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ABSTRACT: Computational and experimental evi-
dence that participation of a remote heteroatom oc-
curs during the formation and decomposition of per-
sulfoxides is presented. The experimental ramifica-
tions of remote participation includes a dramatic in-
crease in the rate of reaction with singlet oxygen and
a decrease in the conformationally dependent abil-
ity of sulfides to physically deactivate singlet oxygen.
The ability of different heteroatoms to participate is
evaluated with a natural bond orbital analysis, and
a comparison of the extent of participation in per-
sulfoxides and their homologous sulfoxides is pre-
sented. © 2007 Wiley Periodicals, Inc. Heteroatom Chem
18:591-599, 2007; Published online in Wiley InterScience
(www.interscience.wiley.com). DOI 10.1002/hc.20343

INTRODUCTION

The use of molecular oxygen as a terminal oxidant
is both economically and environmentally attrac-
tive. Unfortunately, the triplet ground state coupled
with the small size of dioxygen has made molecu-
lar oxygenations notoriously difficult to control. On
the other hand, there are two low-lying metastable
singlet excited states ('A, and 'Z;) of dioxygen [1].
The dioxygen 'A, state lies approximately 22.5 kcal
mol™', and the ') state approximately 37 kcal
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mol™', above the paramagnetic triplet (*Z;) ground
state. The ' A, state, but not the ' = state, has a suffi-
cient lifetime to undergo bimolecular reactions with
organic substrates and is sufficiently influenced by
steric, hydrogen bonding, and stereoelectronic ef-
fects to render it synthetically useful [2-4]. In ad-
dition to its synthetic utility, singlet oxygen ('A,)
has also been used as a cytotoxic agent to destroy
cancerous tumors in a process called photodynamic
therapy [5-7]. Consequently, the mechanistic details
of its reactions with sulfur centers that are ubiqui-
tous in biomolecules are of special interest.

The first example of the reaction of singlet oxy-
gen ('A,) with a sulfide was reported in 1962 by
Schenck and Krauch [8]. The intricacies of the po-
tential energy surface of this surprisingly complex
reaction are now reasonably well understood and
are depicted in Scheme 1 [9]. The mechanism in-
volves two intermediates, a persulfoxide, 1, and a
hydroperoxy sulfonium ylide, 2. The persulfoxide is
only weakly bound, and its decomposition to triplet
oxygen and the sulfide substrate is responsible for
the very low quantum yields typically observed in
these reactions [10].

The ability of an intramolecular nucleophile to
add to the sulfonium sulfur of the persulfoxide in-
termediate, 1, was demonstrated as early as 1977
with the elegant study of methonine photooxygena-
tion [11]. However, until recently [12] no system-
atic study of the conformational features of the
substrates, the influence of the identity of the remote
nucleophile (heteroatom), or the influence of the
heteroatom on the overall efficiency of the reaction
had been undertaken. In this paper, we describe the
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influence of a remote heteroatom on the photooxy-
genations of a series of five-heteroatom substituted
cyclooctylsulfides, 3, and a comparison of the inter-
action of the heteroatom in the persulfoxide inter-
mediates, 3PS, and in the homologous sulfoxides,
3S0.
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RESULTS AND DISCUSSION
Product Analysis

The reaction of singlet oxygen ('A,) with 1,5-
dithiacyclooctane, 3(X=S) is mechanistically well
behaved, conforming well to the generic mechanism
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depicted in Scheme 1. Photolysis of high concentra-
tions (0.05-0.10 M) of 3(X =S) and Rose Bengal (2 x
1073 M) gives exclusively the sulfoxide, 3SO(X =S),
that reacts further, upon extended irradiation at
—80°C, to give cis-bissulfoxide with a mass balance
of 100% [13]. In contrast, at 20°C, a mixture of both
cis- and trans-bissulfoxides was obtained with a sig-
nificantly reduced mass balance (Scheme 2). The by-
products formed at room temperature appear to be
the ring cleavage products as reported by Foote and
coworkers [14].

