
Probing the Transition State-to-Intermediate Continuum:
Mechanistic Distinction between a Dry versus Wet Perepoxide in the
Singlet Oxygen “Ene” Reaction at the Air−Water Interface
Belaid Malek, Wenchao Lu, Prabhu Prasad Mohapatra, Niluksha Walalawela, Shakeela Jabeen,
Jianbo Liu,* and Alexander Greer*

Cite This: Langmuir 2022, 38, 6036−6048 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: A mechanistic study is reported for the reactions of singlet oxygen (1O2)
with alkene surfactants of tunable properties. Singlet oxygen was generated either top-
down (photochemically) by delivery as a gas to an air−water interface or bottom-up
(chemically) by transport to the air−water interface as a solvated species. In both cases,
reactions were carried out in the presence of 7-carbon (7C), 9-carbon (9C), or 11-carbon
(11C) prenylsurfactants [(CH3)2CCH(CH2)nSO3

− Na+ (n = 4, 6, 8)]. Higher “ene”
hydroperoxide regioselectivities (secondary ROOH 2 to tertiary ROOH 3) were reached
in delivering 1O2 top-down through air as compared to bottom-up via aqueous solution. In
the photochemical reaction, ratios of 2:3 increased from 2.5:1 for 7C, to 2.8:1 for 9C, and
to 3.2:1 for 11C. In contrast, in the bubbling system that generated 1O2 chemically, the
selectivity was all but lost, ranging only from 1.3:1 to 1:1. The phase-dependent regioselectivities appear to be correlated with the
“ene” reaction with photochemically generated, drier 1O2 at the air−water interface vs those with wetter 1O2 from the bubbling
reactor. Density functional theory-calculated reaction potential energy surfaces (PESs) were used to help rationalize the reaction
phase dependence. The reactions in the gas phase are mediated by perepoxide transition states with 32−41 kJ/mol binding energy
for CC(π)···1O2. The perepoxide species, however, evolve to well-defined stationary structures in the aqueous phase, with covalent
C−O bonds and 85−88 kJ/mol binding energy. The combined experimental and computational evidence points to a unique
mechanism for 1O2 “ene” tunability in a perepoxide continuum from a transition state to an intermediate.

■ INTRODUCTION

The singlet oxygen (1O2) “ene” reaction with the formation of
allylic hydroperoxides is an oxidation reaction of fundamental
interest. Whether the 1O2 “ene” mechanism proceeds by a
concerted or stepwise path has been a point of mechanistic
interest and debate. A two-step no-intermediate mechanism
has been proposed, suggesting a perepoxide transition state
(TS).1−3 A mechanism involving a perepoxide intermediate
has also been proposed.4−8 In this vein, we have pursued a
unique experimental and theoretical approach to evaluate
possible borderline mechanisms. Our reaction of 1O2 with 7-
carbon (7C), 9-carbon (9C), and 11-carbon (11C) prenylsur-
factants [(CH3)2CCH(CH2)nSO3

− Na+ (n = 4, 6, 8)] is now
described where the perepoxide (TS and/or intermediate)
contributes on a continuum to hydroperoxidation, depending
on the gaseous or solvated “arrival” of 1O2 to the air−water
interface (Figure 1).
Our experiments used two reactors, one of which is a

photoreactor, and the other a chemical bubbler, wherein 1O2 is
delivered mainly via gas and solution phases to an air−water
interface, respectively. The photo- and bubbling reactors offer
a unique way to probe the “ene” reaction mechanism of 1O2 at
the air−water interface. We hypothesized that by using the
air−water interface, the continuum between the two

mechanistic extremes of a perepoxide TS vs intermediate will
be accessed. Thus, the air−water interface was sought as a
novel way to discriminate between concerted and stepwise
mechanisms on delivery origin of 1O2 to a surface from mainly
an upper drier state vs a lower wetter state.
In an effort to accomplish this, methods were required to

deliver 1O2. First, a photoreactor was used that isolated the
photosensitizer away from the solution to avert type I
photooxidation processes that generated non-1O2 species,
such as O2

•−, HO•, and ROO•.9,10 The photoreactor provided
the transmission of 1O2 from the upper sensitizer wafer to the
air−water interface. Second, 1O2 was generated by the
chemical reaction of hydrogen peroxide and KOH with
chlorine gas bubbled into the solution. This bubbling reactor
led to chemically generated 1O2, initially formed as a solvated
species.
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Previous studies have also examined 1O2 transfer in silicas,
zeolites, supramolecular systems, and superhydrophobic
surfaces.11−16 Flow reactors for 1O2 generation and reactions
in water are emerging and show good potential,17 as well as
surfactants18−22 in reactive oxygen species (ROS) reactions at
the air−water interface.23−28 A study of Singleton et al.3 on the
reaction of cis-2-butene and tetramethylethylene with 1O2
proposed a two-step no-intermediate pathway and laid the
groundwork for potential bifurcations on the 1O2 reaction
surface. The trans-cyclooctene/1O2 “ene” reaction29−31 is
unique in that its allylic hydrogens are inaccessible so that a
minimum develops on the potential energy surface (PES) for
the perepoxide. The perepoxide intermediate from the trans-
cyclooctene/1O2 reaction was predicted by density functional
theory (DFT) and trapped experimentally by triphenylphos-
phite to form cis-epoxide, trans-epoxide, triphenylphosphate,

