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17 ABSTRACT: Aromatic heterocyclic oxides, such as dibenzothiophene S-oxide (DBTO), have been suggested to release ground
18 state atomic oxygen [O('P)] upon irradiation, and as such, they have been used to create a condensed phase reactivity profile for
19 OCP). However, thiols, which are highly reactive for OCP) in the gas phase, were not previously investigated. An earlier study of
O(’P) with proteins in solution indicated a preference for thiols. A further investigation of the apparent thiophilicity provided the
20 subject for this study. DBTO was employed as a putative O(P)-precursor. However, the effective rate of O(C'P) formation was
21 found to be dependent on reactant concentrations in certain cases. All reactants were found to increase the rate of deoxygenation to
22 some extent, but in the presence of reactants containing an alcohol linked to a reactive functional group, deoxygenation occurred
23 substantially more rapidly. The rate enhancement was quantified and attributed to the reaction of activated O-atom within the sol-
24 vent cage prior to escape into the bulk solution. Through competition experiments, the relative rate constants of OCP) with thiols
25 and other functional groups were found. A small preference for primary thiols was observed over other thiols, sulfides, and alkenes.
26 A much larger preference was observed for thiols, sulfides, and alkenes over aromatic groups. In summary, DBTO was successfully
27 used as an O(’P)-precursor, and the thiophilicity of OCP) was confirmed and quantified.
28
29
30 3 . .. . .
ence by O(P) for the thiol containing residue, cysteine, and
31 INTRODUCTION more significantly, OCP) oxidation was shown to specifically
32 Due to its role in combustion chemistry and production in target the regulatory cysteine residues.'' Given the conceivable
33 the upper atmosphere, atomic oxygen, O(P), is an important applications, it is important to understand the fundamental
34 gas phase reactive oxygen species (ROS)."> However, little is nature of the reactivity of O('P) with thiols.
35 known of thc? condensed phase chemlstrsy, p.rlmarlly. because Dibenzothiophene S-oxide (DBTO) is the most commonly
36 clean and mild methods to produce O('P) in solution have used OCP)-precursor for the study of OCP) in solution.”> UV
37 been l}lmlted by the high energies associated with O('P) gener- irradiation of DBTO is posited to undergo unimolecular S—O
38 ation.” Some heterocyclic oxides are reported to deoxygenate bond cleavage through a dissociative triplet (T,) state, leading
39 upon UV irradi}atio2n4 E;O give the parent heterocycle and the to dibenzothiophene (DBT) and an oxidant, which is observed
40 presumptive O('P),” " and in this way, heterocyclic oxides indirectly in the form of secondary reaction products.”'> While
41 have been used as photoactivatable O(’P)-precursors. most evi}élence indicates OCP) agythe putatiSe oxidant, defini-
42 A few studies have employed heterocyclic oxides as tive identification of the oxidizing species has not yet been
43 O(3P)-precursors to address whether O(3P) has a reactivity in achieved. Since direct spectroscopic detection of O(3P) is not
44 solution s}imilar to its reactivity in the gas phase. In the gas feasible in solution, the presumptive assignment of OCP) is
45 phase, O('P) is highly reactive, yet, surprisingly selective for based on indirect evidence involving an observed reactivity
46 such a highly energetic oxidant; this is illustrated with its consistent with expectations for OCP) and other energetic
47 strong preference for alkenes, sulfides, and thiols (rate con- considerations.” However, distinguishing between freely dif-
48 stants, k = 10" to 10" cm’ mol™ s™) over other functional fusing OCP) and a viable “oxenoid” alternative, such as a non-
49 groups such as alkanes, ethers, or alcohols (k = 10'* cm® mol’! covalent DBT-O atom complex or some DBTO excited state,
50 s).>!% In solution, the reactivity of OCP) with a variety of has not been conclusively resolved.>®
51 functional groups has been investigated.z’zl’s’8 Missing from In this work, we sought to gauge the reactivity of O(SP) in
52 these studles are thiols, Wthh3 represent one of the most reac- solution with thiols relative to other functional groups. To that
53 tive functional groups with O(P) in the gas phase. end, we employed competition experiments to measure the
54 In recent years, a water-soluble heterocyclic oxide O(’P)- relative reaction rates with O(’P) and various reactants, which
55 precursor was used to probe the reactivity of O(SP) with a par- allowed us to construct a more complete O(3P) reactivity pro-
ticular test protein to gauge its selectivity, if any, for particular file in solution. Furthermore, we sought to better understand
56 amino acids.'' Considering the reactivity of OCP) in the gas the photodeoxygenation process of DBTO and to establish
57 phase, selectivity for methionine and cysteine residues was guidelines for its use in studying the kinetics of OCP) in solu-
58 anticipated. The results of the protein study indicated a prefer- tion.
59
60
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RESULTS & DISCUSSION

Products of O(3P) Oxidation. An analysis of the oxidation
products of eleven reactants was conducted using DBTO as a
photoactivatable O(3P)-precursor. Solutions of each reactant
and DBTO were dissolved in acetonitrile, degassed and irradi-
ated with broadly emitting fluorescent bulbs centered at
350nm (fwhm 325 — 375nm). Product analysis was conducted
by injecting photolyzed solutions on a GC-MS, and product
identities were further verified by comparison to retention
times of authentic samples. The results of our analysis are
depicted in Table 1 and more details are provided in the SI.

Table 1. Oxidation products & relative abundances ob-
served upon photolysis of DBTO in the presence of select
reactants.
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* Solutions of each reactant (SmM — 2M) and DBTO (10-
20mM) were photolyzed in acetonitrile using broad spectrum
UVA light (centered at 350nm). Photocontrols (no DBTO) and
thermal controls (no hv) were performed for each reactant. ° The
percent conversion for each reactant to product was less than
10%. DBTO deoxygenation was less than 15%. Products were
identified by GC-MS and confirmed with authentic sample injec-
tions via GC-FID. © Ref 13.

