Mechanistic and Curtin—-Hammett Studies of the 10, Oxidation of a

Prenyl Phenol and Phenolate Anion

Akshaya Iyer,'? Lloyd Lapoot,'* and Alexander Greer!->*

! Department of Chemistry, Brooklyn College, City University of New York, Brooklyn, New
York 11210, United States

2 Ph.D. Program in Chemistry, The Graduate Center of the City University of New York, 365
Fifth Avenue, New York, New York 10016, United States

3 Ph.D. Program in Biochemistry, The Graduate Center of the City University of New York, 365

Fifth Avenue, New York, New York 10016, United States

Email address: agreer@brooklyn.cuny.edu

Table of contents graphic




Abstract

The Curtin—Hammett principle, widely recognized in thermal reactions, has been extended
to photosensitization processes in this study, providing new insights into the reactivity of
photogenerated singlet oxygen ('O2) with phenol and phenolate anion species. Here, we explore
mechanistic and Curtin—-Hammett studies of the equilibrium between the phenol and phenolate
anion forms of a prenylated natural product, prenylphloroglucinol. This study uses density
functional theory (DFT) to examine phenol and phenolate anion-quenching pathways of 'Oz
showing distinct pathways for each form. In the phenolate anion, 'Oz is quenched to form a peroxy
anion. In contrast, in the phenol form, 'Oz leads to a potent epoxidizing agent in a seemingly pro-
oxidant path. An iso-hydroperoxyhydrofuran intermediate is proposed to be key in the epoxidation.
Meanwhile, the phenolate anion cyclizes and protonates forming a comparatively benign
hydroperoxyhydrofuran species. The phloroglucinol is next to the C-prenyated group directs the
reaction pathway towards the formation of a dihydrobenzofuran, deviating from the conventional
'02 ‘ene’ reaction mechanism and the production of allylic hydroperoxides typically observed in

trisubstituted alkenes.

1. Introduction

Concepts in physical organic chemistry, such as the Curtin—~Hammett principle,
Hammond’s postulate, and the Thorpe-Ingold effect, are well-established for thermal reactions.!
However, their photochemical or photosensitized counterparts have been much less explored.

Notably, Bochet and Harvey described excited-state transition states (TSs) and conical



intersections (Cls) to extend to a photochemical equivalent of Hammond’s postulate.? Building on
this foundation, we investigate a photosensitized equivalent of the Curtin—-Hammett principle using
photogenerated singlet oxygen ('O2). More accurately, this is a photosensitized reaction to form
'02 that reacts with the phenol and the phenolate anion of prenylphloroglucinol (2-prenyl-1,3,5-
benzenetriol, 1). Excitingly (pun intended), we propose that they function as high-energy pro-
oxidants and low-energy antioxidants, respectively, with distinct mechanistic pathways governing
each reaction.

The Curtin—-Hammett principle states that when two species, A and B, are in equilibrium,
their product distribution is determined by the energy barriers of their reaction pathways rather
than their relative populations (Figure 1). The Curtin—-Hammett principle also implies that the rate
of interconversion of the reacting species (A and B) should be faster than each of the distinct
reactions (A to C or B to D). Here, A reacts to form C via a lower energy barrier, while B reacts
to form D via a higher energy barrier. Despite the higher population of B, C dominates due to A's
lower transition state energy. This principle emphasizes the role of transition state energies over
reactant equilibria in determining product outcomes. In analogy to the Curtin—~Hammett principle,
this study investigates the equilibrium between prenylphloroglucinol in its phenolate anion form
(A) and phenol form (B), which gives rise to distinct species. Commonly 'O2 is generated by
photosensitization, which is modeled by density functional theory (DFT) in this study. This 'O>
can then react with the phenolate anion (A) to generate an internally hydrogen-bonded perepoxide
(A"), which subsequently leads to the formation of peroxy anion (ROO”) (C). The C is
subsequently protonated to form a dihydrobenzofuran hydroperoxide product, indicating the
incorporation of 'Oz into the molecule. Hence, we refer to this process as an antioxidant pathway.

In contrast, the phenol (B) is converted into the hydrogen-bonded singlet oxygen intermediate (B')



which proceeds to form an iso-hydroperoxy intermediate [R(H)'OO~] (D). As we will see, D
undergoes epoxidation, leading to the formation of the more stable dihydrobenzofuran alcohol.
Hence, we refer to this process as a pro-oxidant pathway.