and other products. Other 1O2 ‘ene’ reactions also show
evidence of trapping of a perepoxide intermediate with the
formation of epoxides,32−34 instead of proceeding by a
perepoxide TS.
In this study, we report on an air−water interfacial 1O2

reaction of alkene surfactants to deduce a possible perepoxide
TS-to-intermediate continuum. Figure 2A depicts the top-
down approach of 1O2 to the air−water interface and its
reaction with 7C, 9C, and 11C (eqs 1−4). Figure 2B depicts
the bottom-up approach of 1O2 to the air−water interface and
its reaction with the same surfactants (eqs 5−7). We sought to
address the following questions: (i) Does 1O2 originating as a
gas or in water differ in alkene surfactant oxidation at the air−
water interface? (ii) Does a mechanistic difference exist for the
oxidation of an alkene surfactant when 1O2 is delivered as an
airborne species vs solvated state? (iii) Are the regioselectivity

Figure 1. Alkene surfactants (7C, 9C, and 11C) were used to probe the “ene” reaction of 1O2 at the air−water interface using photoreactor and
bubbling devices. The mechanism is proposed to lead to a perepoxide transition state (TS) in the dry state above the air−water interface (path a)
and a perepoxide intermediate near the air−water interface or in the aqueous phase (path b), prior to the formation of secondary (2) and tertiary
(3) hydroperoxides.

Figure 2. (A) A photoreactor top-down delivery of 1O2 to the air−water interface. We show the formation of 1O2 at the sensitizer solid and its
physical quenching (eq 1), diffusion through air and its physical quenching in air (eq 2) or by the water surface (eq 3), and chemical reaction with
prenylsurfactants 7C, 9C, and 11C to form 7-hydroperoxy-8-methylalkyl-8-ene-1-sulfonate 2 and (E)-8-hydroperoxy-8-methylalkyl-6-ene-1-
sulfonate 3 (eq 4). For the photoreactor, the surfactant traps 1O2 via the gaseous point of origin and then reaches the air−water interface. (B)
Bottom-up approach of 1O2 to the air−water interface. Singlet oxygen was chemically generated by the reaction of Cl2 with H2O2 in KOH solution
and transported to the surfactant solution by bubbling for a reaction with 7C, 9C, and 11C to form 2 and 3, leading to a reaction both in solution
and at the air−water interface.

Langmuir pubs.acs.org/Langmuir Article

https://doi.org/10.1021/acs.langmuir.2c00279
Langmuir 2022, 38, 6036−6048

6037

https://pubs.acs.org/doi/10.1021/acs.langmuir.2c00279?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.2c00279?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.2c00279?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.2c00279?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.2c00279?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.2c00279?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.2c00279?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.2c00279?fig=fig2&ref=pdf
pubs.acs.org/Langmuir?ref=pdf
https://doi.org/10.1021/acs.langmuir.2c00279?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


and percent yield of the singlet oxidation affected? (iv) What
insight can gas- and aqueous-phase DFT calculations provide
on possible borderline perepoxide TS and intermediate
mechanisms?

■ EXPERIMENTAL SECTION
General. Acetone, 9,10-anthracene dipropionate dianion (ADPA),

aluminum(III) phthalocyanine chloride tetrasulfonic acid (AlPcS),
benzoic acid, Cl2 gas (≥99.5%), CDCl3, D2O (99.8%), dichloro-
methane (DCM), diethyl ether, N,N-dimethylformamide (DMF),
DMSO-d6 (99.5%), ethanol, ethyl acetate, H2O2 (35 wt %), helium (5
ultra-high purity), and porous Vycor glass (Corning 7930 porous,
sized 1.0 mm × 2.25 cm2) were obtained commercially and used as
received. A deionization system was used to purify water. The
syntheses of surfactants 7C and 9C were each carried out in 3 steps in
overall yields of 16−27% and purities of 95%, using methods reported
in our previous work.35 The synthesis of sodium 10-methylundec-9-
ene-1-sulfonate (11C) was carried out in three steps by slightly
modifying our previously reported procedure35 in an overall yield 100
mg of 60% and purity of 95%. A facet of the photoreactor and
bubbling reactor study is that unless otherwise noted, submicellar
concentrations of 7C, 9C, and 11C were used, in which no micelles
are present in solution.
Photoreactor. The photoreactor consisted of a shortened quartz