Thiol (RSH) oxidation resulted in the observed disulfide
(RSSR) product. The presumed reaction mechanism of OCP)
with RSH proceeds by way of a sulfenic acid intermediate
(RSOH), which will react with a second RSH to undergo a
condensation reaction (Scheme 1). In one gas phase study, an
addition mechanism, whereby O(CP) adds to the sulfur atom
followed by tautomerization, was shown to account for 90% of
oxidation to RSOH, while a mechanism involving hydrogen
abstraction followed by recombination accounted for the other
10%.” Conversely, a computational study came to the opposite
conclusion."*

Scheme 1. Thiol oxidation pathway by OCP).
0(P) RSH

RSH ———’—> RSOH ﬁ» RSSR

H,0

In our product analysis (Table 1), an additional OCP) reac-
tive site was observed for phenylmethanethiol, more common-
ly known as benzyl mercaptan. The benzylic position was
susceptible to oxidation, resulting in the formation of benzal-
dehyde as a minor product in addition to benzyl disulfide. A
plausible mechanism leading to benzaldehyde involves oxida-
tion of the benzylic carbon to the thiohydrate followed by
desulfurization via release of hydrogen sulfide; however, no
evidence for the mechanism was obtained. Precedence for
O(’P) reactivity at the benzylic position is evident in the case
of benzyl alcohol, which is oxidized by a similar benzylic
hydrogen abstraction mechanism to give benzaldehyde.'>'®

The oxidation of alkenes by O(P) have been previously re-
ported to occur via a stepwise addition mechanism to the
epoxide and aldehyde.™ The oxidation of styrene was previ-
ously reported.* Here we observed similar product ratios to
those previously reported; although, we did not observe the
very minor product, acetophenone. Styrene oxide and phe-
nylacetaldehyde were attributed to oxidation by OCP), while
benzaldehyde is the result of ozone formation, which is
formed via O(3P) oxidation of residual O, in solution.* The
reaction rate of OCP) and O, is competitive with that of al-
kenes,® permitting ozone formation even at residual levels of
dissolved O, that could not be completely removed by argon
sparging.*

Similarly, OCP) oxidation of benzene primarily occurs via
an addition mechanism to form phenol.>® Biphenyl is formed
as a minor product (<2%), indicating a possible competing
mechanism."

OCP) was found to oxidize sulfides to sulfoxides. In the
synthesis of sulfoxide via oxidation of sulfide, sulfones are
often an unavoidable byproduct. However, in our studies of
sulfide oxidation by O(3P), sulfone was not detected.

Effect of Reactant Concentration on Photodeoxygena-
tion Quantum Yields. The initially presumed process result-
ing in the observed oxidations involved the irradiation of
DBTO prompting the release of OC’P) as the primary oxidant.
Based on this presumed mechanism, the quantum yield of
photodeoxygenation (®.ppr) Was expected to be independent
of the concentration of the reactant molecule. However, it was
observed that ®,pgr increased when the concentration of the
reactant was increased (Figure 1). Thus, the dependence of
@.ppr on reactant concentration was investigated.

ACS Paragon Plus Environment

Page 2 of 10



Page 3 of 10

©CoO~NOUTA,WNPE

e
[Ny

U OO AR DMBEMDRAMDIMBAEADIAEMDIMNDMNWOWWWWWWWWWWNDNNDNNNNNNNRPRPRERREREREPR
QOO NOURRWNRPOOO~NOUORRWNPRPOOONOUOPRARWNRPOOONOODURAWNRPOOO~NOOODWN

0.010

0.006

<l>+DBT

0.002

0 1000 2000
Concentration of Reactant (mM)
—— 1-Butanol —=— 1-Octene

—e— Butyl Sulfide —e— 1-Propanethiol
o o ¢ o 2-Mercaptoethanol — .- — Benzene

The Journal of Organic Chemistry

0.03 (B)
X
0.02 |
= ." A
m °® ~
99 L
...x/ x
0.01 | xeot 2 et
A T Sy
° ..QOL.A.’.’:._A———"'_A
A T e —
0.00 - - - -
0 1000 2000

Concentration of Reactant (mM)

A- — — 5Hexen1-d
A — — 4(Vehyithio)1-butand
A— — 6Mercapio-1-hexand

%o oo o 3BUen1d
®e o o o Methionol
%e o o o 2\Vlrcapioshandl

Figure 1. The effect of reactant concentration on @,y by irradiating solutions of DBTO and reactant in for Sh with broadly emitting fluo-
rescent bulbs centered at 350nm. Part (A) shows the analysis of some of the reactants used in competition studies. @.ppr in acetonitrile
(neat) was 0.0024, similar to reported values.” Benzene is given using previously reported values.” Part (B) depicts the analysis of HO-
containing bifunctional reactants. Lines represent linear regression fits. The error in ®.ppr averaged 0.0003 (at 95% confidence). A greater
error in @, ppr was observed in Part (B), especially at higher reactant concentrations (average error at 95% confidence = 0.0008).

To find ®,pgr at varying concentrations of reactant, solu-
tions of DBTO (17mM) and reactant (0-2M) in acetonitrile
were irradiated with broadly emitting fluorescent bulbs (fwhm
325 — 375nm) for each reactant shown in Figure 1, (see Exper-
imental section for further details). The ®,ppr in the absence
of reactant (neat acetonitrile) was found to be 0.0024, which is
within experimental error of the reported ®.pgr at 320nm.?
Additionally, ®,ppr were measured using monochromatic light
(305nm) in the presence of three select reactants at several
concentrations. No significant difference in ®.pgr measured
under broad-spectrum and monochromatic light was observed.

