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ABSTRACT: Equilibrium and molecular structures, relative energies of conformers of gaseous cysteine i ad
(Cys, C, Cys-SH) and gaseous cysteine sulfenic acid (Cys-SOH), and the mechanisms of the reaction Jj* , P
of Cys-SOH with 3-hydroxy-5,5-dimethyl-2-cyclohexen-1-one, the enol tautomer of $,5-dimethyl-1,3- >

cyclohexadione (dimedone), have been studied using BD(T), CCSD(T), and QCISD(T) with the cc- J* J‘
pVTZ basis set and using MP2 and the density functionals B3LYP, B3PW91, PBE1PBE, PBEh1PBE, J‘f’
MO062X, CAM-B3LYP, and WB97XD with the 6-311+G(d,p) basis set. The structures of the six lowest . ’

energy conformers of gaseous Cys-SOH are compared with the six lowest energy conformers of gaseous 2 9
cysteine (Cys-SH). The relative stability of the six lowest energy conformers of Cys-SH and Cys-SOH are @
influenced by the interplay among many factors including dispersive effects, electronic effects, electrostatic 2 2 j‘)
interactions, hydrogen bonds, inductive effects, and noncovalent interactions. The mechanism of the , s ,
addition of the lowest energy conformer of cysteine sulfenic acid (Cys-SOH) to dimedone may proceed 4 Q.9
through a six-membered ring transition state structure and through cyclic hydrogen-bonded transition state 4 @ o

structures with one water molecule (8-membered ring), with two water molecules (10-membered ring), and
with three water molecules (12-membered ring). Inclusion of one and two water molecules in the transition
state structures lowers the activation barrier, whereas inclusion of a third water molecule raises the activation barrier.

Bl INTRODUCTION cysteine sulfonic acid (4, Chart 1). Cysteine (1) may also be
oxidized to the disulfide cystine (5, Chart 1). Protein thiols
may be oxidized to protein sulfenic acids, disulfides, and to
reversible and irreversible intermediates and products. It
was shown in the iron-containing nitrile hydratase (NHase),
whose active sites were thought to contain three proteinogenic
cysteine residues bound to the active catalytic center, that
one was a cysteine thiolate, and two of them were post-
translationally modified to a cysteine sulfenic acid and to a
cysteine sulfinic acid, respectively.””**™>> This was the first
observation of an iron site with a ligand field containing sulfur
in three different oxidation states.

Cysteine sulfenic acid (2) can disproportionate to 4 and 5,*
as well as undergo cyclodehydration to cysteine (cystine) thio-

Sulfenic acids are unstable compounds and only a few have
been isolated. Owing in part to their high reactivity and
instability, relatively little is known about their chemistry,
properties, and structural parameters. However, sulfenic
acids and their derivatives are useful reagents that play
important roles as reactive intermediates in organosulfur
chemistry and are implicated in a wide range of biochemical
and chemical reactions."~** Sulfenic acids have been trapped
with 1,3-dicarbonyl compounds, alkenes, alkynes, and
dienes."”™*° Sulfenic acids are found in biological systems,
are transient intermediates in certain protein functions in
regulation, play vital roles in catalytic and signaling functions

in proteins, a;c} e found in natural products including sulfinate (6, Chart 1).> Thiosulfinates may disproportionate to
garlic and onion. ) ' ) ] thiosulfonates (7) and disulfides and may be oxidized to unsta-
The semiessential amino acid cysteine [(2R)-2-amino-3- ble vicinal disulfoxides, with relatively weak sulfur—sulfur bonds,

sulfhydrylpropanoic acid, Cys, C, Cys-SH, 1, Chart 1)], which that can generate sulfur radicals and/or rearrange to thiosulfo-
has a structure similar to its precursor serine (Ser, S), is one of nates (7, Chart 1, eq 1)'46—50

two sulfur-containing amino acids isolated from proteins. It

is an important functional and structural component of many Q R e) ? Q
X . . . L. R-S-S-R S-S «—— R-S-S-R — R-8-8-R + R-S-S-R (1)

proteins. The nucleophilic sulfanyl group in (1) is sensitive to 5 R R o
oxidation—reduction reactions and is easily oxidized by reactive

oxygen species (ROS, H,0,, ROOR, radicals, nitrogen mono-

oxides, ozone, singlet oxygen) to cysteine sulfenic acid [(2R)- Received: September 14, 2013
2-amino-3-(hydroxysulfanyl)propanoic acid, Cys-SOH, 2)], Revised: ~ November 22, 2013

which can be oxidized to cysteine sulfinic acid (3) and to Published: November 25, 2013
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Chart 1. Organosulfur Compounds Cysteine (1), Cysteine Sulfenic Acid (2), Cysteine Sulfinic Acid (3), Cysteine Sulfonic Acid
(4), Cystine (5), Cysteine Thiosulfonate (6), and Cysteine Thiosulfonate (7)

