfinyl oxygen co-
ordinated to the B, analogous to 1BO-B, and 1Bpin was found
to lead to 1Bpin-B‡ (IRC). On the other hand, minima 1Bcat
and 1Bcat-B were both located, with the latter residing 1.8 kcal
mol−1 lower, and remaining on the PES leading to 1Bcat-B‡

(Fig. 9). This observation contrasts with the other boronic
esters investigated in this study. The free energy barrier for
elimination of boron in 1Bpin leads to a barrier 0.9 kcal mol−1

higher than was observed for compound 1BO (23.6 kcal
mol−1), while the Bcat derivative has a decrease of 1.8 kcal
mol−1 (Table 4). Referring to the competitive thermal elimin-
ation options, boryl sulfenate loss remains preferred. However,
the ΔΔG‡ values of 3.7 (1Bpin) and 6.7 kcal mol−1 (1Bcat) are
reduced compared to the ΔΔG‡ of 9.5 kcal mol−1 for 1BO. A
composite table of thermodynamic parameters comparing all
reactions can be found in the SI (Table S11).

For the Bcat and Bpin systems only minor differences in
the bond orders are noted (Table S10). Comparing 1Bcat
and 1Bpin, both of which leave the boron as tricoordinate,
the S–Cα bond order in 1Bcat is slightly weaker, while the
Cα–Cβ bond is slightly stronger than 1Bpin. Coordination of
the boron to the sulfinyl oxygen reduces the strength of the
Cα–Cβ bond but increases the strength of the S–Cα bond.
Transition states for both the Bcat and Bpin families are
similar, but the strength of the O–B interaction is greatest in
1Bcat-B‡.

The BMIDA group introduces a different option for con-
sideration when assessing the sulfenyl boronate elimination.
The sulfinyl oxygen is able to achieve back-side displacement58

of the coordinating nitrogen, consistent with the intra-
molecular actions of a nitrone oxygen on the BMIDA group.59

Indeed after reorientation of 1Bmida to local minimum
1BmidaSO, a validated transition state for backside displace-
ment was found (1BmidaSO‡). The overall barrier of 19.6 kcal
mol−1 remains less than the simple release of the coordinating
nitrogen from the boron which results in a species
∼27–31 kcal mol−1 higher in energy.58

Table 4 Thermodynamics of boryl sulfenate elimination from boronic
esters 1B a

Compound→ 1BO b 1Bpin 1Bcat-B 1Bmida c

ΔH‡ 23.1 23.5 22.3 40.5
ΔG‡ 23.6 24.5 21.8 38.9
ΔS‡ −1.7 −3.1 1.6 5.4
ΔH 2.6 −1.3 2.2 −1.1
ΔG −10.8 −13.4 −11.3 −13.6
ΔS 45.0 40.7 45.4 41.9

ΔG‡ MeSOH elimd 33.1 28.2 28.5 34.3
ΔΔG‡ e 9.5 3.7 6.7 −4.6

a Energy units are kcal mol−1; entropy units are cal K−1 mol−1. b 1BO-B
is a stationary point on the path of 1BO to the transition state.
c 1Bmida-B‡ is one of several stationary points on the path of 1Bmida
to the transition state. d Free energy difference for sulfenic acid elimin-
ation from lowest energy conformation. e Free energy difference
between boryl sulfenate and sulfenic acid elimination from common
lowest energy conformation.

Fig. 9 Structures and pathways for the boryl sulfenate elimination of
BCat, BPin and Bmida boronic esters. Bond lengths are listed in
angstroms.
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Through the nitrogen displacement transition state, structure
1Bmida-B is obtained, which is primed for boryl sulfenate elimin-
ation, a process that proceeds through 1Bmida-B‡ with a barrier
of 25.3 kcal mol−1. Transition state 1Bmida-B‡ exhibits a O–B
interaction that is significantly advanced compared to 1Bpin-B‡

and 1Bcat-B‡. The thermodynamic values for the boronate ester
based elimination options can be found in Table 4 and selected
structures and parameters are shown in Fig. 9. Effects of the
boronic ester on the synchronicity of the elimination reactions
can be drawn from changes in bond order, found in Table S10.