As shown in Figure 1A, there was an increase in DBT for-
mation with increasing reactant concentration for all reactants
considered. The observation was consistent with previous re-
ports of a general correlation between solvents containing
functional groups that would be expected to react rapidly with
O(3P) and an increase in (D+DBT.2‘17 For alkene, sulfide, and
most alcohol and thiol containing reactants, only a small in-
crease in ®,ppr was observed. However, in the presence of 2-
sulfanylethan-1-ol, more commonly known as 2-
mercaptoethanol (BME), a dramatic increase in the ®.pgr was
observed. The ®.ppr in BME (neat) was measured and found
to be 0.15 at 305nm, or 15 to 60-fold greater than in any other
solvent previously reported, including cyclohexene (®.ppr =
0.010), which was previously considered to be “the most effi-

cient externally trapping solvent”.>"”

Although BME was found to dramatically increase the rate
of DBTO deoxygenation, photolysis of DBTO in the presence
of both 1-pentanol and 1-propanethiol resulted in very little
rate enhancement. For example, when DBTO was photolyzed
in the presence of 1-pentanol at a constant concentration (1M)
and 1-propanethiol with increasing concentrations (from 0 to
IM), ®,ppr was found to increase at a similar rate as in the
absence of 1-pentanol (see SI, Figure S1). The same result was
observed when 1-propanethiol was held constant at 1M and

the 1-pentanol concentration was increased, which indicated
that both thiol and alcohol must be in close proximity (or
linked) in order to elicit a similar enhancement in ®.ppr as
observed in the presence of BME.

When DBTO was photolyzed in the presence of longer
chain alcohol-thiols or reactants containing an alcohol linked
to an alkene or sulfide, a rate enhancement was also observed
(Figure 1B). We hypothesized that the alcohol moiety of the
reactants forms a hydrogen bond to the sulfoxide of DBTO,
thus increasing the “effective concentration” of the reactant
(Figure 2). No considerable deoxygenation rate enhancement
was observed in the presence of 1-pentanol or 1-butanol,
which could be reasonably explained by the relatively slow
rate of OCP) reactions with alkanes. If free O(’P) were solely
responsible for oxidation, then the concentration of the reac-
tant should have little to no effect on the rate of DBT for-
mation (measured as @,ppr). Therefore, we deduced that reac-
tants containing a highly OCP) reactive functional group
linked to an alcohol by (CH,),, which will be referred to as
HO-containing bifunctional reactants, allow for an additional
oxidation pathway that is also capable of competing with de-
activation pathways.

Hs&an \9 %9 \S} H \9
H H H

—et — —

Figure 2. Sulfoxide-alcohol hydrogen bonding of DBTO and
HO-containing bifunctional groups: (A) thiols, n = 1, 2, or 5;
(B) alkenes, n =1 or 3; (C) sulfides, n =2 or 3.
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The chain length between the alcohol and reactive function-
al group was found to be consequential (Figure 1B). For thiols,
the optimal chain length was found to be three carbons. For
alkenes, 3-buten-1-ol was found to be an effective deoxygena-
tion rate enhancer, while the longer chain alkene, 5-hexen-1-
ol, enhanced the deoxygenation rate only to the extent that
non-alcoholic reactive reactants increased the rate. For sul-
fides, a three-carbon chain length was slightly more effective
than the four-carbon.

Sulfoxide-Alcohol Hydrogen Bonding. Generally, alco-
holic hydrogen atoms are found much farther upfield when
dissolved in chloroform-d compared to DMSO-dg, due to sul-
foxide alcohol hydrogen bonding.'® To confirm that hydrogen
bonding occurs between alcoholic reactants and DBTO,
changes in chemical shifts for the hydroxyl proton were meas-
ured using 'H NMR. Observed changes in the chemical shifts
with and without DBTO ranged from 4 to 8Hz in acetonitrile-
d; and 21 to 68 Hz in chloroform-d for the alcoholic (OH)
hydrogen atoms, and an average of -1.5Hz in acetonitrile-d;
and -3Hz in chloroform-d for the hydrogen atoms of the o-
carbon (additional data can be found in the SI). For control, 'H
NMR analysis of non-alcoholic reactants with and without
DBTO was performed, and only minor changes in chemical
shifts (less than 1Hz) were observed. The magnitude of change
in chemical shift was highly sensitive to alcohol concentration;
thus, standard '"H NMR was not considered to be an adequate
approach for quantitative evaluations of hydrogen bond
strength.

IR spectroscopy, the traditional tool used to measure sulfox-
ide-alcohol hydrogen bond strength," was not applicable here
due to the overlapping of frequencies of interest and intramo-
lecular hydrogen bonding of thiol linked alcohols.”® Other
methods of quantitative measurement of hydrogen bond
strength, including variable temperature control 'H NMR,
were rejected due to similar interference concerns.

Thiols, like alcohols, are also known to participate in hy-
drogen bonding, though forming much weaker hydrogen
bonds.*"** We compared the change in chemical shifts of -SH
and -OH hydrogen atoms from chloroform-d to DMSO-dg:
averaging a change of +0.85 ppm and +2.94 ppm, respectively
(more data is available in Table S2 in SI). The data indicates
thiol-sulfoxide hydrogen bonds are much weaker than alcohol-
sulfoxide hydrogen bonds. No significant chemical shift was
observed for 1-propanethiol with and without DBTO while
large chemical shifts were observed for alcohols. Therefore,
the effect of hydrogen bonding of thiols to DBTO is likely
negligible compared to alcohols, which is consistent with the
large increases in quantum yield for HO-containing bifunc-
tional reactants. Nonetheless, we cannot rule out a small or
negligible effect of sulfoxide-thiol hydrogen bonding on ®@,ppr
in the presence of thiols.

Mechanism for Quantum Yield Enhancement. One po-
tential mechanism that would account for the increase in @, ppr
with increasing reactant concentration is the known bimolecu-
lar photoreduction mechanism.”? In this mechanism, the sul-
foxide accepts an electron from a reducing agent, such as
methoxide in basic conditions, and subsequently releases oxy-
gen as a hydroxide ion or hydroxyl radical (Figure 3A).”