H, NH, NH H H
.. H, 2 - NH . NH
HO A _S. A 8. H HO., 0 HO. X 20
§T O g \¢ g
0 O oH O Jo-H
1 2 3 4
H, ,NH, O H NH, . H, NH; o 9
HO\Q&S\S/XC\OH HO\C&/S‘S/XC\OH HO\“/(/S%/}(C\OH
o H NH, o O H NH, o) o H NH;
5 6 7

T=C1-C2-C3-C4 = 42.0°
T = C2-C3-C4-C5 =-49.8°
T=C3-C2-C1-C6 =-42.0°
T =C3-C4-C5-C6 = 54.6°

T=C1-C2-C3-C4 = 4.5°
T =C2-C3-C4-C5 =-32.0°
T=C3-C2-C1-C6 = 0.4°
T =C38-C4-C5-C6 = 51.8°

8c

8d

Figure 1. Atom numbering in the B3LYP/6-311+G(d,p) geometry optimized diketo chair (8a), cis-ketoenol (8b), trans-ketoenol (8c), and diketo

boat (8d) tautomers of S,5-dimethyl-1,3-cyclohexanedione (dimedone).

Although reaction mechanisms and structures of sulfenic
acids cannot be satisfactorily investigated using traditional ex-
perimental methods, considerable information and insight
about their structures and chemical and physical properties
can be obtained from the results of computational quantum
chemistry studies, available experimental studies,>*>'®>'~>*
and theoretical chemistry studies. The elusive sulfenic acids
have been trapped with 3-hydroxy-5,5-dimethyl-2-cyclohexen-1-
one (8b), the enol tautomer of dimedone (5,5-dimethyl-1,3-
cyclohexadione, 8a, eq 2),**° with 1,3-cyclopentanediones,*® with
7-chloro-4-nitrobenzo-2-oxa-1,3-diazole (NBD-CI),*” and with
other probes including biotinylated dimedone analogues for
affinity purification, azide “tailed” dimedone for “click”
chemistry, and fluorophore-linked dimedone derivatives for
visualization. Sulfenic acid modified proteins can be identified

16001

by in situ labeling of intact cells or by labeling at the time of
lysis using derivatives of dimedone (8), 1,3-cyclohexanedione,
and 1,3-cyclopentanedione. Evidence for a stabilized cysteine
sulfenic acid in a synthetic peptide has been reported.>® Owing
to the importance and significance of the chemoselectivity of
dimedone (8) and its derivatives in detecting protein sulfenic
acids, it is important to understand the mechanisms of their
reactions. Although not well studied, sulfenic acids have elec-
trophilic and nucleophilic character and undergo self-
condensation reactions” and react with alkenes, alkynes, amides,
amines, hydrazines, and triphenylphosphine.3‘4’19_25’53
Although the reactions of sulfenic acids with dimedone (8)
are generally written as resulting in C-sulfenylation at C2, O-
sulfenylation to form the sulfenate ester is also possible (eq 2).
In addition, a sulfenic acid may also react with the double bond

dx.doi.org/10.1021/jp409022m | J. Phys. Chem. B 2013, 117, 16000—16012
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in the enol form (8b) of dimedone and other 1,3-dicarbonyl
compounds.

8
RSO CHs, o) CHg % Cgis
o, Rsor oy, RSO 5o
R-S 176
(0]
(0] (0] 5
8a

B COMPUTATIONAL AND THEORETICAL METHODS

Calculations were carried out with the Gaussian®® and
Spartan® computational programs. Initial approaches for
locating the lowest energy conformers and rotamers included
conformational searches at various levels of theory. Several
levels of theory were employed in the screening evaluation
because at a given level some of the conformers are isoenergetic
and the lowest energy conformer from one level of theory does
not uniformly translate into the lowest energy conformer at
another level. The structures of the lowest energy conformers
were confirmed by calculations at several high levels of modern
electronic theory.

No constraints were imposed on the structures in the
equilibrium geometry calculations or in the transition struc-
ture optimizations. Equilibrium geometry and frequency
calculations were carried out using the density functionals
B3LYP,*! B3PW91,°* PBEIPBE,*> PBEhIPBES* M062X,%
CAM—B?)LYP,66 and WX97XD,*” as well as with MP2%® and the
triple-¢ 6-311+G(d,p) basis set.””® Both diffuse and polar-
ization functions are needed for the determination of accurate
structures and relative energies of systems containing multiple
hydrogen bonds and nonbonding interactions. Single point
energy calculations were carried out on geometry optimized
structures using coupled cluster theory including the singles
doubles with perturbative triples excitations [CCSD(T)],®™ the
quadratic configuration interaction singles, doubles, and triples
method [QCISD(T)],”* and the Brueckner Doubles Method with
triples contributions added [BD(T)]” in conjunction with the
correlation consistent polarized valence cc-pVTZ basis set.”> The
relative energies (E,;) and energy barriers include the electronic
energies plus the zero point vibrational energies (ZPVE).

