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Table of contents text 

Strategies for improving 1O2 oxidation paths to dihydrobenzofurans are needed. A density 

functional theory study provides evidence that acridone curvature and phenol O–H··· bonding 

facilitate 1O2 oxidation of a prenyl side-group to reach a dihydrobenzofuran. Mechanistic insight 

is provided for an iso-hydroperoxide intermediate preceding the dihydrobenzofuran. Notably, our 

evidence for the iso-hydroperoxide intermediate is reminiscent of other iso species, such as 

oxywater and iso-iodoform in fields outside of biosynthetic and 1O2 chemistry. 

 

 

Abstract 

A density functional theoretical (DFT) study is presented, implicating a 1O2 oxidation 

process to reach a dihydrobenzofuran from the reaction of the natural homoallylic alcohol, 

glycocitrine. Our results predict an interconversion between glycocitrine and an iso-hydroperoxide 

intermediate [R(H)O+–O−] that provides a key path in the chemistry which then 
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follows. Formations of allylic hydroperoxides are unlikely from a 1O2 ‘ene’ reaction. Instead, the 

dihydrobenzofuran arises by 1O2 oxidation facilitated by a 16° curvature of the glycocitrine ring 

imposed by a pyramidal N-methyl group. This curvature facilitates formation of the iso-

hydroperoxide, which is analogous to the iso species CH2I+–I− and CHI2+–I− formed by UV 

photolysis of CH2I2 and CHI3. The iso-hydroperoxide is also structurally reminiscent of carbonyl 

oxides (R2C=O+–O−) formed in the reaction of carbenes and oxygen. Our DFT results point to 

intermolecular process, in which the iso-hydroperoxide’s fate relates to O-transfer and H2O 

dehydration reactions for new insight to the biosynthesis of dihydrobenzofuran natural products. 

 

 

Introduction 

The biomimetic synthesis of dihydrobenzofuran has been reported in a singlet oxygen (1O2) 

oxidation of o-prenyl phenol 1 (Figure 1) (1). Products 2-5 were formed, where dihydrobenzofuran 

2 was proposed to arise by H-bond interaction of phenolic hydrogen with 1O2, directing it into the 

prenyl group. The formation of a peroxy intermediate was plausible, but evidence was not found 

in trapping experiments with triaryl phosphites. Because of our interest in the formation of natural 

product dihydrobenzofurans (2-5), we carried out a density functional theory (DFT) study to seek 

mechanistic insight into their formation. 

Our DFT results indicate that prenyl phenol 1 bears a weaker internal hydrogen bond 

compared to glycocitrine 6 (Figure 2). As we will see, the curvature of glycocitrine 6 provides a 

stronger internal hydrogen bond thereby facilitating 1O2 oxidation of the prenyl group by an iso-

hydroperoxide intermediate. Notice the iso form [R(H)O+–O−] is zwitterionic (labeled as 11 in 

Figure 3), it is not the normal hydroperoxide form (ROOH). This difference is enforced because 
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of the hydroxy-directing interaction between the phenolic OH and 1O2. The initial 1O2-produced 

transition state appears to lead to the iso zwitterionic form. The special consequence is found from 

iso-hydroperoxide’s appearance and downstream ability to form dihydrobenzofuran. 

 Here, we focus on glycocitrine 6 which is a C-prenylated phenol, bearing a 3-methylbut-

2-enyl group on its acridone ring (6-8). Based on current understanding, this structure would be 

thought to favor the 1O2 ‘ene’ reaction with formation of secondary and tertiary allylic 

hydroperoxides. The 1O2 ‘ene’ has been reported for many homoallylic, bis- and tris-homoallylic 

alcohols (9-19), wherein our computational results point to ring curvature to enable a path to reach 

dihydrobenzofuran. In this way, the theoretical work allows us to predict a 1O2 path that deviates 

from the ‘ene’ reaction. It involves a path to dihydrobenzofuran that extends beyond our 

experimental work (1). 

Based on the DFT calculations, a proposed mechanism is shown in steps A to F (Figure 3). 