At increasing BME concentrations, the formation of oxi-
dized BME (BME disulfide) increased as DBT increased, with
% vyields relative to DBT that are comparable to other reac-
tants (Figure S2 in accompanying SI). Thus, if a bimolecular

photoreduction mechanism were operative, BME disulfide
formation would be expected to result from the BME radical
species formed upon electron or hydrogen atom transfer to
DBTO. However, when a solution of BME and 9,10-
anthracenedicarbonitrile, a photo-initiated electron acceptor,24
dissolved in acetonitrile was photolyzed, no significant change
in BME disulfide concentration was observed (Figure 3B).

Increased ®.,ppr have been observed with the use of sensi-
tizers such as carbazoles.” Carbazoles are thought to act as
electron donors in the bimolecular photoreduction of sulfox-
ides with oxygen leaving as hydroxyl radical and/or hydroxide
ion.” To consider whether BME alters the deoxygenation of
DBTO by similar means or results in a similar oxidant, carba-
zole was photolyzed in the presence of DBTO and 1-
propanethiol or BME at a wavelength outside the absorption
spectra for DBTO but within that for carbazole (A=352nm)
(Figure 3C). At 352nm, deoxygenation of DBTO in the ab-
sence of carbazole was insignificant as expected. With carba-
zole, deoxygenation of DBTO occurred; however, little to no
increase in disulfide was observed compared to the thermal
control for either 1-propanethiol or BME. This indicated that
even if bimolecular photoreduction was operative, it did not
generate an oxidant that produces disulfide.

The anthraquinone-sensitization of DBTO is thought to re-
sult in a DBTO triplet that leads to a different deoxygenation
pathway and different ROS.” None of the three triplet
quenchers (isoprene, cyclopentadiene, and cyclohexadiene)
tested resulted in a decrease in ®,pgy with or without BME
(Figure 3D), suggesting a long-lived triplet was not involved.

Bimolecular Photoreduction

CN HO
\/\SH B
No disulfide
hv
N in ACN
' H )
N RSH No disulfid ©
O disultiae
DBTO + hv
in ACN R = -Pr or -EtOH
HO\/\SH D
DBTO  + L No decrease
hv, in ACN in @ ppr

Figure 3. Possible mechanisms for the increase in @, ppyr in the
presence of BME. (A) Bimolecular photoreduction mechanism.”
(B-C) Experimental test for bimolecular photoreduction mecha-
nism. (D) Triplet quenching test for a mechanism that involves
BME as a triplet sensitizer.
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Thiols are not particularly good electron donors.”® They are,
however, adequate hydrogen atom donors,”” but aromatic sul-
foxides are generally not considered suitable hydrogen atom
acceptors.”® However, an approximation of the photoinduced
change in free energy for the electron transfer (AG°€1)29 from
BME (standard redox potential, E° = 1.28V vs. NHE)30 or 1-
propanethiol (1.43V vs. NHE)*' to DBTO indicated that bimo-
lecular photoreduction in the presence of thiols could not be
ruled out on energetic grounds (see SI for detailed calcula-
tions). Conversely, in the presence of alkenes (for 1-octene, E°
= 3.08V vs. NHE),” bimolecular photoreduction is energeti-
cally unfavorable. However, ®.ppr increases with increasing
3-buten-1-ol concentrations to a similar extent as was ob-
served for BME. The enhancement in ®,pgr cannot solely be
due to bimolecular photoreduction since it is energetically
unfavorable for alkenes.

Despite their similar standard reduction potentials (E°), in
neat BME, the ®@.,ppr was found to be an order of magnitude
higher than in neat 1-propanethiol. If bimolecular photoreduc-
tion were the sole cause of the enhancement in ®,pgr that is
observed in the presence of BME, then a much greater differ-
ence in E° for BME and 1-propanethiol might be expected.

Although we cannot rule out bimolecular photoreduction as
a possible contributing mechanism, none of the results support
bimolecular photoreduction as the primary cause for the con-
centration dependence of ®@,pgr. However, the results are con-
sistent with a unimolecular S—O bond cleavage mechanism,
whereby rate enhancement is achieved in the presence of HO-
containing bifunctional reactants through an increase in “ef-
fective concentration” of the reactant, which is achieved
through hydrogen bonding.

Scheme 2. Proposed pathways of photolysis of DBTO lead-
ing to DBT.
DBT

d\\

oK X0
N,

DBTO

DBT

For the purposes of this discussion, [DBT***Q] in Scheme
2, is a common intermediate that will be referred to as “caged
O-atom”. Oxidations by caged O-atom are those that occur
within the original DBTO solvent cage, where caged O-atom
forms, and are presumed to be the cause of the observed en-
hancements in ®,ppr. Caged O-atom could be any one of the
following or combination thereof: (i) O(3P) inside a solvent
cage with DBT, (ii) a non-covalent complex between the O-
atom and DBT, or (iii) a DBTO excited state capable of direct-
ly transferring O-atom to a given reactant. Experimentally, the
differentiation of these species was not possible; however, the
important distinction is that caged O-atom have the potential
for oxidation of the reactants before escaping the solvent cage
as free OCP) or before deactivation or recombination can oc-
cur. From here on forward, O(3P) will only be used to describe
a free oxygen atom, which arises from the caged O-atom (i.e.
[DBT”’O]*) and diffuses through the bulk solution.

The Journal of Organic Chemistry

In summary, our results support an observed concentration
dependence on @.ppr that is caused by oxidation with caged
O-atom.