Kinetic Studies

The total rate constant for removal of singlet oxy-
gen from solution by sulfides, kr, is given by Eq. (1).
In this equation, k. is the rate constant for chemi-
cal reaction and k, is the rate constant for physical
quenching of singlet oxygen by the sulfide.
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kr =k, + kq (1)

1
% = obsd[IOZ] (2)
kobsd = kT[3(X= S)] + kd (3)

The measured rate constants, k.4, for 3(X=S) were
measured by following the time-resolved decay of
singlet oxygen at 1270 nm as a function of sulfide
concentration and includes a contribution from the
rate constant for the natural decay of singlet oxygen
in acetone, ky. (Egs. (2) and (3)). The total rate con-
stant (kr =5.3 x 10" M~! s7') was extracted by plot-
ting k.psq versus sulfide concentration according to
Eq. (3). The chemical rate constant (k,=3.73 x 107
M~! s7!) was measured by a competitive method [15]
by measuring the rate of disappearance of 3(X=S)
relative to the rate of formation of the allylic hy-
droperoxide from reaction of 2,3-dimethyl-2-butene
(ky=2.7x 10" M~! s71) [16]. With k; and k., in hand,
ky (1.57 x 10" M™! s7!) was determined by their dif-
ference (Eq. (1). These values indicate that 70% (i.e.,
k./kr = 0.70) of the singlet oxygen is incorporated into
product, and only 30% is physically deactivated dur-
ing reaction of 3(X =S).

Trapping Studies

Intermediates in sulfide photooxygenations are elu-
sive as judged by the absence of any report of the di-
rect spectroscopic observation of either a persulfox-
ide, 1, or hydroperoxysulfonium ylide, 2. Neverthe-
less, trapping experiments have provided compelling
evidence for their presence on the reaction surface
[17]. Diphenylsulfide, Ph,S, and diphenylsulfoxide,
Ph,SO0, are especially advantageous trapping agents
since suitably substituted derivatives simultaneously
report on the electronic character of the interme-
diate. Cophotooxidation of both of these trapping
agents with 3(X =S) resulted in their oxidations de-
spite the fact that they are unreactive under the re-
action conditions in the absence of the sulfide sub-
strate. Plots of the product ratios during these trap-
ping experiments as a function of the 3(X=S) con-
centration are depicted in Fig. 1.

The observation of straight lines and the
change in the slope of the lines when the ra-
tio [3SO(X =S)J/[Ph,S0O] is plotted versus 1/[Ph,S]
(Fig. 1a) is consistent with competitive trapping of
an intermediate by Ph,S and 3(X=S) as predicted
in Scheme 1. Quantitative treatment of the mecha-
nism (Scheme 1) using kpys as the rate constant for
trapping of the hydroperoxysulfonium ylide by Ph,S
gives Eq. (4). The value of ks/kpys of 20.8 extracted
from this data indicates that 3(X =S) is a much bet-
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ter trapping agent than Ph,S. The insensitivity of the
slope to the 3(X=S) concentration in the sulfoxide
trapping experiment (Fig. 1b) indicates that Ph,SO
and 3(X=S) do not compete with each other for an
intermediate, again consistent with the mechanism
depicted in Scheme 1 and, quantitatively described
by Eq. (5). The value of kx/kso = 1.16 extracted from
this data indicates that the efficiency of trapping
and interconversion of the persulfoxide, 1, to the hy-
droperoxy sulfonium ylide, 2, is approximately the
same in the reaction of 3(X =S) with singlet oxygen.

[3S0(X=S)] 2ks[3(X=S)] )
[Ph,SO] kpus[Ph,S]
[330(X=8)] 2l
[Ph,;S0.] ' &solPh,SO] ®
Isotope Effect Study

The formation of the hydroperoxy sulfonium ylide,
2, during reaction of 3(X=S) was established by
examination of the dj-isotopomer, 3d,(X=S), as
shown in Scheme 3 [18]. The observation of a sig-
nificant isotope effect (ku/kp =1.21 + 0.09 =[3SOv-
d,]/[3S0«-d,]) is consistent with hydroperoxy sulfo-
nium ylide formation. The preferred abstraction of
hydrogen rather than deuterium allows formation
of persulfoxide OOH to compete more effectively
than formation of OOD with physical quenching,
ky, ultimately leading to a [3SO0vy-d,]/[3S0«-d,] ra-
tio greater than 1.

Computational Studies

The product studies, the trapping studies, and the
kinetic isotope effect all suggest that 3(X=S) con-
forms to the mechanism adopted (Scheme 1) by
most simple dialkylsulfides. However, the kinetic
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FIGURE1
and (b) diphenylsulfoxide trapping reactions.

data are unusual. In particular, the 70% efficiency
(vide supra) for reaction of singlet oxygen with
3(X=S) is unusually high. For example, diethylsul-
fide [17] and the simple six-membered ring thiane
[12] react with less than 5% efficiency.