Our group has been interested in photochemical processes involving 'Oz, and oxygen
radicals and radical ions.>* One facet of our work is the use of adjuvants or other compounds to
amplify or deactivate oxidative reactions.’ In this vein we focused on efforts to fine-tune 'O
oxidative processes depending on the system's needs.®® This leads us to the present study on a
phenol/phenolate anion system, where we propose a mechanism inspired by the Curtin—Hammett
principle, but in a 'Oz photosensitized context. We focused on the reaction of 'O with a phenol
and phenolate anion of prenylphloroglucinol, to try to achieve mechanistic control over product

formation.
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Figure 1. Illustration of thermal Curtin-Hammett (left) and 'Oz photosensitized Curtin-Hammett
behavior (right). Left panel: The thermal pathway shows A and B in equilibrium, where A forms
C in a lower energy barrier, and B forms D in a higher energy barrier. Right panel: The 'O
photosensitized pathway depicts prenylphloroglucinol in its phenolate anion form A and phenol
form B leading to the corresponding peroxy species A' and B', where A' forms C with a lower
energy barrier, and B' forms D with a higher energy barrier. In the text, labeling is as follows: A

is7;Bis1; A'is 8;B'is 2; Cis 5; and D is 4.



2. Computational Section

M062X/6-31+G(d,p) calculations were conducted using the Gaussian16 program (revision
C.01).” The reaction enthalpies are reported with thermal (298 K) and zero-point energy
corrections.'® Analysis of stationary points was carried out by frequency calculations. Basis set
superposition error (BSSE) was computed using the counterpoise correction method of Boys and
Bernardi.'® Verification of TS2/3, TS3A/4, TS 3/5, TS3/6, and TS8/9 were also carried out by
tracing their internal reaction coordinates (IRC); the forward directions of TS9/10 and TS9' were
also verified. Single point calculations were also conducted. In our previous reports on DFT
calculations of the 'Oz oxidation of glycocitrine and prenyl surfactant,!’"'? T1 diagnostics were
found to not problematic with spin contamination having reasonable T1 values. To account for
water solvent effects, we also carried out conductor-like polarized continuum model (CPCM)
calculations.”® The proton affinities (PA) of various phenolate anions and peroxy anions were
calculated to reveal insights into their acid-base behavior. The singlet-triplet gap of 'Oz ('Ag) is
known to be 22.5 kcal/mol experimentally, thus we calculated 'Oz (*Z¢") and added the 22.5

kcal/mol energy to it.

3. Results and Discussion

Described next are the results of our DFT study, including the energetics of phenol and
phenolate anion, reaction prenylated phloroglucinol 1 with 'Oz oxidation, and computed routes for
the phenol path A-D and phenolate anion path E-I.

3.1 Proton Affinities of the Phenolate Anion and a Related Peroxy Anion. In Figure 2,

the DFT calculated PA of phenolate anion 7 (341.7 kcal/mol) is found to be more exothermic than



its corresponding anion formed after reaction with 'Oz 8 (313.7 kcal/mol). Here, 2 should not be
considered the “protonated” form of 8, but rather a protonated form followed by endothermic
rearrangements. Interestingly, anion 7 bears greater nucleophilicity relative to 1, and single-point
calculations indicate that the phenolate anion 7 is higher in energy than phenol 1, and that the
perepoxide 8 is lower in energy than the H-bonded 'O:-phenol complex 2. We believe that the
Curtin—-Hammett principle can be applied to this reaction since phenol 1 and phenolate anion 7 are
rapidly equilibrating species. Next, sections 3.2 and 3.3, show the mechanistic divergence between
the neutral 2 and anionic 8 pathways result in different outcomes, namely one being pro-oxidant

and the other being antioxidant in character.
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Figure 2. Calculated proton affinities (PA). Gas-phase data are in kcal/mol for M062X/6-

31+G(d,p).