Measuring Kugex and Kescape- The photolysis of DBTO in
the presence of a given reactant (X) results in the formation of
the oxidized product (XO) and DBT. Under the presumed
unimolecular S—O bond cleavage mechanism, once a DBTO
molecule absorbs a photon and is excited into a singlet state, it
can either follow a deactivation pathway or undergo intersys-
tem crossing (ISC) to a S—O dissociative T, state followed by
S—O bond cleavage.'

In order to align the presumption that caged O-atom (i.e.
[DBTe*+0]") can generate free OCP) with previous observa-
tions of DBTO photodeoxygenation, there must exist a compe-
tition between three pathways: “solvent cage oxidation,” i.e.
the oxidation of a nearby molecule by caged O-atom within its
original solvent cage (Kgex), recombination or deactivation
(collectively, kgy), and “diffusive separation” of O(3P) away
from DBT (Kescape) (Scheme 2).2

Only free O(CP) will react with X at a rate equal to ky [X].
In contrast, the rate of XO formation via caged O-atom is a
function of [X] and keygex, Where K,eex is likely a function of
kx and other factors such as hydrogen bonding affinity and
polarity. When Kegape/Keagex 1s large, the formation of XO
through oxidation by caged O-atom is insignificant relative to
XO formed by free OCP) oxidation. The oxidation reaction
rate of caged O-atom and X can also be insignificant when
Kescape/Keagex 18 small, provided the oxidation is run at low [X]
and assuming the rate limiting step for the OCP) pathway to
XO is the formation of OCP) rather than the oxidation of X.

Kescape/Keagex Was quantified using the relationship between
reactant concentration and ®,pgr (Figure 1). The quantum
yield for the formation of DBT (®,pgr) is the product of the
quantum efficiencies of each reaction step. Upon simplifica-
tion, the ®.pgr is equal to the total probability of DBT for-
mation (eq 1), where d is equal to the rate of all pathways that
do not result in the formation of DBT. Effectively, d is kg,
assuming unimolecular or pseudo-unimolecular deactivation
pathways and noting that the oxidation of DBT by O(P)
should be neglibile.” It is important to note that DBT can only
form by way of the common intermediate, i.e. caged O-atom,
and thus, all d processes occur from caged O-atom and are in
competition with both Kesape and Keaeex[ X] processes. From egq
1, a linear relationship between X and ®.ppr/(1- Q,ppr) is con-
structed (egq 2). Derivations for eq I and eg 2 can be found in
the SI.

kescapetkcagex[X]

() = i
+DBT kescapetkcagex[X]+d (eq 1)
®4+DBT kcageX Kescape

(1-®4pBT) d [X] 4 (eq 2)

The concentration of X was plotted against ®.ppr/(1- Oippr)
for each reactant. Using a linear fit, Kescape/Keagex Was calculated
by taking the ratio of the y-intercept (Kesape/d) and the slope
(Keagex/d). The Kegeape/keagex values for a selection of reactants
are presented in Table 2.

For reactants containing an alcohol, hydrogen bonding of
the alcohol to the sulfoxide of DBTO seemingly resulted in
lower Kegcape/Keagex Values relative to their non-alcohol counter-
parts. For example, the Kescape/Keagex value for BME was found
to be low (271mM) while its non-alcoholic counterpart, 1-
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propanethiol, had a value of 1365mM. The calculated Kegcpe/
keagex values for each reactant represent the concentrations that
are necessary for the rate of oxidation by caged O-atom to
equal the rate of oxidation by free O(SP). D ppreage 15 defined
as @,pgr from oxidation of X, and @,pprescape 1S defined as
®.ppr from diffusion of OCP) away from DBT. The ratio of
the @i ppreage t0 PippTescape 15 €qual to the ratio of [X] to the
value of Kescape/Keagex- Therefore, oxidation of 1-propanethiol
within the solvent cage is only competitive at high concentra-
tions (>150mM), but for BME, oxidation within the solvent
cage is competitive even at low concentrations (230mM) when
defining a competitive reaction as one accounting for 210% of
@.ppr (see SI for derivation and sample calculations).

Within the non-alcoholic (1-propanethiol, 2-propanethiol,
butyl sulfide, and 1-octene in Table 2) and HO-containing
bifunctional reactants, the Kegcape/Keagex values followed a trend
within the expectations for the reactivity of O(’P). For exam-
ple, the Keiape/Keagex values of non-alcohol containing sub-
strates increased from thiols at 1.3M, to sulfides at 3.1M and
alkenes at 4.9M. As will be discussed later in this work, the
trend follows the observed order of reactivity with O(C’P).

Table 2. The Kegcape/Keagex Values for some reactants.

Reactant Bridge

Longth®  Kesn/Kcuzex (mM)
2-Mercaptoethanol ° 2 271
3-Mercapto-1-propanol ¢ 3 177
6-Mercapto-1-hexanol © 6 322
1-Propanethiol 1365
2-Propanethiol ¢ 1358
Methionol 3 574
4-(Methylthio)-butanol 4 836
Butyl Sulfide 3068
3-Buten-1-ol 2 576
5-Hexen-1-ol 4 1528
1-Octene 4934
1-Butanol 3744

* Bridge length defined as the number of carbons between the —
OH and functional group. ®** Commercial/common names given
for  2-sulfanylethan-1-ol,  3-sulfanylpropan-1-ol, and 6-
sulfanylhexan-ol, respectively. ¢ Concentration dependence data
for these reactants can be found in Figure S3 in the SI.

Competition Experiments. For the majority of the eleven
reactants, Kg,..x was negligible relative to Kegape. In the absence
of oxidation within the solvent cage (K qgex), We presume oxi-
dation of the reactant occurs exclusively through the reaction
with O(3P). To determine the relative reaction rates of free
OCP) with various reactants, competition experiments were
performed, whereby, two reactants were allowed to compete
for a common intermediate, OCP), in solution (Scheme 3).
The relative OCP) reactivity can be quantified for a given pair
of reactants in the form of a relative rate constant (k. or
ka/kg), which is proportional to [AO]/[BO] provided low con-
sumption of A or B (eq 3).° Further, if one of the two reac-
tant’s rate constant is known, then absolute rate constants may
be extracted.