Since the efficiencies of singlet oxygen reactions
are a direct result of partitioning of the persulfoxide
intermediate (Scheme 1), we have computationally
examined these key intermediates formed in the re-
action of 3 and compared them to the homologous

Product ratios, as a function of 1/[trapping agent] as a function of the concentration of 3(X = S) for (a) diphenylsulfide

sulfoxides. Most of the computational studies were
done at the MP2/6-31G(d) level, and the location of
true minima was demonstrated by frequency calcu-
lations. Select persulfoxides and sulfoxides (Table 1)
were also examined at the MP2/6-311+G(p,d) and
the B3LYP/6-31G(d) level which demonstrated that
the geometries at these levels of theory (MP2 and
DFT) are fairly insensitive to the size of the basis set.
The average deviation of the dihedral angles around
the periphery of the persulfoxides, 3PS(X=S), and

Heteroatom Chemistry DOl 10.1002/hc
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the sulfoxides, 3SO(X=S), was greatest for PS2
(£2.76°) and less that 1.00° for all the other struc-
tures shown in Table 1.

The conformational potential energy surface for
3 is very complex; consequently, we have adapted
the approach of Furukawa and coworkers [19] to en-
sure a reasonable sampling of conformational space
and location of all important lower energy sulfoxides
and persulfoxides. This method involves the follow-
ing steps: (1) optimization of 3(X = S) conformations
generated by inserting the two sulfur atoms into the
various locations in the well-established conforma-
tions of cyclooctane [20] followed by replacement
of the sulfur with NH and O to generate 3(X=NH,
0), (2) addition of oxygen in various conformations
to the sulfur and optimization in order to locate
the persulfoxides, and (3) removal of the pendant
oxygen on each of the persulfoxides and opti-
mization to locate conformations of the sulfox-
ide. This protocol resulted in the identification of
18 persulfoxide conformations for 3 and 18 ho-
mologues sulfoxides. Only 4 of the 18 persulfox-
ide conformations located on the 3(X=S) reaction
surface have S—S intramolecular distances within

TABLE 1
Theory and Basis Set?

the van der Waals radii (3.6 10\) [21] of two sulfur
atoms. Remarkably, this list (Table 2) of four
persulfoxides includes three of the most stable
persulfoxide conformations. The homologous sul-
foxides are also listed for comparison in Table 2.
In every case, with the sole exception of 3PS5 and
3805, the intramolecular S-S distance in the sulfox-
ides is greater than in the persulfoxides.

All of the persulfoxides adopt a geometry in
which the O-O linkage is above the two «-carbons
nearly bisecting the C—S*—C bond (Fig. 2). The S—0
and O—O bond lengths in the persulfoxides, 3PS (X =
S), were between 1.59-1.65 A and 1.45-1.48A, re-
spectively. The S—O—0 angles were 108° + 4°, and
the S* -pendant (remote) oxygen distance was 2.48 &
0.06 A well outside the distance (<1.82 A) [9] that
could be construed to be an S—O bond in a three-
membered ring thiadioxirane. The sulfoxide oxygens
in the low-energy conformations depicted in Fig. 2
all adopt geometries that avoid destabilizing cross-
ring interactions and have remarkably uniform S—O
bond lengths of 1.52 £+ 0.01 A.

The core conformations of both the persulfox-
ides and the computationally derived sulfoxides are

Persulfoxide, 3PS(X = S), and Sulfoxide, 3SO(X = S) Geometries (Ring Fragment Dihedral Angles) as a Function of