Given the ground state nature of the BMIDA group, and the
19.6 kcal mol−1 energy requirement to access an SO → B
species, and the higher barrier for eventual elimination, this
system presents the highest barrier for boryl sulfenate elimin-
ation. Indeed, the BMIDA substituted sulfoxide shows a
4.6 kcal mol−1 preference for the hydrogen elimination reac-
tion over the elimination involving the BMIDA group itself
(Fig. 8) Given the preferred Ei pathway for this BMIDA sub-
strate and the similarity of the ΔG‡ values of 33.1 kcal mol−1

for 1Bmida-H‡ to 34.3 kcal mol−1 for 1‡, one can conclude the
substituent influence of the BMIDA group on the Ei of metha-
nesulfenic acid is marginal.

Conclusions

Through gas phase computational analysis with a focus on the
electronics of the system, the effect of the addition of a boron-
based substituent to the Cβ position on the barriers for the
classic Ei reaction of sulfoxides was assessed. Sulfenic acid
elimination benefited from lower Gibbs energies of activation
and enthalpy of activation13 due to the ability of the boron
functionality to accept electron density of the Cβ–H bond. The
addition of any boron group leads to asynchronicity in the
transition state by advancing both Cβ–H bond cleavage and
O–H bond formation by stabilization of the enhanced electron
density on Cβ. This also leads to reduced cleavage of the S–Cα

bond relative to the transition state for ethyl methyl sulfoxide.
However, compounds 1B prefer lower energy local minima

that correlate to boryl sulfenate elimination (Fig. 3). Gibbs
energies of activation for this process are 9.5–15.5 kcal mol−1

lower than the corresponding proton transfer reactions,
meaning boryl sulfenate elimination is predicted in every
instance. Our predicted trends follow past work for the Ei
chemistry of selenoxides,34 although as expected in a compari-
son of the two chalcogens, the sulfur barriers are higher.

The effect of conjugation on the sulfur or the alkyl portion
of the sulfoxide was investigated through compound families
2B, 3B, and 4B. Reduced Gibbs energies of activation of
1.9–4.9 kcal mol−1 for compound families 2B and 3B relative
to compound family 1B were attributed to greater stabilization
of charge development on sulfur in the transition state
through delocalization into the vinyl or phenyl system, as veri-
fied by NPA charges and second-order perturbation energies.
Conjugation between sulfur and the boron functionality was
explored through compound family 4B. Gibbs energies of acti-

vation were higher than family 1B by 12.6–15.9 kcal mol−1 as
expected for elimination from an sp2 hybridized carbon.

A comparison of the effects of common boronic esters
employed catechol and pinacol derived esters, as well as
BMIDA. Both proton transfer and boronic ester reaction path-
ways were modelled. The Gibbs energies of activation for the
proton transfer reaction were similar to those of 1BO-H, with
the ΔG‡ for the Bcat system resting 1.6 kcal mol−1 lower. For
boronic ester transfer, the Bcat system again displayed slightly
lower Gibbs energies of activation. The BMIDA substituted
sulfoxide proved unique in that the methanesulfenic acid elim-
ination was comparable to methyl ethyl sulfoxide and boryl
sulfenate elimination is higher in energy due to the loss of
N → B coordination of the BMIDA group.

Practical applications pursuant to work would benefit from
the incorporation of solvent effects to the potential energy sur-
faces for more accurate relative free energy barriers.
Nevertheless, this contribution guides synthetic chemistry in
the management, design and synthetic value of compounds
possessing boron functionality β to sulfoxides. Our data
reveals the thermal syn elimination of sulfenic acid will only
occur when the boron atom is part of the BMIDA assembly.
The other boron containing structures are predicted to ther-
mally eliminate boryl sulfenate in preference to sulfenic acid
formation, offering an olefination protocol to the community.
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