Experimental solutions containing DBTO, reactant A, reac-
tant B, and an internal standard dissolved in acetonitrile were
photolyzed under broad spectrum UVA light (centered at
350nm). The concentrations of reactants were varied from
competition to competition, from 5SmM to 2M for more and
less reactive reactants respectively.

Scheme 3. Elementary reactions for competition experiments.
3 Ka
A + OCfP) —2 » A0

k
B + OCP) —2 » BO

M _ kalAlg 3
[50] ~ kglBlo (¢q3)

Two reactants were selected from amongst all others to act
as standard competitors, which would allow for comparison
across all reactants. Benzene was selected as one of the stand-
ard competitors because its absolute rate constant with O(C'P)
in solution is known.® Diphenyl sulfide, which was expected to
have a large rate constant relative to benzene, was selected to
be the second standard competitor. Initially, 1-octene, whose
rate constant is also known, was used as the second standard
competitor until a side reaction with thiols was discovered.

Isolating Kegcape from Ke,,x in Competition Experiments
with HO-containing Bifunctional Molecules. For most reac-
tants, eq 3 is effective in calculating the relative rate constants
with OCP) because most of the oxidation occurs in the bulk
solution by O(3P). However, for HO-containing bifunctional
molecules, the oxidation of reactant A to AO can occur within
the solvent cage as well as in the bulk solution by O(3P), and
effectively, for A, there becomes more than one reactive in-
termediate. Thus, eq 3 no longer holds in the presence of the
additional oxidative intermediate.

For the purposes of this analysis, we define k. as the rela-
tive rate constant for the reactions of O(3P) with reactants A
and B (ka/kg, shown in eq 4, and illustrated in Scheme 4) and
the observed relative rate constant (k) as shown in eq 5.
D40, and Dpg, are defined as the quantum yields for the for-
mation of oxidized reactants arising from the reaction with
OCP) in the bulk solution.

ka _ [Bl*®a0e

krer = E = 4l %500 (eq 4)
_ l4o][B]
kobs - [BOI[A] (eq 5)

Scheme 4. Proposed pathways for the oxidation of reac-
tants, via the oxidant(s) produced in the photodeoxygena-
tion of DBTO.

AO

ka [A]

kescape

DBT **¢ O | > 0(P)

ks [BI
DBT
BO
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Using the calculated Kegape/Keagex Values, an equation relating
Kops to k.; was devised. Herein, we highlight the key points of
this derivation; however, a more detailed derivation is availa-
ble in the accompanying supporting information document.

For the following derivation, terminology and steps are con-
sistent with the reaction model in Scheme 4. X and XO will be
used to describe a generic reactant and its oxidation prod-
uct(s), where X can be A or B. A/AO will be used to describe
a reactant/product with a small Kegape/Keagex value (<1M) and
B/BO for a reactant/product with a large Kesape/Keagex value
>1M).

The total concentration of XO formed is equal to the sum of
XO resulting from the oxidation of X by caged O-atom and
OCP). The change in XO concentration is shown in eq 6.

Dyp = Nalescapelx T Nallcagex (eq 6)

n is used to indicate the quantum efficiency of all photo-
chemical processes leading to S—O bond cleavage (n,), of the
diffusion of O-atom away from DBT (Negcape), Of the reaction
between O(3P) and X (1), and of the reaction of X with O-
atom within its original solvent cage (Neex). For reactants
with large Kegeape/Keagex Value, NaNcagex 1s very small relative to
NaNescapellx, With more than 96% of oxidation occurring by
O(’P) in the bulk solution at typically concentrations of X used
in competition experiments. Thus, @pg is equal to NyNescapellBs
while @, is given by eq 6.

Therefore, using eq 4-6, an equation for k., is given as a
function of Kps, the Kescape/Keagea Value, and the concentrations
of A and B (eg 7). Note that eq 7 only allows for competitions
in which at least one reactant has a high Kesape/Keagex value,
which is the case for the standard competitors.

(kobs_k [E}]k A)
escape, cage.
11 T4] (eq7)

kescape/kcageA

krer =

Competition Results. For all reactants except BME, k, is
equal to kg, and thus, eq 3 - 5 was used interchangeably for
most reactants to calculate k... Note that reactions were run to
low conversions, therefore, the changes in concentrations of A
and B over the course of a given reaction were negligible.

For BME, the k, value was calculated using eq 7. A sum-
mary of these results is provided in Table 3. To verify the
model used to calculate k. for BME, a series of competitions
with BME and each standard were performed at varying BME
concentrations (Table 4). The calculated k. values at the two
different BME concentrations were found to be 94 and 98
(Table 4, entry 1 & 2), which gave an average k. value which
was slightly above that of 1-propanethiol (Entries 1 & 2, Table
3). To demonstrate the ability to predict ko, from k., an addi-
tional competition between BME (10 mM) and benzene (1.12
M) was performed. At these concentrations of BME and ben-
zene, using a k. of 95.9, the predicted k., value was 103.3
and found to be 102.9. As expected, k. and ks were found to
be equal for reactants with high keq.ape/Keagex values.

The absolute rate constants (kx) for each reactant were cal-
culated using k. to benzene and the known condensed phase
rate constant for O(3P) and benzene in acetonitrile (kg,, 3 X 10°
M s'l).8 To validate each calculated kx, kgppo/kp, values were

The Journal of Organic Chemistry

calculated indirectly using k,/kg, and k,/kspp, and found to be
within experimental error of the directly measured kgppo/kg,. 1-
Octene was found to be the only exception; however, Koccne
was calculated within experimental error of its reported value
(8.7 % 10° M s'l) by averaging the k.. values calculated
from Kocinc/Ka, (11.2 10° M s™) and Kocene/kspno (5.9 x 10°
M s).