Vibrational frequency analyses were carried out in order to
assess the nature of the stationary points and to obtain zero
point vibrational energies. The characteristics of local minima
and transition states were verified by establishing that the
former did not have an imaginary frequency and that the latter
had one imaginary frequency. The vibrational frequencies in the
text and in the tables were not scaled.”*”® Intrinsic reaction
coordinate (IRC) calculations were used to unambiguously
connect transition state structures to their respective reactants
and products.”® The charge distribution was analyzed using
natural population analysis (NPA, Natural Bond Order).””

Bond angles and dihedral or torsion angles (z) are given in
degrees, bond lengths, and nonbonded distances in angstroms
(A), total energies in atomic units (au), and relative energies in
kcal/mol. Atomic charges are given in electrons, dipole
moments (i) in debye (D), infrared intensities in km mol™,
and vibrational frequencies in wave numbers (cm™).

B RESULTS AND DISCUSSION

Although new quantum chemical methods are being developed,
it is not an easy task to select the appropriate levels of theory
that will give the most accurate results in terms of barrier
heights, noncovalent interactions, structural features, transition

Table 1. Relative Energies of Tautomers of Dimedone (8)

Eq*
level of theory cis-8b trans-8c
B3LYP® 2.9 48
B3PW91° 2.7 47
B3P86” 23 43
PBE1PBE® 2.7 47
PBEh1PBE? 27 4.7
HSEh1PBE? 2.6 46
03LY” 34 53
Mo062X” 33 53
B97D 42 59
CAM-B3LYP? 3.5 5.6
WB97XD” 4.7 6.7
BD(T)* 3.1 5.0
CcCsD(T)* 32 5.1
QCISD(T)* 33 52

aErel = Eketoenol tautomer Ediketo tautomer (8a)* b6'311+G(le) basis set.
“cc-pVTZ basis set. “B3LYP/6-311+G(d,p) optimized structure.

state properties, and vibrational frequencies. In order to obtain
accurate information concerning the optimum levels of theory
for consistently predicting electronic structures, noncovalent
interactions, and relative energies, we utilized the density
functionals B3LYP, B3PW91, PBE1PBE, PBEh1PBE, M062X,
CAM-B3LYP, and WB97XD with the 6-311+G(d,p) basis set
and MP2 with the 6-311+G(d,p) basis set. It has been demon-
strated that hybrid density functionals combine accuracy with
computational speed and ease of use to give reliable predictions
and calculation results. B3LYP is the most widely used density
functional, M062X is known for predicting accurate activation
barriers, CAM-B3LYP is the long-range corrected version of
B3LYP using the Coulomb attenuating method, and WB97XD
includes empirical dispersion and long-range corrections. CAM-
B3LYP and WB97XD will be useful since intramolecular hydro-
gen bonding and nonbonding interactions influence the
biological functions, interactions, and shapes of amino acids,
enzymes, peptides, and proteins. BD(T),” CCSD(T),*”° and
QCISD(T)"" with the cc-pVTZ basis set”* were used for high level
energy calculations. CCSD(T) is known to give excellent energy
results and, as will be seen below, BD(T) and QCISD(T) predict
very similar or the same relative energy values as CCSD(T).

Electronic and Molecular Structures. Dimedone (8) can
exist in the diketo chair form (8a, C, ¢ = 4.1) and in the
ketoenol half-chair forms (cis-8b, C2—H and H—O7 are cis, j =
3.6) and (trans-8c, C2—H and H—O7 are trans, y = 5.9, eq 2,
Figure 1).”%7%" Although 1,3-cyclohexanedione has a boat
diketo form, the boat diketo structure (8d) of dimedone
optimizes to the diketo chair tautomer (8a). Rotamers 8b and
8¢ can be interconverted by rotation about the C1—-O7 bond
and the computed C1—C2—C3 bond angles in 8a, 8b, and 8¢
are 113.4°, 121.4°, 121.3° respectively. The DFT methods
predict half-chair conformations for the ketoenol tautomers 8b
and 8c, which resemble the half-chair conformation of
cyclohexene (eq 2, Figure 1). In the B3LYP/6-311+G(d,p)
geometry optimized half-chair conformation of cyclohexene the
C1-C2=C3-C4 and C1-C6—C5—C4 dihedral angles are
1.6° and 60.2°, respectively, which are similar to those in 8b
and 8c (Figure 1). The ketoenol form (8b) may also exist as
dimeric and polymeric structures as solids and in solution.**™**
The enol crystal structure of dimedone (8b) has been described
as having an envelope conformation with C1, C2, C3, C4, and

dx.doi.org/10.1021/jp409022m | J. Phys. Chem. B 2013, 117, 16000—16012
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Cys-SH-IV

Cys-SH-V

Cys-SH-IlI

Cys-SH-VII

Figure 2. Noncovalent distances in the B3LYP/6-311+G(d,p) geometry optimized lowest energy conformers of cysteine (Cys-SH).