3.2 Phenol Path: '0; Oxidation of the Prenyl Site. In Figure 3, 1 was seen to have an
internal O—H---n bond with the prenyl C=C group. With the approach of 'Oz to the prenyl group,

a perepoxide intermediate was not found, where instead 'O> forms an intermolecular H-bond with



an adjacent OH group to reach 2. In the absence of such intermolecular H-bonds, simple alkenes
can react with 'Oz through a perepoxide transition state and subsequent bifurcation on the potential
energy surface (PES) to allylic hydroperoxides.!>!*!6 Path A shows the interconversion of 2 to
iso-hydroperoxide 3 via TS2/3. Based on subsequent low 10.3 kcal/mol barrier (TS3A/4), iso-
hydroperoxide 3 is judged to be a powerful oxidant with a facile O-atom transfer to the prenyl
group of a neighboring 1 molecule. The epoxidation reaction to reach 4 is computed to be relative
to 3 and 2-methyl-2-butene, where 2-methyl-2-butene is a model for the prenyl group of another
molecule of 1. The epoxidation of the C=C bond of 2-methyl-2-butene (as a model for 1) by 3
produces an alcohol byproduct, 4, and is exothermic by 87.9 kcal/mol (path B). For TS3A/4, BSSE
corrected complexation energy was found to be —22.7 kcal/mol, which differed by only 0.82
kcal/mol when compared to the uncorrected (raw) complexation energy of —23.5 kcal/mol. The
conversion of iso-hydroperoxide 3 to hydroperoxide 5 proceeds by a slightly higher energy TS3/5
in a process that is exothermic by only 36.8 kcal/mol. Similarly, dihydrobenzofuran 6 can form
through H20:2 expulsion from 3 by TS3/6 in an even less exothermic reaction of 21.8 kcal/mol.
Calculations were also explored in aqueous solution as modeled with CPCM, and were
found to have fairly minor effects on the energetics. For example, the energy barrier for the
conversion of 2 to iso-hydroperoxide 3 via TS2/3 was reduced by 5.9 kcal/mol compared to the
gas phase, indicating a stabilization effect due to solvation and intermolecular interactions. The
epoxidation reaction from 3 and 2-methyl-2-butene led to TS3A/4 with a producing 4 was reduced
by 3.2 kcal/mol compared to the gas phase and slightly more exothermic. By contrast, the TSs
leading from 3 to 5 or 6 were slightly higher compared to the gas phase. The formation of
hydroperoxide 5 and dihydrobenzofuran 6 were less exothermic by ~3 kcal/mol compared to the

gas phase.
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Figure 3. Calculated potential energy surface for the reaction of phenol 1 with 'O2. Gas-phase and
solution-phase energetics are in kcal/mol for M062X/6-31+G(d,p). Energies of 2, 5, and 6, are
relative to 2-(2-iso-hydroperoxypropan-2-yl)-2,3-dihydrobenzofuran-4,6-diol 3. The energy of 4

is relative to 3 and 2-methyl-2-butene. Inset: epoxidation of C=C bond of 2-methyl-2-butene by 3.

3.3 Phenolate Anion Path: 'O, Oxidation of the Prenyl Site. In Figure 4, 7 was found
to form an unsymmetrical perepoxide 8, in which the incoming 'O forms a H-bond with an
adjacent OH group. Notice that perepoxide 8 resides in a fairly shallow minimum, in which its
formation may involve a valley-ridge inflection (VRI) eventually leading to 9 (we will discuss on
this point below). Path E shows the interconversion of 8 to peroxy anion 9 via TS8/9 with an
energy of 3.3 kcal/mol. An 11.7 kcal/mol barrier in TS9' is computed which involves subsequent

steps to reach carbanion 11 (paths F and G) in an endothermic process. Indeed, carbanion 11 is



computed to be slightly higher in energy than TS9'. An even higher and more endothermic path
than F is H in the conversion of 9 to 10 via TS9/10. Path I shows the path that we think is most
likely, a facile protonation of 9 to reach 5 (see box in Figure 4). The calculated PA of anion 7
relative to prenylphloroglucinol 1 is 341.7 kcal/mol. This value is similar to literature reports of
PA of the parent phenolate anion relative to phenol calculated using M06-2X/6-311++G(d,p)
which was 347.2 kcal/mol.!” For anion 9, the PA relative to hydroperoxide 5 is calculated as 363.5
kcal/mol, indicating that protonation at the outer oxygen is more favorable. This suggests that
protonation at the internal oxygen of the O—O group in ISO 3, with a PA of 326.5 kcal/mol, is less
favorable due to the lower basicity of the internal oxygen. Our computed values are understandable
when compared to experimental PA reports of hydroxide anion (393.8 kcal/mol) and methoxide
anion (381.7 kcal/mol) are higher relative to acetate anion (348.1 kcal/mol).'®* We note that unlike
Figure 3 for the neutral path, in the anionic path in Figure 4, an epoxidation was not found for a
reaction with 9 and 2-methyl-2-butene, where the peroxy anion of 9 appears to have repulsion for
the C=C bond of 2-methyl-2-butene. The conversion of peroxy anion 9 to dihydrobenzofuran is
computed to take place through HOO™ via TS9/10 in an endothermic reaction of 13.9 kcal/mol.
Calculations in aqueous solution, modeled using CPCM, revealed moderate deviations in
energetics compared to the gas phase, pointing to the influence of solvation. For instance, the
energy barrier for the conversion of 8 to peroxy anion 9 via TS8/9 increased by 2.6 kcal/mol. The
conversion of 9 through TS9' to eventually reach 11 in path F showed a more pronounced increase
of 9.7 kcal/mol in the energy barrier for a more endothermic process in solution. Similarly, the
conversion of 9 to 10 through TS9/10 in path H exhibited an increase of 6 kcal/mol in the energy