Table 3. Relative rate constants for the reactions of O(3P)
with various reactants.

Entry Reactant X kx/ kBZa kx/ kSPhZ L kXC
1 HO/\/SH 95.9+42 1.95+0.10 28.8
2 "SgH 91.5£9.5  1.68+£037 27.5

A
3 71.0+£89  1.29+025 213
SH d
4 66.7+7.5% 1.18+0.14 20.0
5 Ph/S\Ph 55971 1 16.8
6 Bu/S\Bu 539425  095+0.02 162
509+6.0 0.86+0.14 153

0.7+0.2 14.1

8 ©AOH 46.9 £8.8
=\

9 (CH2)5CH3 372+25

10 )(
SH

? k.o for OCP) with reactant X relative to benzene. ° k.o for
O(CP) with reactant X relative to diphenyl sulfide. ¢ Absolute rate
constant X 10° M!s! of reactant X, calculated using kx / kg, and
the known absolute rate constant for benzene (3 x 108 M s (ref
8). ¢ The relative rate constant reflects total reactant reactivity,
with the total concentration of XO formed including benzalde-
hyde formation in addition to dibenzyl disulfide. ¢ ky¢ene Was cal-
culated by averaging the values calculated using ky / kg,, kx /
kSPhZ; szs and kSPhZ (from entry 5)

0.33+£0.06 8.6°

102 +£3.8 0.19+0.04 3.1

Table 4. Competition experiments for OCP) with BME and
standard competitors.

Concentration (mM)

Entry BME  Benzene Diphenyl Keel"

Sulfide
1 49 1680 -- 17 94
2 203 2240 - 179 98
3 26 - 35 2.2 1.9
4 58 - 50 2.6 2.0

* Calculated ki using eq 7 from kg, initial reactant concentra-
tions, and Kegeape/Keagea Values.
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Trends in O(3P) Reactivity. In solution, the reactions of
O(CP) with primary thiols were found to have the greatest rate
constants, in line with previous observations of thiol selectivi-
ty in proteins.'' Also of note, there was no significant differ-
ence in reactivity between the two primary thiols considered,
suggesting that local polarity has little to no influence on reac-
tivity.

In the gas phase reactions of O(3P) and thiols, only rate con-
stants for 1° thiols have been reported.”® In solution, the ob-
served reactivity of O(3P) with thiols was found to be 1°>
benzylic > 2° > 3°. The order was found in contrast to the re-
activity of OCP) with alkanes, in which a 3° preference is ob-
served due to the greater reactivity of 3° C-H.*>°

Generally, functional groups were found to be more reactive
when adjacent to a benzylic position, implying either a steric
effect or that an intermediate is formed capable of being stabi-
lized by the benzene ring. A stabilization effect would be in
line with previous reports of O(’P) oxidation mechanisms,
where abstraction occurs with a radical intermediate and addi-
tion occurs in a stepwise fashion.”** Benzyl alcohol was found
to have a rate constant similar to that of alkenes, although al-
cohols are usually relatively poor reactants for O(3P) oxida-
tion.'” Styrene was also found to have a greater reaction rate
with OCP) compared to its counterpart 1-octene. In contrast,
benzyl mercaptan was found to have a lower rate constant than
primary thiols. The oxidations of alkenes and alcohols by
OCP) are known to occur by different mechanisms, and yet,
they both exhibit a rate enhancement while benzyl mercaptan
does not. It is plausible that the oxidation of the benzylic -
CHS,- of benzyl mercaptan is competitive with oxidation of the
thiol, which effectively diminishes any rate enhancement ef-
fect.

Among the two sulfides investigated, there was very little
difference in observed O(’P) reaction rates. Direct competi-
tions of butyl sulfide with diphenyl sulfide in this study pro-
vide sufficient validation of our results.

Similar trends are observed in the order of reactivity of non-
alcohol containing substrates and respective Kescape/Keagex Val-
ues. This correlation is echoed in the HO-containing bifunc-
tional reactants Kecape/Keagex values. Thus, Ke.eex would seem to
be a function of ky and the equilibrium of the reactant hydro-
gen bonding with DBTO, though we were unable to measure
the equilibrium.

Implications for DBTO. The assumption that an O-atom
was capable of diffusing away from DBT made during model-
ing was seemingly validated with the Kegcape/Keagex analysis and
competition results. Freely diffusing O(CP) is also consistent
with the percent yields of oxidized reactant relative to ®,pgr,
which were found to increase at higher reactant concentra-
tions. Furthermore, the loose association between reaction rate
constants and ®.ppr is consistent with expectations of a mech-
anism resulting in a free O(3P).

With the large rate constants observed for O(3P), there was
some concern that OCP) could not exit the solvent cage before
reacting with either a reactant, DBT, or the solvent. The diffu-
sion distances of OCP) were estimated to be about 50 A, on
average, in acetonitrile with typical reactant concentrations
used (see SI for calculations and a list of calculated diffusion
distances is given in Table S8). At the estimated diffusion
distances, it is reasonable to conclude that OCP) is capable of
escaping its solvent cage in tact.

CONCLUSIONS

The putative O(’P), produced upon DBTO photodeoxygena-
tion, is selective for primary thiols over other functional
groups. Additionally, moderate selectivity is observed for oth-
er thiols, sulfides, and alkenes. Thus, DBTO, modified to
achieve desired solvent solubility, could be a useful pre-
oxidant for selective oxidation of cysteine residues in proteins.
Additionally, the pre-oxidant feature could be particularly
attractive for cellular studies where an equilibration time
might be desirable.