C6 in a common plane, with C5 above it.*"~** Table 1 shows
that the diketo form (8a) is more stable than either the cis-
ketoenol form (8b) or the trans-ketoenol form (8¢, Figure 1).
The NPA charges on atoms O7, C1, C2, C3, and O8 in 8a are
—0.539, 0.589, —0.568, 0.589, and —0.539, respectively, and in 8c
they are —0.659, 0.405, —0.382, 0.529, and —0.574, respectively.
It is known that amino acids exist as zwitterions in aqueous
solution and in the crystalline state and as conformationally
flexible neutral (nonionized) forms in the gas phase. Although
the structure and relative energies of conformers of neutral
cysteine (1, Figure 2) have been extensively studied and
discussed,®> ™ there does not appear to be any reports on the
structures of the conformers of cysteine sulfenic acid (Cys-
SOH, 2). Obtaining the correct order of relative conformational
energies for 1 and 2 is difficult with so many conformers within
such a small energy range. However it is seen in Table 2 that the
results in this study and the results from previous high-level
computational quantum chemistry studies in the chemical
literature®~*% predict conformer Cys-SH-I to be the lowest
energy structure for cysteine (1, Figure 2). Conformer Cys-SH-I
is stabilized by intramolecular hydrogen bonds (O—H--N, S—
H--O=C, N—H--S), dispersive and steric interactions, and
electrostatic, exchange, and hyperconjugative electronic effects.’’
Structural differences and similarities among the six lowest
energy conformers of gaseous cysteine (1, Figure 2) and the six
lowest energy conformers of gaseous cysteine sulfenic acid
(Cys-SOH, Figure 3) are seen in a comparison of their respec-
tive geometry optimized structures. Among the six lowest
energy structures of Cys-SOH, all levels of theory used pre-
dict structure Cys-SOH-2 to be the lowest energy conformer
(Table 3). A conformation with a s-cis carboxyl group (O—H
bond is cis relative to the O=C bond) is sometimes lower in
energy than its s-frans conformation. Interestingly, conformers

Table 2. Relative Energies of Low Energy Conformers of
Cysteine (Cys-SH, I-V, VII)

E."

level of theory I II I v A% VII
BD(T)>* 0.0 1.4 1.8 2.1 17 2.1
CCSD(T)?* 0.0 1.4 1.8 2.1 1.7 2.1
QCISD(T)>* 0.0 1.4 1.8 2.1 17 2.1
G3? 0.0 11 1.3 15 LS 2.0
G3° 0.0 12 14 1.7 17 2.0
CCsD(T)/CBS 0.0 LS 1.6 2.0 1.8 2.0
MP28 0.0 1.6 1.8 2.1 22 22
ccsp” 0.0 1.4 11 1.6 1.3 LS
B3LYP* 0.0 0.9 1.7 2.1 13 L5
MpPY 0.0 LS 1.3 14 1.6 2.1

“Erel = Eeonformer — Econformer 1 i Kcal/mol. bcc-pVTZ basis set, this
study. “Computed at the B3LYP/6-311+G(d,p) optimized geometries.
dG3(MP2)//B3LYP, ref 88. °G3, ref 88.fExtrapolated from the focal
point analysis. Computed at the MP2/aug-cc-pV(T+d)Z reference
geometries, ref 87. ®MP2/aug-cc-pV(T+d)Z Computed at the
MP2/ aug-cc-pV(T+d)Z reference geometries, ref 87. hCCSD/ aug-cc-
pV(T+d)Z. Computed at the MP2/aug-cc-pV(T+d)Z reference geometries,
ref 87. 'B3LYP/ aug-cc-pVTZ. Computed at the B3LYP/aug-cc-
pV(T+d)Z reference geometries, ref 87./MP2/aug-cc-pVTZ B3LYP plus
zero point energy corrections taken from refs 87, 85, 86, and 90.

Cys-SH-1 and Cys-SH-II, with s-trans carboxyl groups, are
lower in energy than the other conformers with s-cis carboxyl
groups (Figure 2). In contrast, conformer Cys-SOH-2, which is
structurally similar to Cys-SH-V and has a s-cis carboxyl group,
is lower in energy than conformers Cys-SOH-1 and Cys-SOH-
S with s-trans carboxyl groups. One conformer may be sta-
bilized more than another, depending on the number and types of
intramolecular interactions it has. As in Cys-SH-I, Cys-SOH-2

dx.doi.org/10.1021/jp409022m | J. Phys. Chem. B 2013, 117, 16000—16012
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2.082
[2'823] [2.028] 2.761
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Figure 3. Atom numbering, torsion angles (z), and noncovalent distances (B3LYP, [B3PW91], (PBE1PBE), {MP}) in the B3LYP/6-311+G(d,p)
geometry optimized lowest energy conformers of cysteine sulfenic acid (Cys-SOH).

is also stabilized by intramolecular interactions owing in part to the
polar functional groups (carbonyl C=0, amino NH,, hydroxyl
OH, sulfenic acid SOH), which possess acceptor and donor prop-
erties. Cys-SOH-2 has four strong hydrogen bonding interactions.
The carbonyl oxygen atom (O6) in Cys-SOH-2 forms a bifurcated
hydrogen bond with the amino group (4.3 keal/mol) and there is
strong hydrogen bonding between O2—H and N8 (8.6 kcal/mol),

16004

as well as between O7—H and 06 (4.3 kecal/mol).*” Thus, as in
Cys-SH-I, Cys-SOH-2 is stabilized by intramolecular hydrogen
bonds, dispersive and steric interactions, and electrostatic, exchange,
and hyperconjugative electronic effects.