barrier, again becoming more endothermic.
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Figure 4. Calculated potential energy surface for the reaction of phenolate anion 1 with 'O.. Gas-
phase and solution-phase energetics are in kcal/mol for M062X/6-31+G(d,p). Energies of 8, 10,
and 11, are relative to 2-(2-peroxypropan-2-yl)-2,3-dihydrobenzofuran-4,6-diol anion 9. Inset:

proton affinity of 9.

4. Mechanism

We build upon the Curtin—-Hammett principle and an extension to the phenol/phenolate
equilibrium of prenylphloroglucinol 1 and their reactions with 'O.. These reactions with the phenol
2 and phenolate anion 7 are facile with first-excited state of 'O (*Ag), which is elevated by 22.5
kcal/mol relative to ground-state triplet oxygen.

Our DFT results are comparable with the experimentally observed reactivity of 'O with
phenols and phenolate anions, in which our calculations show a lower energy pathway for the

reaction of 'O. with the phenolate anion 7 compared to the phenol 1. Experimental data,
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summarized in Table 1, indicate that the total quenching rate constants (kt) and chemical
quenching rate constants (k) for 'O: reactions with phenolate anions are higher than those for
phenols, with Aphenolate/kphenol ratios ranging from ~16 to ~16,000. As anticipated, the more
nucleophilic phenolate anion reacts more readily with electrophilic 'O.. However, the comparison
of the experimental data in Table 1 with our DFT results is limited due to the structural differences
between the systems. Our model features a prenyl group and a polyphenol with three alcohol
groups, whereas the compounds in Table 1 are for simpler phenols and phenolate anions.
Expanding on the mechanistic behavior of phenol and phenolate anion forms of
prenylphloroglucinol in their reactions with 'O., this study highlights a unique aspect of 'O:
chemistry, specifically epoxidation. While 'O: reactions are most commonly associated with ‘ene’

reactions, as well as [2 + 2] and [2 + 4] cycloadditions yielding allylic hydroperoxides,*!*-?!

2224 respectively, epoxidation is less commonly observed.?>2® In

dioxetanes and endoperoxides,
our case, the phenol form of prenyphloroglucinol, as opposed to its phenolate anion form, shows
a predicted epoxidation pathway by oxygen transfer from the iso-hydroperoxide intermediate. This
is a proposed bimolecular reaction with an alkene moiety of the reagent. The mechanistic
divergence between the phenol 2 and phenolate anion 7 in this study provides a unique platform
to investigate this underexplored aspect of 'O:-mediated oxidative pathways. The phenolate anion
7 forms perepoxide 8 within a shallow minimum, indicating its transient nature as an intermediate.
In this context, the phenolate anion leads to a perepoxide 8 that is close to its transitional state
TS8/9, where solvation stabilizes it by 2.6 kcal/mol, making 8 a more full-fledged intermediate.
The shallow minimum for the perepoxide 8 in Figure 4 is more prevalent in the gas phase with

reduced “intermediate” character. This type of PES tuning evokes similarities to asynchronous

bond formation processes characterized by VRI.!%1416.29:30 Notably, recent studies have identified

12



a distinct solvation pattern, highlighting a perepoxide transition state in a gas-phase environment. '2

This continuum extends to the other end of the spectrum, leading to a perepoxide intermediate
under protic environment, illustrating the influence of environmental factors on the reaction
pathway.