This work highlights the effectiveness of DBTO as a photo-
activatable precursor for the study of O(CP) kinetics in solu-
tion. At low concentrations of reactant like that which might
be observed in biological settings, this work suggests that oxi-
dation occurs almost exclusively in the bulk solution by free
OCP) rather than in the DBTO solvent cage, which can be
competitive at very high concentrations of reactants (>300mM
on average) and at moderate concentrations for certain alcohol
containing reactant (>40mM, on average).

EXPERIMENTAL SECTION

General. All reactants and authentic samples of oxidation products
were purchased from Sigma Aldrich, TCI America, or Fisher Scien-
tific and used without further purification unless otherwise noted.
Dibenzothiophene S-oxide was prepared from dibenzothiophene using
previously reported methods.”

HPLC analysis was conducted on an Agilent 1200 series instru-
ment equipped with a quaternary pump, diode-array detector, and an
Agilent Eclipse XDB-C18 column (5 pm, 150 x 4.6 mm). HPLC
methods were developed using a 0.1% trifluoroacetic acid wa-
ter/acetonitrile solvent system. At least three injections were per-
formed for all solutions analyzed on the HPLC. GC-MS analysis was
carried out on a Shimadzu instrument equipped with a Shimadzu
GCMS-QP2010S mass spectrometer and a 30m RDX column (0.25
mm ID 9 0.25 Im film thickness). A Hewlett-Packard 5900 Series GC
equipped with a flame ionization detector and a Sciencix CTS-5 col-
umn (0.25 mm x 30 m x 0.25 pm) was used for all GC-FID analysis.
We note that some compounds (most commonly, sulfoxides and
epoxides), upon GC analysis, decompose in the column before reach-
ing the detector. Therefore, we only confirm the presence or absence
of compounds for which peaks are observed that give identical reten-
tion times as of authentic samples via GC-FID analysis.

'H NMR data for hydrogen bonding analyses were collected on a
400 MHz Bruker instrument.

Photolysis. All solutions to be photolyzed were prepared using
acetonitrile as the solvent in 5-, 10- or 25-mL volumetric flasks. 4-mL
of prepared solution was transferred into a quartz test tube (~lcm x
10cm) equipped with a stir bar, stoppered with a rubber septum, and
sealed with parafilm. Solutions were degassed via bubbling with ar-
gon (> 25 mins). Following sparging, an additional septum was added
and wrapped with parafilm to further deter oxygen leakage. All pho-
tolyses were carried out in a Luzchem LZC-4C photoreactor using 14-
broadly emitting fluorescent bulbs centered at 350nm (fwhm: 325-
375nm; primarily UVA and some UVB and visible light), unless
otherwise noted.

Calibration Curves. All stock and standard solutions were pre-
pared fresh daily. Dodecane (1mM) was used as an internal standard.
For each calibration curve, three to ten standard solutions were pre-
pared with different concentrations of analyte. Calibration curves
were performed on a GC-FID for all the reactant oxidation products,
and peak areas were recorded relative to the peak area for dodecane.
R? values of 0.98 or greater were observed.

Calibration curves for DBT were performed on an HPLC and the
peak areas of DBT were recorded using an absorbance wavelength of
305nm and plotted against concentration. R* values were found to be
0.998 or better.
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Reactant Concentration Dependence. For each reactant, six solu-
tions were prepared containing 0, 25-100, 500, 1000, 1500, and
2000mM of reactant and 17mM DBTO (>99.9% purity), and photo-
lyzed for 5 h. Following photolysis, solutions were injected on the
HPLC and the concentration of DBT was calculated using calibration
curves of DBT. For each reactant, at least two trials were performed.

To convert DBT concentration to ®@.ppr, the concentration of DBT
formed in the solution with OmM reactant was used to calculate the
photon flux using its previously report quantum yield in acetonitrile
(0.0024).2 This method was considered acceptable given that the
@, ppr for the photolysis of DBTO in acetonitrile under the conditions
used herein was also determined in the traditional manner (i.e. using
chemical actinometry) and found to be within experimental error of
the reported value.

Quantum Yield Measurements. A number of ®,pgr measure-
ments were determined at the specific wavelength of 305nm (+ 6nm)
using a 75 W Xe lamp focused directly on a monochromator (Photon
Technologies International). Photolysis of azoxybenzene to yield the
rearranged product, o-hydroxyazobenzene, was used as a chemical
actinometer.”* Using this method, photon flux was measured frequent-
ly to limit error due to drift.

More than thirty ®.pgr measurements using this method were
made in the presence of varying concentrations of 2-
mercaptoethanol, and a few measurements were made for 1-
propanethiol and 1-octene at varying concentrations. Additionally,
®.pgr measurements were made in neat 2-mercaptoethanol, 1-
propanethiol, and 1-octene.

Competition Studies. Stock solutions were prepared in 10- or 25-
mL volumetric flasks. Solutions containing DBTO (10 — 20mM)),
competitor A (5 — 1000mM), competitor B (20 — 2500mM), and do-
decane (1mM) in acetonitrile were used for the “experimental” and
“thermal-control” solutions. Solutions containing DBT (0 or 10 —
20mM), competitor A (5 — 1000mM), competitor B (20 — 2500mM),
and dodecane (1mM) in acetonitrile were used for the “photocontrol”
solutions. Stock solutions were transferred to quartz tubes: two quartz
tubes for the photocontrol, two or more for the experimental, and at
least one for the thermal-control, which was wrapped in foil. The
solutions were photolyzed for 5 to 24 h in a photoreactor. Three or
more trials were conducted for each competition pair.

Immediately following photolysis, solutions were analyzed by GC-
FID. Peak areas relative to dodecane were recorded and later convert-
ed to concentrations using calibration curves. In addition to GC-FID
injections, most solutions were also subjected to HPLC analysis
where areas for DBT were recorded and analyzed for completeness.
Competition pairs with large product yields in either the photo- or
thermal-controls were excluded. The minor product yields observed in
some controls were accounted for in the calculations of the associated
relative rate constants.
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