Water Complexes. Water complexes of amino acids play
very important roles in biochemistry and biology. The func-
tional groups in Cys-SOH-2 are capable of participating in

dx.doi.org/10.1021/jp409022m | J. Phys. Chem. B 2013, 117, 16000—16012
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Table 3. Relative Energies of Conformers of Cysteine
Sulfenic Acid (Cys-SOH-1—Cys-SOH-6)

NS

level of theory 1 2 3 4 S 6
B3LYP? 17 0.0 13 1.0 LS 18
O3LYP? 2.0 0.0 12 1S 0.8 12
B3PW91” 12 0.0 LS 0.9 1.0 2.0
HSEh1PBE? 1.0 0.0 1.4 0.6 12 1.9
TPSSTPSS? 1.0 0.0 1.7 1.0 0.7 1.8
Mo062x% 1.1 0.0 0.5 2.1 24 1.6
Mp2? 2.1 0.0 1.0 0.2 19 €

B97D? 13 0.0 0.9 13 13 19
CAM-B3LYP? L5 0.0 1.4 2.5 1.8 1.8
WB97XD? 13 0.0 1.0 2.5 17 19
BD(T)%4 0.9 0.0 13 0.5 1.6 1.9
ccsD(T)s 0.9 0.0 13 0.5 1.6 1.9
QCISD(T)** 0.8 0.0 13 0.5 1.6 1.9

“Erel = Econtormer — Econormer 2+ 6-311+G(d,p) basis set. “cc-pVTZ basis

set. “B3LYP/6-311+G(d,p) optimized structure. “Conformer 6 op-
timized to conformer 3.

nonbonding interactions and hydrogen bonding that leads
to a large number of possible Cys-SOH-2 water complexes
of varying relative stabilities. One example is adding water mol-
ecules to both the amino and sulfenic acid groups (Figure 4)

and another example is adding water molecules to the carboxyl
group (Figure S). It is seen that the sulfenic acid functional
group and the strong intramolecular nonbonding and hydrogen
bonding interactions involving the amino group strongly influ-
ence the conformational structure of Cys-SOH-2. The search
for low energy Cys-SOH-2 water complexes for this study
included the objective to have the amino and sulfenic acid
groups of the reactant complexes to maintain the same struc-
ture as the water free Cys-SOH-2 structure (Figure 4).

Infrared Spectroscopy. The frequencies and line intensities
in the infrared (IR) absorption spectrum are unique identifiers
for the structure and provide information on the forces that hold
the molecule together. Thus, computed vibrational spectra of
molecules in the gas phase are valuable in conformational and
structural studies. In addition, accurate computations of vibrational
spectra are important in the interpretation of experimental results
and experimental spectra. It has been shown that B3LYP with
diffuse basis set, which was used in this study, offers a cost-effective
choice for predicting molecular vibrational properties.”*”> The
infrared spectra of aliphatic amino acids are generally reported as
hydrochlorides or other salts, as sodium or other cation salts, or as
zwitterions. A recent infrared photodissociation (IRPD) spectral
study of a proline-chloride anion cluster indicated that proline is in
its neutral form as opposed to a zwitterion.””

Table 4 summarizes the calculated characteristic and infor-
mative frequencies of the six lowest energy gaseous conformers

Cys-SOH-2---2H,0

Cys-SOH-2---3H,0

Figure 4. Hydrogen bonds and examples of the B3LYP/6-311+G(d,p) geometry optimized structures of cysteine sulfenic acid (Cys-SOH-2) one-,
two-, and three-water complexes involving the amino and sulfenic acid groups.
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Cys-SOH-2---H,O

Cys-SOH-2---3H,0

Figure 5. Hydrogen bonds and examples of the B3LYP/6-311+G(d,p) geometry optimized structures of cysteine sulfenic acid (Cys-SOH) one-,
two-, and three-water complexes involving the carboxyl group.

Table 4. Calculated Characteristic Infrared Stretching Vibrations and Intensities of Conformers (Cys-SOH-1—Cys-SOH-6) of
Cysteine Sulfenic Acid

bond*” 1 2 3 4 s 6
S-C 660 (12) 649 (4) 682 (6) 657 (16) 654(8) 637 (21)
S-0 733 (40) 730 (24) 725 (61) 712 (53) 722 (70) 735 (35)
Cc-0¢ 1208 (29) 1118 (117) 1174 (S8) 1143 (31) 1202 (22) 1156 (41)
Cc=0 1813 (289) 1809 (324) 1792 (262) 1819 (303) 1834 (359) 1783 (288)
0O7-H 3503 (197) 3749 (77) 3743 (77) 3754 (68) 3470 (248) 3741 (67)
N-H sym 3482 (42) 3487 (10) 3504 (4) 3501 (12) 3496 (18) 3496 (S)
N—H asym 3584 (12) 3565 (14) 3584 (11) 3579 (20) 3566 (24) 3590 (13)
02-H 3665 (170) 3596 (218) 3755 (885) 3790 (77) 3786 (82) 3676 (227)

“B3LYP/6-311+G(d,p) optimized structure. Relative intensities are in parentheses. “Other C—O vibrations as well as C—N vibrations also occur in
this region.