The chemistry of enol/enolate anions in 'O. mediated processes remains sparsely studied
and is in need of further exploration.>!-** The reactivity of prenylphloroglucinol 1 with 'O. shows
some similarities to natural compounds like hyperforin (Figure 5),** but also exhibits differences.
Prior DFT studies on hyperforin revealed that its enol/enolate anion core, surrounded by four
prenyl groups, is reactive to 'Oz, in particular the southwest and southeast quadrants relative to the
northwest and northeast quadrants forming hydroperoxides through the 'O ‘ene’ reaction. Our
current DFT studies of prenylphloroglucinol 1 shares a similarity to hyperforin in that it reacts
with 'O2. However, it diverges mechanistically, proceeding through iso-hydroperoxide and peroxy
anion intermediates. These pathways result in the formation of epoxide, alcohol, and non-‘ene’

hydroperoxide products, highlighting a distinct reactivity profile.
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Table 1. Literature data on total quenching rate constants (kt) and chemical quenching rate constants (k)

of the reaction of 'O, with substituted phenols and phenolate anions

entry phenols kr(M s phenolate kr(M1shP ratio of
or anions or Kkphenotate/ Kphenol
kr (M—l S—l)b kr (M—l s—l)c
/@xOH o 3.5x10%
M /C
1 © 1.0x10™ Me 6.7x10% ~35-67
@xOH : o 7.0x107
2 <10* 1.6x10% ~7000-16000
O/OH o
3 7.3x10 1.0x10 ~137
/©/OH o
< L
4 & 1.5%10% § 2.4x107 ~16
ol o
5 Ne 2.0x10% NG 6.2x10% 31
Me Me
< <
6 Me 3.6x107 Me 8.6x10% ~24

Data acquired from ref 35.
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Enol form

Figure 5. Hyperforin quadrants, enol/enolate forms, and the 'O- 'ene' reaction.

5. Summary

In this study, we propose Curtin—-Hammett behavior to explain the reactivity of 'O: with
prenylphloroglucinol 1, based on the energetics obtained through DFT. Typical Curtin—-Hammett
behavior is when two species are in equilibrium, their product distribution is determined by the
energy barriers of their respective reaction pathways, rather than their relative concentrations. In
our system, the base/acid equilibrium between the phenolate anion form 7 and the phenol form 1
of prenylphloroglucinol lead to distinct reaction pathways upon exposure to 'O.. Rather than the
relative energy differences between 1 and 7, the activation energies of their transition states are
key to understanding the outcome of the reaction.

The phenolate anion 7 reacts with 'Oz to form a perepoxide intermediate 8. The transition
state TS8/9 for this reaction has an energy barrier of 3.3 kcal/mol, leading to the formation of the

peroxy anion (ROO") intermediate 9. This intermediate undergoes a protonation step, resulting in

15



the formation of a non-‘ene’ hydroperoxide product 5 (Figure 4, inset). This pathway is similar to
the Curtin—-Hammett principle, where 8 proceeds through a lower-energy transition state TS8/9,
compared to 2 with its higher-energy transition state TS2/3. The former leads to peroxy anion 9
and then 10, and the latter leads to an iso-hydroperoxide intermediate 3, which undergoes an O-
transfer step, resulting in the formation of an epoxide and dihydrobenzofuran alcohol 4.
Pro-oxidant and Antioxidant Pathways? Our DFT results implicate pro-oxidant
(epoxidation) and antioxidant (non-‘ene’ hydroperoxidation) processes in the 'O oxidation phenol
and phenolate anion of prenylphloroglucinol. As we mentioned above, our results point to an
interconversion between prenylphloroglucinol iso-hydroperoxy [R(H)"OO-] and peroxy anion
(ROO") intermediates to reach dihydrobenzofuran alcohol or dihydrobenzofuran hydroperoxide
products. A key determinant is that the phenol form leads to an iso-hydroperoxide leads to facile
epoxidation, which attribute to a pro-oxidant path. On the other hand, the phenolate anion form
leads to a comparatively stable non-‘ene’ hydroperoxide product that incorporated 'O2 and thus

referred to as an antioxidant path.

6. Conclusion

The above system demonstrates similarities to the Curtin—-Hammett principle. The higher
activation energy of the reaction pathway through TS2/3 allows for the formation of an iso-
hydroperoxide intermediate, but leads to the energetically favorable epoxide product. In the future,
experimental studies can address prenylphloroglucinol photooxidations under Bronsted acidic and
basic conditions to assess whether both pro-oxidant and antioxidant pathways occur. One
challenge will be finding a photosensitizer system with identical 'Oz quantum yields under varying

acid and base conditions.
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