cuvette with a size of 0.7 cm × 1.0 cm2. H2O or D2O (0.60 mL) was
placed in the photoreactor that contained either 7C, 9C, or 11C in
various amounts. A 0.5 g porous Vycor glass lid of the size 1.0 mm ×
2.25 cm2 was placed on top of the cuvette. AlPcS (5.0 × 10−6 mol)
was coated onto the bottom face of the glass lid. This glass lid
generates airborne 1O2 on its bottom face, which traveled a 0.4 mm
distance relative to the cuvette walls, and a 1.5 mm distance relative to
the deepest point of the meniscus, as measured using a digital ruler.
The end of a fiber optic was placed 3.0 cm above the glass lid. The
fiber optic delivered light from two different laser sources, in which
there was a Gaussian distribution of the incident photons. (i) The kT
rate constants for the reaction of airborne 1O2 with 7C, 9C, and 11C
at the air−D2O interface were examined at 26 °C by irradiation from
Surelite pulsed Nd:YAG laser using 355 nm light that was connected
to a Hamamatsu NIR detector to observe the 1270 nm
phosphorescence signal of 1O2. A 1270 nm band-pass filter with a
full width at half maximum (FWHM) of 15 nm was used prior to this
phosphorescence signal reaching the NIR detector. The lifetime of
1O2 (τΔ) as a gaseous species and at the air−D2O interface was
determined with a least-squares procedure for the curve-fitting. (ii) A
continuous-wave diode laser was also used with a 669 nm light output
(dose = 1400 J/cm2). For both (i) and (ii), the 355 nm and the 669
nm laser outputs overlap well with the AlPcS sensitizer adsorbed on
the glass lid. In both cases, airborne 1O2 was generated on the bottom
face of the lid and proceeded over the air gap to the water interface.
Bubbling Reactor. For the bubbling reactor, singlet oxygen was

generated on the basis of a chemical reaction of H2O2 + Cl2 + 2KOH
→ O2 (∼85% Χ3Σg− and ∼ 15% a1Δg) + 2KCl + 2H2O that has been
reported previously.36,37 Briefly, 10.5 mL of 8 M KOH was added to
20 mL of 35 wt % aqueous H2O2 in a glass sparger that was immersed
in a chiller held at −17.9 °C. The reaction was mixed with Cl2 (4.99
mL/min) and He (96 mL/min) within a Matheson gas proportioner
and then bubbled through the H2O2/KOH slush. All of the Cl2
reacted with H2O2. The gaseous products passed through a cold trap
(kept at −70 °C) to remove the water vapor. Only 1O2,

3O2, and He
remained in the downstream gas. The concentration of 1O2 in the gas
was determined by measuring the 1O2 emission (a1Δg → Χ3Σg−, ν =
0−0)38 at 1270 nm in an optical emission cell. Emission from the cell
was collected using a plano-convex BK7 lens ( f = 30 mm), passed
through an optical chopper (SRS model SR540, Sunnyvale, CA, USA)
and 5 nm bandwidth interference filter centered at 1270 nm
(Andover, blocked to 1550 nm), and focused by another plano-
convex BK7 lens ( f = 50 mm, AR coated for 1050−1620 nm) into a
thermoelectrically cooled InGaAs photodetector (Newport model
71887 detector and 77055 TE-cooler controller, Irvine, CA, USA)

coupled with a lock-in amplifier (SRS model SR830, Sunnyvale, CA,
USA).

After passing the emission cell, 1O2 (mixed with 3O2 and He) was
bubbled into 10 mL of 1 × 10−4 M 11C surfactant in a reaction vessel.
The solution of 11C was prepared in pure D2O, pure H2O, or as
D2O/H2O mixtures in volume ratios of 3:1, 1:1, or 1:3. During the
experiment, the entire apparatus (including the 1O2 generator and the
reaction vessel) was continuously pumped using a mechanical pump,
and the pressure of the apparatus was maintained at 26 Torr (slightly
above the water vapor pressure at room temperature) through a
pressure relay (Cole-Parmer 00244OW, Vernon Hills, IL, USA). The
pumping served several purposes: it reduced the residence time of 1O2
in the gas phase, thus minimizing its wall quenching and self-
quenching, and removed O2, thus replenishing fresh 1O2 to the
reaction solution. Because of the low pressure within the reaction
vessel, a significant amount of solvent evaporated from the reaction
solution and was removed by the vacuum pump. Fresh solvent (with
the same D2O/H2O composition as the original solution) was
replenished into the reaction vessel using an Ismatec Reglo-CPF
rotary piston pump (Glattbrugg, Switzerland) at a precisely controlled
flow rate, so that the total volume of the solution remained constant
throughout the reaction.

In the experiment, chemically generated 1O2 was continuously
bubbled into the aqueous solution in the reaction vessel. Singlet
oxygen has a longer lifetime in the interior of bubbles (because of
reduced encounters with water) than in the bulk solution. After
diffusing into the bulk water, 1O2 has a lifetime of ∼4 μs and can
travel only ∼150 nm.39,40 Therefore, 1O2 reactions occurred both at
the gas−liquid interface of bubbles and in the bulk solution. ADPA
was used as a 1O2 trap to estimate the average [1O2] in solution.
ADPA is known to react with 1O2 chemically (i.e., without physical
quenching), producing endoperoxide via [4 + 2] cycloaddition
accompanied by bleaching of the absorption of ADPA.41 The pH of
the ADPA solution (0.05 mM) was maintained at 10 using borax/
NaOH buffer. A linear relationship between ln(At/A0) and reaction
time was observed,37 where At and A0 are the ADPA peak absorption
(at 378 nm) at different reaction times and time zero, respectively.
This indicates that the consumption of ADPA obeys the first-order
rate law. Using the literature value of reaction rate constant kr (8.2 ×
10−7 M−1 s−1) for ADPA + 1O2, the average concentration of 1O2 in
solution was determined to be ∼5−7 × 10−12 M. During each
experiment, the emission of airborne 1O2 was continuously
monitored, and its variation was controlled to be within 10%. It
was found that the average signal output of the emission detector
linearly correlates with the ADPA-calibrated [1O2] in solution.
Therefore, in the experiment of 11C surfactants with 1O2, [