(Cys-SOH-1—Cys-SOH-6) of cysteine sulfenic acid, which are
similar to those calculated and observed for cysteine (Cys-SH,
1).357%7%9%2 The relatively weak C—S stretching bands for the
conformers of cysteine sulfenic acid (Cys-SOH-1—Cys-SOH-6)
are observed in the 660 + 23 cm™! region and the O-S§
stretching vibrations are observed in the 724 + 13 cm™! region.
The C—O stretch region is between 1118 and 1208 cm~! and
the strong C=O0 stretching vibrations range is from 1783 to

1834 cm™". The N—H asymmetric stretching vibrations give
rise to strong bands in the 3578 + 13 cm™! region and the
weaker symmetric N—H stretching bands appear in the 3493 +
11 em™! region. The strong O2—H stretching bands of the
sulfenic acid groups are in the 3728 + 63 cm™! region and the
strong O7—H stretching vibrations of the carboxyl groups are
in the 3612 + 142 cm™! region. It is also seen in Table 4 that
the intensities of the O2—H stretching vibrations of the sulfenic
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TS

TSH,0

Figure 6. B3LYP/6-311+G(d,p) optimized zero water (TS) and one water-assisted (TSH,0) transition state structures for the reaction of cysteine
sulfenic acid (Cys-SOH-2) with the ketoenol (8b) tautomer of 5,5-dimethyl-1,3-cyclohexanedione (dimedone).

Table 5. Energy Barriers to the Addition of Cysteine Sulfenic
Acid (Cys-SOH-2) to Ketoenol (8b) Through Zero Water
(TS) and Water-Assisted (TSH,0, TS2H,0, TS3H,0)
Transition States

AE®
level of theory TS TSH,O TS2H,0 TS3H,0
B3LYP? 40.4 182 142 259
B3PW91” 413 173 11.6 23.8
PBEIPBEY 402 20.1 8.4 18.0
PBEh1PBE® 39.9 212 82 17.7
Mo062X? 22 22.1 8.7 192
CAM-B3LYP® 45.4 18.0 15.0 274
WB97XD” SL.1 17.0 11.9 232
aAE = Etransition state Ereactants' b6'311+G(d:P) basis set.

acid groups are stronger than those of the O7—H carboxylic
acid stretching vibrations.

Reaction Mechanism. The sulfur atom in a sulfenic acid
has an oxidation state of zero and the presence of the elec-
tronegative oxygen lowers the electron density and increases
the electrophilicity of the sulfenyl sulfur. The electrophilic sulfenyl
sulfur can react with nucleophiles such as alkenes, enamines,
and enols. It is reasonable to expect sulfenic acids to undergo
electrophilic addition reactions with the ketoenol tautomer
(8b) of dimedone to form thioethers (sulfides, sulfenylation,
eq 2). Thus, in the gas phase, Cys-SOH-2 will react exo-
thermically with ketoenol (8b) through a distorted cyclic six-
membered transition state structure (TS, Figure 6) to afford the
thioether product (eq 2). The flow of electrons, bond breaking,
and bond making during the reaction of Cys-SOH-2 and
ketoenol (8b) are shown in the transition state structure TS
(Figure 6). The O7--H--O distances of 1.480 and 1.036
suggest that the proton has been transferred from the ketoenol
(8b) to the hydroxyl group of the sulfenic acid group in order

Table 6. NPA Charges for Cys-SOH-2, CySOH Water
Complex (2+H,0), Ketoenol (8b), Transition States TS and
TSH,O0, and Water

atom” H,0 TS 2---H,0 TSH,0
H, 0.458 0.487 0.526
O1 —-0916 —0.966 -0.970
H, 0.458 0.465 0.484
8b
gas TS TSH,O
Cl 0.425 0.514 0.505
o7 —0.664 —0.667 —0.736
07-H 0.477 0.501 0.523
C2 —0.416 —0.416 —0.488
C3 0.532 0.502 0.495
08 —0.576 —0.562 —0.665
Cys-SOH-2
gas TS 2---H,0 TSH,O
S1 0472 0.370 0.470 0.485
02 —0.836 —0.862 —0.867 —0.832
02-H 0.496 0.500 0.506 0.514
C3 —0.549 —0.565 —0.554 —0.574
C4 —0.140 —-0.147 —0.134 —0.130
CS 0.794 0.801 0.793 0.796
06 —-0.599 —-0.579 —-0.594 —0.601
o7 —0.689 —0.734 —0.696 —0.667
O7-H 0.496 0.496 0.489 0.495
N8 —0.863 —0.828 —0.874 —0.859
N8-H, 0.377 0.364 0.396 0.398
N8-H, 0.369 0.363 0.373 0.385