Theory/Basis Set w1 w2 w3 w4 w5 we wy wg
PS1®  MP2/6-31G* 106.68 —71.28 66.11  —109.80 59.66 55.24 —-68.29 —39.96
MP2/6-311+G(d,p) 106.23 —71.11 66.38 —110.58 59.39 56.57 —70.09 —39.10
PS2 MP2/6-31G* 37.79 61.47 —40.16 —73.57 57.19 52.89 —48.54 —54.06
MP2/6-311+G(d,p) 31.26 66.94 —36.07 —78.38 50.09 57.95 —43.36 —60.07
PS3 MP2/6-31G* 41.65 —-103.48 81.59 —73.74 105.97 —48.22 -70.71 71.41
MP2/6-311+G(d,p) 4499 —-106.56 80.65 —72.43 106.02 —48.80 —70.80 69.71
PS4 MP2/6-31G* 123.84 —82.72 58.89 —-91.62 120.48 —77.93 57.97 —89.01
MP2/6-311+G(d,p) 122.90 —81.74 59.86 —93.75 121.21 —78.15 59.67 -91.10
PS5 MP2/6-31G* 45.11 48.66 —100.99 88.01 —94.56 54.16 55.62 —124.95
MP2/6-311+G(d,p) 42.68 51.11 -100.98 87.31 —95.90 55.32 56.76 —-123.73
PS10 MP2/6-31G* 114.42 —45.77 —41.99 108.56 —108.58 42.01 45.75 —-114.39
MP2/6—-311+G(d,p) 114.71 —44.95 —42.71 109.58 —109.58 42.71 4495 —-114.70
SO1 MP2/6-31G* 105.14 —72.25 66.80 —107.52 53.74 58.85 —66.33 —42.54
MP2/6-311+G(d,p) 104.87 —71.93 66.97 —108.21 53.47 60.26 —67.58 —42.25
B3LYP/6-31G* 105.00 —73.11 67.28 —105.82 52.51 59.38 —65.97 —42.14
S02 MP2/6-31G* 33.03 66.86 —34.79 —73.70 44.73 60.77 —-32.32 —69.34
MP2/6-311+-G(d,p) 31.26 68.85 —34.69 —74.26 39.98 62.35 —31.90 —70.16
SO3 MP2/6-31G* 50.73 —-111.82 75.87 —68.17 101.67 —42.20 —79.43 69.75
MP2/6-311+G(d,p) 52.03 —-112.86 75.90 —68.32 102.77 —43.50 -78.13 68.37
B3LYP/6-31G* 50.01 -110.77 75.46 —67.34 101.27 —42.39 -78.28 69.80
SO4 MP2/6-31G* 117.48 —85.72 63.09 —-91.57 115.73 —80.13 64.78 —89.69
MP2/6-311+G(d,p) 118.80 —85.82 62.04 -92.10 118.19 —80.11 63.44 —88.76
SO5 MP2/6-31G* 53.75 40.02 -101.27 90.60 —-92.74 54.37 5427 —127.83
MP2/6-311+G(d,p) 54.08 39.51 -101.33 91.48 —93.37 54.26 5442 —-128.51
SO10 MP2/6-31G* 112.27 —47.28 —44 .11 108.20 —108.20 4412 47.27 —112.26
MP2/6-311+G(d,p) 112.46 —46.52 —44.52 109.32 —109.32 44.53 46.51 —-112.46

aw;’s are the dihedral angles of a ring W-X-Y-Z fragment and are placed on structure 3PS above the central bond, X-Y, of that fragment. The
/’s increment in a clockwise fashion as you look at the ring from the face bearing the peroxide (O-O) or oxide (O) linkage.
“The number after the descriptor, PS or SO, refer to its relative energy at the MP2/6-31G* level.

Heteroatom Chemistry DOl 10.1002/hc
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TABLE 2 A Comparison of 3(X = S) Persulfoxides with the Shortest Sulfur—Sulfur Distances and Their Homologous Sulfoxides

E(kcal mol~1)a ds_s(A)? E(kcal moi~1)P ds_s (A)P
3PSt 0 3.16 3S01 0 3.29
3PS2 2.28 3.03 3502 4.31 3.15
3PS3 3.09 4.15 3503 0.28 423
3PS4 3.40 3.24 3504 1.63 3.41
3PS5 4.68 3.84 3505 2.06 3.83
3PS10 8.11 3.47 35010 457 3.57

“Relative energies and distances at the MP2/6-31G(d) computational level.
bRelative energies and distances at the MP2/6-311+G(d,p) computational level.

APsio

35010

FIGURE 2 Comparison of conformational projections of
MP2/6-31G(d) minimized structures of six 3(X = S) persulfox-
ides and six 3SO(X = S) sulfoxides with short intramolecular
S-S distances.

remarkably similar. The most stable persulfoxide,
3PS1, and 3PS3 adopt boat—chair conformations
very similar to the global minimum in cyclooc-
tane [20]. On the other hand, 3PS2 adopts a boat-
boat conformation that does not correspond to a
low-energy conformation in either cyclooctane or 3
[20]. 3PS4 is in an unusual chair-chair conforma-
tion. 3PS5 adopts a twist-boat-chair conformation
that, like the boat—chair conformation, has a rela-
tively high population in cyclooctane [20]. Finally,
3PS10 adopts a C, symmetric twist-chair conforma-
tion with the plane of symmetry containing both sul-
furs and oxygens. This plane is best observed in the
projection of 38010 in Fig. 2.