1O2] in
water was determined based on a calibration curve for the gas-phase
emission intensity vs solution-phase concentration.

Computations Details. DFT electronic structure calculations
were performed using B3LYP coupled with the 6-31+G(d) basis set.
Geometries of reactants, TSs, intermediates, and products were fully
optimized by calculating force constants at every step. TSs were
verified as first-order saddle points by frequency calculations, and the
vibrational mode with the imaginary frequency corresponds to the
reaction coordinate. Intrinsic reaction coordinate calculations were
carried out to further verify that each TS was connected to the correct
reactant/product minima. Reaction enthalpies reported for each
pathway included thermal corrections at 298 K, for which the zero-
point energies were scaled by a factor of 0.9804.42 The reactions in
aqueous solution were calculated using the SMD solvation model.43

For a relaxed PES scan, all bond lengths and bond angles were fully
optimized at each step, except for the two scanning reaction
coordinates, which were each varied continuously from 2.5 to 1.4 Å
at a step size of 0.1 Å.

One challenge in the DFT calculations concerns the multi-
configurational 1O2 wave function that mixes open- and closed-shell
characters.44 The spin-restricted DFT is incapable of treating static
correlation arising from the two degenerate π* antibonding orbitals
and overestimates the 1O2 excitation energy, while the broken-
symmetry, spin-unrestricted DFT brings about spin contamination
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from 3O2. The problem exists not only in the 1O2 reactant but may
also affect the loosely bonded O2 adducts (such as a reactant-like
precursor complex without a covalent bond and with a large
amplitude of intermolecular motions).45 To assess the influence of
spin contamination on the reaction PES, the B3LYP/6-31G+(d)-
optimized 1O2 and O2-adduct structures were subjected to a T1
diagnostic of Lee and Taylor46 using the domain-based local pair-
natural orbital coupled-cluster single-, double-, and perturbative triple-
excitation method47 DLPNO-CCSD(T) coupled with the aug-cc-
pVTZ basis set, wherein =T t n/1 1 (i.e., the Frobenius norm of the
single-excitation amplitude vector divided by the square root of the
number of electrons correlated). The inclusion of a perturbative
correction for triple excitation in CCSD(T) compensated for the
deficiencies of a single-determinant reference to some extent.
Empirically, a T1 value that is greater than 0.02 for a closed-shell
system or greater than 0.03 for an open-shell system indicates severe
multiconfigurational characters or nondynamical correlation effects.
For all reactive structures including 1O2, the T1 values do not exceed
0.018. Accordingly, spin contamination does not appear to be a
significant issue for the present reaction system. DFT calculations
were carried out using Gaussian 09.48 DLPNO-CCSD(T) calculations
were conducted by using ORCA 4.249 at a Linux computational
cluster equipped with 20 nodes of dual Intel Xeon 28-core 2.7 GHz
processors.

■ RESULTS AND DISCUSSION

Apparatus. Two apparatuses were used to probe the “ene”
reaction of 1O2 at the air−water interface, as shown in Figure
3. First, an apparatus previously described35,50,51 was equipped
with a porous glass wafer coated with Al(III) phthalocyanine
chloride tetrasulfonic acid as the sensitizer on its bottom face,
and a reactor loaded with surfactant on the solution was
irradiated from above with red light via an optical fiber. Singlet
oxygen traverses an air-gap distance of 0.4 mm from the
sensitizer plate to the water surface at the walls of the cuvette
and further to the meniscus. Second, a bubbling system
previously described36,37 led to 1O2 by a chemical reaction of
Cl2 gas with H2O2 in a basic solution. Here, much of 1O2 was
distributed through water via bubbles. Next, the results from
the use of these two techniques are presented.
The results are presented as follows: (1) the total quenching

rate constants (kT) for the removal of 1O2 by the surfactants;
(2) analysis of the device geometry on hydroperoxide product
yield; (3) the regioselectivity of hydroperoxides based on the
chain length; (4) effect of solvent deuteration; (5) the sorting
out of DFT-computed gas- and water-phase contributions to
the 1O2 “ene” reaction; and (6) mechanistic considerations.
Effect of the Chain Length on kT. With the advent of a

technique to monitor the quenching of 1O2 at the air−D2O
and air−solid interfaces,16,51 the rate constants kT can show the
removal of 1O2 by the surfactants. In the present kT
experiments, the use of D2O was preferred because of a longer
lifetime in D2O (τΔ = 66 μs) than in H2O (τΔ = 4.5 μs),52

thereby facilitating the time-resolved measurements. Con-
sequently, surfactants 7C, 9C, and 11C provide the first
opportunity to measure the removal of 1O2 to assess the chain
length on the rate constant at the air−water interface. The
interfacial effect on the kT of