“B3LYP/6-311+G(d,p) optimized structures.

to convert OH into a better leaving group. Concurrently, the
C1-07 bond is becoming shorter as the carbonyl group is
forming, the C1—C2 bond becomes longer as the hybridization
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Figure 7. B3LYP/6-311+G(d,p) optimized two water and three water-assisted transition state structures for the reaction of cysteine sulfenic acid
(Cys-SOH-2) with the ketoenol tautomer of 5,5-dimethyl-1,3-cyclohexanedione (dimedone).

at the carbons is changing from sp* to sp®, and C2—S bond
formation is occurring. In addition, there is hydrogen bonding
in transition state TS between the hydrogen of the OH of the
sulfenic acid and O7 of the carboxylic acid. The C2—S—O angle
in transition state structure TS is 72.1° and the C1-C2—C3
bond angle of ketoenol (8b) and its half-chair conformation do
not change in going from the ground state to transition state
structure TS (dihedral angle = C3—C2—C1-C6 = 2.6° and
C3—C4—C5—C6 = 54.3°). The reactants and product were
connected by an intrinsic reaction coordinate (IRC) calculation
in which the imaginary mode for the transition state is followed
in both the forward and reverse directions.”® Table 5 shows
that B3LYP, B3PW91, PBEIPBE, PBEh1PBE, and M062X
predict the activation barrier for the addition of Cys-SOH-2 to
ketoenol (8b) through water-free transition state TS in the gas
phase to be in the range of 39.9 to 42.2 kcal/mol and that
CAM-B3LYP and WB97XD predict a larger barrier.

It is seen in Table S that inclusion of one water molecule
to give the cyclic eight-membered transition state structure
TSH,O for the reaction of Cys-SOH-2 with ketoenol (8b)
significantly lowers the activation barrier (Figure 6). The seven
levels of theory predict an activation barrier in the range of 17.0
to 22.1 kcal/mol, which is lower than that for the reaction path
through the water-free transition state TS. The addition of
water helps to relieve strain in TS, stabilize charges, and
facilitate the proton transfer from ketoenol (8b). The O7—H
hydrogen in ketoenol (8b) has been transferred farther (1.532)
in the water-assisted TSH,O than in the water-free transition
state TS (1.480), which is consistent with the increased negative
charges at C1 and O7 in TSH,O (Table 6). The C2—S—O bond
angle (133.5°) and the C2—S distance (2.863) in TSH,O are
greater than those in the water-free TS, but the S—O distance
(1.866) is shorter than that in TS. The C1—C2 (1.405), C2—
C3 (1.432), and C3—O08 (1.241) bond distances in TSH,O
are consistent with electron delocalization. It is seen in TSH,O
that there is a nonbonded interaction between the hydrogen of

Table 7. NPA Charges for Cys-SOH-2, CySOH Water
Complexes (2-2H,0, 2-+3H,0), Ketoenol (8b), Water, and
Transition States TS2H,0 and TS3H,0

atom® H,0 2--2H,0  TS2H,0  2--3H,0  TS3H,0
H, 0.458 0.460 0.521 0.488 0.523
O1 -0.916 —0.973 —0.879 —0.958 —0.974
H, 0.458 0.501 0.514 0.464 0.478
H, 0.502 0.516 0.494 0.502
02 —0.983 —0.983 —0.969 —0.897
Hy 0.467 0.478 0.488 0.508
H, 0.503 0.517
03 —0.987 —0.910
He 0.468 0.490
8b

C1 0.425 0.589 0.521
o7 —0.664 —0.654 —0.709
O7-H 0.477 0.524 0.509
C2 —0.416 —0.545 —0.509
C3 0.532 0.548 0.510
08 —0.576 —0.606 —0.688
Cys-SOH-2

S1 0472 0.472 0.314 0.475 0.453
02 —0.836 —0.888 —1.023 —0.927 —0.952
0O2-H 0.496 0.512 0.452 0.517 0.513
C3 —0.549 —0.551 —0.531 —0.547 —0.524
06 —0.599 —0.594 —0.609 —0.590 —0.608
o7 —0.689 —0.697 —0.680 —0.697 —0.679
N8 —0.863 —0.885 —0.849 —0.885 —0.867
N8-H, 0.377 0414 0.387 0.421 0.380
N8-H, 0.369 0.373 0.379 0.376 0.369

“B3LYP/6-311+G(d,p) optimized structures.

the OH group of the sulfenic acid group and the lone pair on
nitrogen (Figure 6). Table 6 shows that the charges have
increased at the atoms in water in the 1:1 cysteine water
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8-eq

8-enol

Figure 8. B3LYP/6-311+G(d,p) geometry optimized structures of the enol tautomer (8-enol) and the predicted axial (8-ax) and equatorial (8-eq)
thioethers from the reaction of cysteine sulfenic acid (Cys-SOH-2) with ketoenol (8b).

complex (2--H,0) and in TSH,0. Table 6 shows that the
negative charges at C2, O7, and O8 in 8b have not changed in
going to transition state TS but are more negative in TSH,O.
The positive charge at C3 in 8b has decreased in going to TS
and to TSH,O. Relative to 8b, the positive charge on the sulfur
atom is smaller in TS and is slightly larger in TSH,O, the
charge on the sulfenic acid oxygen (O2) is larger in TS and
essentially unchanged in TSH,O, and the O2—H has a larger
positive charge in TSH,O than in TS.