The sulfur-sulfur distance in all the low-energy
persulfoxide conformations depicted in Fig. 2, with
the exception of 3PS3, are shorter than that calcu-
lated (3.86 A; MP2/6-31G(d)) for the sulfur—sulfur
distance in the twist-boat chair global minimum in
3(X=S). Decomposition of the persulfoxide via the
physical quenching channel, k&, in Scheme 1, is sig-
nificantly exothermic [9] suggesting that the close
encounter between the heteroatoms in the persul-
foxides is preserved in the physical quenching tran-
sition state. We suggest that this is the fundamen-
tal reason for the enhance efficiency for reaction of
3(X=S) with singlet oxygen. Furthermore, we sug-
gest that the stability of the persulfoxides depicted in
Fig. 2 is in part because of electron donation of lone-
pair electron density from the remote heteroatom
into the antibonding S—O persulfoxide bond.

In order to explore the interaction between the
two heteroatoms in the persulfoxides derived from 3,
we have used a natural bond order analysis (NBO)
[22]. A natural bond order analysis takes the basis
set and converts it into localized basis sets, NBOs,
which are familiar to chemists when they deal with
localized bonds visualized by Lewis dot structures.
Most importantly, these NBOs can be used to calcu-
late the magnitude of donor-acceptor interactions

Heteroatom Chemistry DOl 10.1002/hc
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FIGURE 3 (a) Second-order perturbative interaction MP2/6-31G(d) energies as a function of S—X distance in 3PS (X=0,
NH, and S). (b) A comparison of second-order perturbative interaction MP2/6-311+4-G(d,p) energies for 3PS(X=S) and 3SO

(X=89).

[23]. These donor acceptor interactions are quantita-
tively expressed as second-order perturbative inter-
action energies as expressed by the equation given
in Fig. 3a. The stabilization energy, E(2), associ-
ated with the donor-acceptor interaction from the
ith donor to the jth acceptor NBO is a function of
the donor orbital occupancy, g;, the orbital energies,
¢; and ¢;, and the off-diagonal Fock matrix element,
F@,j).

Heteroatom Chemistry DOl 10.1002/hc

Figure 3a is a plot of these second-order pertur-
bative energies at the MP2/6-31G(d) level for per-
sulfoxides 3PS (X=0), 3PS (X= NH), and 3PS
(X=S) versus the X-persulfoxide sulfur distance.
As anticipated, these interaction energies decrease
as a function of the distance between the remote
heteroatom and the persulfoxide sulfur. The slope
of the correlation lines (i.e., the change in interac-
tion energy per angstrom) is a direct measure of the
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donorphilicity of the remote heteroatom and sug-
gests that NH and O are both better donor atoms
than sulfur. Figure 3b is a plot of the second-order
perturbative energies at the MP2/6-311+G(d,p) level
for persulfoxides 3PS (X =S) and their homologous
sulfoxides, 380 (X =S). This plot demonstrates that
remote participation is more important in persul-
foxides than in sulfoxides. This is consistent with
a reduced positive charge at the sulfoxide sulfur in
comparison to the persulfoxide sulfur as a result of
m-donation from the appended oxygen.

CONCLUSION

Persulfoxide stability directly determines the over-
all quantum yield for the reactions of singlet oxy-
gen with organosulfides. This study demonstrates
that this stability can be dramatically influenced
by nearby heteroatoms that can contribute electron
density to the persulfoxide sulfur. The magnitude
of this contribution depends on the ability to adopt
a collinear donor(X)-persulfoxide sulfur-oxygen array
at a donor(X)-persulfoxide sulfur distance less than
the sum of the Van der Waals radii of X and S.
This finding can potentially have important impli-
cations in directing the site of oxidation in proteins
and other natural products.

EXPERIMENTAL SECTION

1,5-Dithiacylcooctane was synthesized as reported
in the literature [13]. The kinetic studies were
carried out using the Nd:YAG-based system de-
scribed previously [24].

Kinetic Isotope Effect

The kinetic isotope effect studies were carried out
by irradiation of a CD;CN solution containing
6.25 x 100* M methylene blue and 0.0125 M 3d,
under continuous oxygen agitation with a 150-W
tungsten/halogen lamp through 1 cm of a saturated
NaNO, filter solution for 10 min. The reaction mix-
tures were analyzed immediately by proton NMR,
and the isotope effects were determined by integra-
tion of the appropriate regions.

Theoretical Studies

MP2 and DFT studies were carried out using
the Gaussian 03 program package [25]. The DFT
calculations used the well-established B3LYP func-
tional [26]. The stationary points from the MP2/6-
31G(d) calculations were all characterized by fre-
quency calculations. The MP2/6-31G(d) stationary

points were used as a starting point for the MP2/6-
3114+G(d,p) calculations.
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