1O2 was measured by monitoring
the ability of alkene surfactants 7C, 9C, and 11C to quench the
phosphorescence of 1O2 at 1270 nm, as shown in eq 4 (Figure
2). Among the two decay components observed in the 1270
nm 1O2 phosphorescence, there was a slow component
corresponding to 1O2 in the air space and a fast component
ascribed to 1O2 at the air−D2O interface. The kT of 1O2 of 9C
was previously measured to be 1.1 × 106 M−1 s−1 at the air/

liquid interface.51 We find that quenching of the phosphor-
escence of 1O2 at the air/D2O interface produces kT values that
are increased by 2.7-fold for 11C compared to 9C, and 4.6-fold
for 11C compared to 7C (Figure 4 and Table 1). These
interfacial kT values are similar to homogeneous solution kT
values reported for trisubstituted alkenes,53,54 in which
increasing the surfactant chain length, from 7C to 11C,
increased not only the kT of 1O2 for the prenylsurfactants but

Figure 3. (A) Top-down approach of the photoreactor with delivery of
1O2 to the air−water interface. (B) Bottom-up approach of 1O2 to the
air−water interface with the chemical generation of 1O2.

Langmuir pubs.acs.org/Langmuir Article

https://doi.org/10.1021/acs.langmuir.2c00279
Langmuir 2022, 38, 6036−6048

6039

https://pubs.acs.org/doi/10.1021/acs.langmuir.2c00279?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.2c00279?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.2c00279?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.2c00279?fig=fig3&ref=pdf
pubs.acs.org/Langmuir?ref=pdf
https://doi.org/10.1021/acs.langmuir.2c00279?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


also the percent yield of hydroperoxides from “ene” reactions,
as we will see next.
Effect of Device Geometry on the Hydroperoxide

Product Yield. The percent yield of the hydroperoxide
products 2 and 3 was investigated based on configurations of
the 1O2 apparatus. Table 1 shows the results that were
collected for the photoreactor (entries 1−3, 9, and 10) and
bubbler (entries 4−8) systems. For the photoreactor with
D2O, as the surfactant chain length increases from 7C to 11C,
an increase in the hydroperoxide percent yield from 75 to 85%
was observed. The percentage yield of hydroperoxides for 11C
in the photoreactor was 85% and in the bubbler was 67.4% (cf.
entries 1 and 4); this reduction is attributed to greater
solvation in the latter. The effect of solvent deuteration is
evident in the bubbler reactor, and the hydroperoxide percent
yield was decreased from 67.4% in D2O to 31.3% in H2O (cf.
entries 4 and 8). For the photoreactor, 11C in a micellar
condition shows a loss of the regioselectivity (entry 9),
suggesting that the reaction of airborne 1O2 reaches the water
phase, which then enters a hydrophobic core similar to the
homogeneous phase. The arrival of airborne 1O2 to a solution
interface with alkene surfactant sites solvated also in “on
water/CD3CN” organic reaction (entry 10) also led to a loss of
regioselectivity, indicating the need for the interaction of 1O2
with the alkene site positioned above the air−water interface
(entries 1−4). The regioselectivity of the surfactant−1O2 “ene”
reaction was also investigated based on the 1O2 apparatus, as
described next.
Effect of the Chain Length on the Regioselectivity of

the “Ene” Reaction. The prenylsurfactants reacted with 1O2
to give two “ene” hydroperoxides 2 and 3 in varying ratios. For
the photoreactor, the product ratios of 2:3 decreased from 3.2
± 0.03 for 11C, to 2.8 ± 0.02 for 9C, and to 2.5 ± 0.04 for 7C
(entries 1−3). The regioselectivity is all but lost in the bubbler
compared to the photoreactor. For the bubbler reactor, the
regioselectivity ranged from 1.35:1 to 1.04:1 (entries 4−8).
The micelle or solution phase ranged from 0.9:1 to 1.11:1

(entries 9−11). There is little or no regioselectivity in the
solvated state. In homogeneous solution, 1O2 “ene” reactions
show little or no preference, where 2 and 3 are formed in
nearly equal amounts. A complete loss of regioselectivity when
9C is dissolved in a homogeneous solution, as has been
observed for 2-methyl-2-pentene in organic solvents (entries
10 and 11). Next, our analysis shows the reactivity of 11C with
1O2 with various compositions of D2O vs H2O.

Effect of Solvent Deuteration. Experiments were
conducted to quantitate the percent yield of hydroperoxides
2 and 3 in the reaction of 11C. Table 1 shows that the percent
yield of the hydroperoxides increased by ∼2-fold in D2O
compared to H2O (67.4% in D2O and 31.3% in H2O, entries 4
and 8). We find that 11C’s chemical reactivity does not
increase by 20-fold as would be expected for aqueous solvated
species with the known longer 1O2 lifetime in D2O compared
to H2O.