Table S also shows that the inclusion of two water molecules
to the transition state structure further lowers the activation
barrier, but inclusion of a third water molecule raises the
activation barrier (Figure 7). The inclusion of water molecules
in the transition state structures sets up a system by which the
proton from the O7—H bond may diffuse through a hydrogen-
bonded network of water molecules in a Grotthuss-type
mechanism.”®'%* The O7—H distance in the transition state
TS is shorter than those in TSH,O, TS2H,0, and TS3H,O,
whereas the S—O distance in transition state TS is longer than
those in TSH,0, TS2H,0, and TS3H,0 (Figures 6 and 7).
Loss of the proton from ketoenol (8b) in the transition state
structures leads to more enolate character in 8b and increased

nucleophilicity at C2. The C—S distance in transition state TS
is shorter than that in TSH,O but is longer than those in
TS2H,0 and TS3H,O0. Although the conformation of the six-
membered ring in (8b) does not change in going from ground
state reactant to the transition state structure TS (u = 4.6), the
six-membered rings in TSH,0 (4 = 7.0), TS2H,0 (¢ = 1.8),
and TS3H,0 (u = 3.8) have distorted half-chair conformations.

There are larger positive charges on the N—H and O—H
hydrogens that are involved in hydrogen bonds than on those
that are not involved in hydrogen bonding. In going from
ground state to transition state TS, the negative charge at C2 in
the ketoenol (8b) does not change, but it increases in the other
three transition states, with the largest increase in TS2H,0
(Tables 6 and 7). The negative charge at O7 in the ketoenol
(8b) is essentially the same in transition state TS, decreased in
TS2H,0, and increased in TSH,O and TS3H,O, and the
positive charges at the O7—H and CI1 are increased in the four
transition states. The positive charge on C3 in ketoenol (8b)
increases only in TS2H,O, the negative charge on O7 in 8b
decreases only in transition state TS, and the positive charge at
sulfur only in transition state TSH,O. The negative charge on
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02 is increased in the four transitions states, with the largest
change occurring in TS2H,O0.

The structures of the axial (8-ax) and equatorial (8-eq)
sulfide products from the reaction of the lowest energy con-
former (Cys-SOH-2) of cysteine sulfenic acid with the ketoenol
(8b) are shown in Figure 8. The enol isomer (8-enol) is 6.5 and
6.4 keal/mol lower in energy than the respective axial (8-ax) and
equatorial (8-eq) isomers (Figure 8).

The data presented above are consistent with the prediction
that the reaction of the lowest energy conformer (Cys-SOH-2)
of cysteine sulfenic acid with the enol form (8b) of dimedone
probably proceeds through a ten-membered cyclic hydrogen
bonded transition state containing two water molecules
(TS2H,0, Figure 7). The water molecules assist in orienting
the structure of the transition state in order to facilitate the
proton transfer process.

B CONCLUSIONS

The six lowest energy conformers of the amino acid cysteine
(Cys-SH, 1) were confirmed in the gas phase and the six lowest
energy conformers of cysteine sulfenic acid (Cys-SOH, 2) in
the gas phase are reported for the first time. The important
structural features and characteristic and informative vibrational
frequencies of conformers of Cys-SOH (2) are also described.
The structures of selected cysteine sulfenic acid 1:1, 1:2, and
1:3 water complexes were also located and investigated. Factors
that contribute to the relative stability of conformers of cysteine
(Cys-SH, 1) and cysteine sulfenic acid (Cys-SOH, 2) in a par-
ticular environment include subtle interplay among electronic
effects, electrostatic interactions, experimental conditions, induc-
tive effects, intramolecular and intermolecular hydrogen bonding
interactions, and steric factors.

Transition state TS has the half-chair conformation and
transition states TSH,O, TS2H,0, and TS3H,0 have distorted
half-chair conformations. The mechanism of the reaction of the
lowest energy conformer of cysteine sulfenic acid (Cys-SOH-2)
with 3-hydroxy-5,5-dimethyl-2-cyclohexen-1-one (8b), the enol
tautomer of $,5-dimethyl-1,3-cyclohexadione (dimedone, 8),
probably proceeds through a cyclic 10-membered hydrogen-
bonded transition state structure with two water molecules
(TS2H,0) rather than through a water-free 6-membered ring
structure (TS), or through an 8-membered ring transition state
with one water molecule (TSH,0), or through a 12-membered
ring transition state structure with three water molecules (TS3H,0).
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