52 Thus, the results are consistent with the partial
solvation of 1 and point to a dependence on mixing rates, as
will be seen next.

Effects of Gas and Water Phases Based on DFT
Calculations. Gas-Phase Calculations wherein All Struc-
tures Are Dry. When 1O2 attacks the 11C surfactant in a cis
orientation in the gas phase, a perepoxide structure forms as a
TS (Figure 5a). The reaction follows Singleton and coworkers’
two-step no-intermediate mechanism.3 Both TS1 and TS2 in
Figure 5a are located in energy below the reactants. The energy
gap between TS1 and TS2 is 12 kJ/mol calculated at B3LYP/
6-31+G(d). Singlet oxygen attacks the π bond nearly
symmetrically, as shown by the close distances of R2 and R3
in TS1 (R2 = 2.07 Å and R3 = 2.16 Å). The 2° hydroperoxide
is a less-stable anti-Markovnikov product, while the 3°
hydroperoxide is a more stable Markovnikov product.
According to the two-dimensional (2D)-PES shown in the
top left frame of Figure 6, a longer route is required to reach
the 2° ROOH compared to that for the 3° ROOH. For the
comparison of the reaction of 11C with that of a short-chain
species, the PES for the 1O2 reaction with 2-methyl-2-butene in
the gas phase was calculated as well. It also shows a two-step
no-intermediate process, consistent with the results of
Singleton et al.3 The perepoxide complex could also be
characterized as a loosely bound perepoxide when 1O2 attacks
the 11C surfactant in a trans orientation. As shown in Figure
5b, the binding strength of such a 1O2 complex is 32 kJ/mol at
B3LYP/6-31+G(d). Considering that the B3LYP calculation
may be affected by the spin contaminations arising from the
1O2 reactant and its adducts, we have refined the gas-phase
reaction energetics using the domain-based local pair-natural
orbital coupled-cluster single-, double-, and perturbative triple-
excitation method47 with DLPNO-CCSD(T) coupled with the
aug-cc-pVTZ basis set. The inclusion of a perturbative
correction for triple excitation in CCSD(T) enables to some
extent a compensation for the deficiencies of a single-
determinant reference. The corrections of the PES energies
at the CCSD(T) level of theory are overall minor. The major
revision by the CCSD(T) theory is that the gas-phase
transition states TS1 and TS2 for the gas-phase cis reaction
are both below the starting reactants, while the TS3 for the gas-
phase trans reaction increases up to 2 kJ/mol above the
starting reactants. This rationalizes (to some extent) the
experimentally observed the cis-effect.5

Water-Phase Calculations wherein All Structures Are
Fully Solvated. Different from the gas-phase scenario, the
perepoxide of the 11C surfactant exists as an intermediate

Figure 4. A plot of regioselectivity in forming 2:3 (upper blue ●
trendline y = 0.175x + 1.26, R2 = 0.993) and total quenching rate
constant kT (red ●) vs alkene chain length of surfactants 7C, 9C, and
11C upon the delivery of 1O2 to the air−D2O interface.
Regioselectivity in forming 2:3 (lower blue ● trendline y = 5.87x −
37.0, R2 = 0.0908) alkene chain length, and surfactants 9C and 11C of
1O2 in homogeneous solution CD3CN/D2O (9:1). The kT of 2-
methyl-2-pentene is taken from ref 53.
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complex in aqueous solution regardless of the 1O2-approaching
orientations, as shown by 1D reaction PESs in Figure 7 and
relaxed 2D-PESs in Figure 8. The binding energies of the cis-/
trans-perepoxides are 85−88 kJ/mol in water and is more
strongly bonded than the gas-phase analogous. The solution-
phase reaction follows Acevedo and co-workers’ cis- and trans-
perepoxide intermediate mechanism. It should be noted that
DFT PES implies that the formation of the 2° ROOH is more

favored as it can be formed via both cis- and trans-perepoxide
intermediates. The gas-phase perepoxide TSs have long C−O
bonds (R2 = 1.8−2.4 Å and R3 = 1.6−2.2 Å). In contrast, the
solvated perepoxide intermediate contains shorter C−O bonds
(R2 = 1.5 Å and R3 = 1.6 Å). The latter is anticipated for
decreased π-bond character, which is similar to the C−O bond
lengths of epoxides (∼1.47 Å).

Table 1. Effects of Surfactant Mixing on the Percent Yield and Ratio of Hydroperoxides 2 and 3 Formed by Ene 1O2 Reactions

aAirborne 1O2 was generated by the photoreactor for 1 h. Samples of 1 mM surfactant were in 0.6 mL of D2O (submicellar concentration).
bBubbler introduced 1O2 from a reaction of Cl2, H2O2, and KOH for 1 h. Samples of 1 mM surfactant in 3 mL (submicellar concentration). cRef
35. dRef 51. eErrors are ±1%. fAirborne 1O2 was generated by the photoreactor for 1 h. Samples of 25 mM surfactant were in 0.6 mL of H2O
(micellar concentration). gAirborne 1O2 was generated by the photoreactor for 1 h. Samples of 1 mM surfactant were in 0.6 mL of CD3CN/D2O
(9:1).
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Mechanistic Considerations. The mechanism that we
propose is based on an 1O2 interfacial effect in the partitioning
of the perepoxide toward a TS or an intermediate. Our DFT

computations provide evidence for borderline mechanisms, in
which the perepoxide is a transition state in the gas phase while
an intermediate in the water phase. These DFT-computed

Figure 5. Reaction coordinates for the 1O2 oxidation of the 11C surfactant in the gas phase, occurring in (a) a cis-orientation and (b) a trans-
orientation. Reaction enthalpies (relative to the corresponding reactants) were calculated at B3LYP/6-31+G(d) and DLPNO-CCSD(T)/aug-cc-
pVTZ (values listed in parenthesis), both of which include thermal corrections at 298 K. For most structures, only the portions participating in
reactions are depicted. For TSs, vibrational modes corresponding to imaginary frequencies are indicated by displacement vectors. Bond lengths are
indicated in the unit of angstrom.

Figure 6. Relaxed 2D-PES scan along the R2 and R3 bond lengths (see definitions in Figure 5) of (top) a cis-reaction formed in the gas phase,
which leads to the formation of both secondary and tertiary hydroperoxides (indicated by dotted lines) via the same transition state TS2 and thus
with equal possibilities; (bottom) a trans-reaction formed in the gas phase, which exclusively evolves to a secondary hydroperoxide via TS3
(indicated by dotted line). Numbers in the contour map are the potential energies calculated at the B3LYP/6-31+G(d) level of theory.
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results combined with the experimental results in the
photoreactor and bubble reactor provide evidence for the
formation of perepoxide in a continuum from the TS to the
intermediate. The data with interfacial effects are reminiscent
of structure effects provided by strained alkenes, in which
cases, the allylic proton in trans-cyclooctene is remote and out

of the proper position for abstraction by 1O2, thereby enabling
the formation of a perepoxide intermediate.29,30 The DFT-
computed initial interaction of 1O2 at the alkene site of 11C is
sensitive to the gas phase as the perepoxide TS is very weakly
bound with a strength of only 32−41 kJ/mol with long C−O
bonds of 1.8−2.4 Å. This situation changes in aqueous

Figure 7. B3LYP/6-31+G(d)-computed reaction coordinates for the 1O2 oxidation of the 11C surfactant in water, mediated by (a) a cis-perepoxide
and (b) a trans-perepoxide. Reaction enthalpies are relative to the corresponding reactants and include thermal corrections at 298 K. Water
solvation effects were calculated using the PCM model. For most structures, only the portions participating in reactions are depicted. For TSs,
vibrational modes corresponding to imaginary frequencies are indicated by displacement vectors. Bond lengths are indicated in the unit of
angstrom.

Figure 8. Relaxed 2D-PES scan along the R2 and R3 bond lengths (see definition in Figure 7) of (top) a cis-perepoxide formed in solution, which
leads to secondary and tertiary hydroperoxides via TS2′a and TS2′b, respectively; the two product channels have nearly equal activation barriers,
with the secondary hydroperoxide being slightly favored; (bottom) a trans-complex formed in solution, which evolves exclusively to secondary
hydroperoxide via TS3′. Numbers in the contour map are the potential energies calculated at the B3LYP/6-31+G(d) level of theory.
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solution, in which the perepoxide intermediate is bound with a
higher strength of 85−88 kJ/mol with shorter C−O bonds of
1.5−1.6 Å and bears a resemblance to typical C−O bond
lengths of epoxides.
To provide evidence for the variable reactivity of 1O2 to the

air−water interface, the singlet oxygenations by the photo-
reactor and the bubble reactor in the presence of surfactants
were of use. In the photoreactor, higher hydroperoxidation
yields were observed as the surfactant length increased. We
attributed this increased product yield to the enhanced contact
between the alkene group and 1O2 in the air gap from longer
surfactants. In the bubble reactor, replacing the solvent H2O
for D2O led to a 2.1-fold increase of the reaction yield of 11C,
which is less that the 20-fold increase that would be expected

when 1O2 is fully solvated. The water O−H bond
oscillators55,56 can readily quench 1O2 to the ground state
3O2, so that 1O2 migrates only ∼150 nm as a solvated species.
In the photoreactor, the unequal abstractions of surfactant
methyl and methylene allylic hydrogens provided a further
mechanistic handle.
We favor a mechanism shown in Figure 9A for the 1O2 “ene”

reaction at the air−water interface. The following mechanisms
depicted in Figure 9B−F are not consistent with our results:
(i) attribution of regioselectivity to hyperconjugation57 of the
alkene head is unlikely due to high energetics for C−C bond/
no-bond resonance, (ii and iii) implicit water via electronic
repulsion to the perepoxide is unlikely because O−H bonds
and not lone pair electrons situate themselves vertically,58 or

Figure 9. Possible mechanisms to account for the regioselectivity observed in the reaction of surfactants with 1O2 at the air−water interface.
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the water interface as a “large” substituent is unlikely as it
would preferentially lead to the 3° hydroperoxide, not the 2°
hydroperoxide, as observed, (iv and v) specific water
interactions via anchimeric assistance or H-bonding to the
perepoxide are unlikely in which the 3° hydroperoxide would
be preferred, and not the 2° hydroperoxide, and higher percent
yields for shorter surfactant in the series, both opposite to what
was observed. The proposed mechanism is shown in Figure
9A, in which the water layer functions as a physical quencher of
the approaching 1O2 is thus proposed as the most likely
mechanism, as seen in Figure 2 (eq 3). Vibrational physical
quenching of 1O2 by water is pertinent here, as reported
previously.55,56,59−61 Pertinent here is the higher yield and
greater selectivity in the longer chain 11C as it minimizes
contact between the prenyl group and water, for preferential
allylic hydrogen abstraction of the methyl groups by airborne
1O2. The methylene allylic hydrogens are less accessible (closer
to the physically quenching water surface), making methyl
hydrogen abstraction favorable to reach the 2° hydroperoxide.
The importance of the surfactant chain length is similarly

corroborated by an increase in the regioselectivity of the 2°
ROOH in longer 11C compared to the shorter 9C and 7C.
Singlet oxygen is a longer-lived species in the gas phase for
arrival at the surface for an increase in selectivity as the chain
length increases from 7C to 9C then to 11C (from 2.5:1 to
3.2:1). This pattern might reflect a greater aqueous layer
influence in the shorter chain surfactants, and accompanying
reduction in regioselectivity, which reduces even further in the
1O2 bubbler. For the 1O2 bubbler, the regioselectivity nearly
disappears, even for the long-chain 11C surfactant (Figure
9G).
This led us to ask the question: How does the work f it in the

f ield of organic oxidation selectivity? The work improves the
state-of-the-art because the delivery of 1O2 from mainly a dry
or wet origin can tune the selectivity from high to low. A
mechanistic picture is available for turning off regioselectivity
in the hydrogen abstraction step of 1O2 with alkene surfactants.
In the photoreactor, surfactant molecules are evenly dispersed
on the water surface and reside at the interface. In the bubble
reactor, dynamic sparging results, where the attack of 1O2 on
surfactant molecules arises in a higher solvated state, and thus
regioselectivity is lost, in contrast to the situation with the
photoreactor.
Summary. Many studies have focused on 1O2 chemistry in

the solution phase or the gas phase, but sparingly few have
focused on 1O2 at the air−water interface, in part due to the
need to develop surface-active compounds. Furthermore,
reactors for 1O2 generation and reactions in water have yet
untapped potential.17 To make inroads in this vein, two
methods and three alkene surfactants (7C, 9C, and 11C) were
used to probe the 1O2 “ene” reaction at the air−water interface.
DFT-computed results point to solvation differences in a
continuum from the gas-phase perepoxide TSs with low
binding strengths to the solution-phase perepoxide intermedi-
ates with higher binding energies. With the alkene site located
further away from the aqueous interface, this harkens us back
to the old adage: location, location, location. A mechanism is
proposed that explains how physically isolated 1O2 and
solution-phase 1O2 affect the “ene” reaction with tunability
for the range of perepoxide as a TS to an intermediate. The
positioning of the alkene site is key, where regions emerge that
controllably react the alkene with dry or wet 1O2.

■ CONCLUSIONS
A photoreactor and bubble reactor were used to provide
mechanistic insights into which 1O2 was directionally trapped
at the air−water interface. These reactors contained no
photosensitizer in solution, which was advantageous for
enabling singlet oxygen’s reactivity to be assessed without
intervening species from type I photooxidation reactions. The
use of the photo- and bubble reactors for the generation of 1O2
in alkene surfactant oxidations led to the “ene” reaction of 1O2
and the formation of a secondary and tertiary hydroperoxide at
the air−water interface. Mechanistic evidence is provided for a
continuum of the perepoxide ranging from a TS to an
intermediate. Future studies could focus on deuterium labeling
one of the two geminal methyl groups for further insight into
the regioselectivity of the 1O2 “ene” reaction under the two
experimental conditions described in this study. Future studies
could also be undertaken including enhanced selective
oxidation reactions, further control of the perepoxide TS and
intermediate continuum, and comparison of the surface area
exposed to air with high and low surfactant packing at the air−
water interface.
Control of 1O2 chemistry at the air−water interface and the

airborne state can make the photoreactor and bubble reactor
methods advantageous to other methods, such as structure
constraints (i.e., inaccessible allylic H) or homogeneous
solutions.29−31 The tuning of the 1O2 “ene” process with

1O2
as a gaseous species or partially aqueous solvated species makes
these methods relevant for mechanistic control by the air−
solution interface and fate of the 1O2 reaction. Such interfacial
1O2 control and mechanism is relevant in air, and oxidative
damage, and adds to recent work focusing on other ROS such
as HO• and ozone at an air−water interface.62−67 The impact
of the work goes beyond organic chemistry and is related to
biologically relevant models of 1O2 at the membrane or marine
aerosol surfaces.
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