Conformational features of 6 in path A will be discussed first, followed by 1O2 oxidation (path B), 

formation of an iso-hydroperoxide intermediate (path C), and subsequent paths D-F. As we 

mentioned above, a key facet of this study is the evidence for an iso-hydroperoxide intermediate. 

There are virtues in using DFT for insight into 1O2 reactions (20-26). The formation of an iso-

hydroperoxide intermediate is important in light of the existence of iso forms of hydrogen peroxide 

(oxywater, H2O+O−) (27-29) and iodoform (iso ICHI+–I−) (30-33) as compared to their more stable 

forms, HOOH and CHI3, respectively. Such iso species have been the subject of close examination 

in physical and organic chemistry. Here, for the first time, formation of an iso-hydroperoxide is 

implicated in a biosynthetic reaction, and this leads to the natural product dihydrobenzofuran, 9.  
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Figure 1. The sensitized photooxidation of ortho-prenyl phenol 1 in ref. 1. Preferential addition 

of 1O2 to the prenyl site was attributed to hydrogen bonding with the phenol OH group, causing a 

divergence away from the singlet oxygen ‘ene’ products 4 and 5 toward the dihydrobenzofuran 2 

as the major product in benzene. 
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Figure 2. Schematic drawing of prenyl phenol 1 showing a flat benzene ring and longer internal 

O–H··· bond. Glycocitrine 6 curvature distorts its phenol ring bringing the OH group and the 

prenyl group together closer. 
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Figure 3. Proposed mechanism of 1O2 oxidation of the prenyl group in the natural product 

glycocitrine 6. Path A shows that the curved 6 accentuates an internal O–H··· bond [(S) amine 

shown; both stereoisomers accentuate this O–H··· bond]; path B is the 1O2 oxidation and 

formation a H-bonded perepoxide 10; path C is the formation of the iso-hydroperoxide 11; path D 

is the epoxidation of another glycocitrine prenyl group by O-transfer from 11; path E is formation 

of the dihydrobenzofuran 9 with the departure of H2O2; and path F is the rearrangement of the iso-

hydroperoxide 11 to hydroperoxide 12. 
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Results and Discussion  

 We now report the results of a DFT study that lead to the prediction for the existence of an 

iso-hydroperoxide intermediate. Described next are the computed conformations and distortions 

of glycocitrine 6 pertinent to 1O2 oxidation, and computed routes via paths A-F accounting for the 

iso-hydroperoxide’s formation and fate.  

Path A: Acridone Ring Curvature. The B3LYP/D95(d,p) calculated structure for 

glycocitrine 6 shows curvature in it due to a distortion imposed by the pyramidal N-methyl group 

(Figure 4A). The computations show the formation of two conformations, 6 and 6b, in which both 

display pyramidal character at nitrogen. In conformations 6 and 6b, the fused rings possess 

dihedral angles C4–C4a–N10–C10a of 162.7° and C4–C4a–N10–C(Me) of -39.3° for 6, and -

163.9° and 35.5° for 6b. Polycyclic aromatic hydrocarbons such as anthracene are flat with a 

dihedral angle of 180°. A transition structure is found to connect 6 and 6b that is essentially planar 

with an activation energy of 7.1 kcal/mol. In glycocitrine, an N-methyl-induced distortion causes 

a scissor effect thereby strengthening an otherwise more remote and weaker O–H··· interaction. 

The deviation from planarity in the remote fused-rings in 6 enhances the O–H··· interaction of 

the phenol OH with the prenyl group as revealed by the calculations (Figure 4B). In 6, notice the 

O3′–H group adopts a structure where H is positioned over the C2′ of the prenyl group; this leads 

to a stable conformation that has a dihedral angle (O3′–H–C2′–C3′) of -176.0°, H···C2′ distance 

of 2.028 Å, H···C3′ distance of 2.408 Å, and a O3′–H distance of 0.977 Å. In conformer 6b, the 

dihedral angle (O3′–H–C2′–C3′) is -163.5°, the H···C2′ distance is 2.145 Å, and the H···C3′ 

distance is 2.490 Å, a O3′–H distance of 0.975, and a relative energy 0.8 kcal/mol below 6. 
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Importantly, the H···C3′ bond distance in 6 and 6b is decreased for a stronger O–H··· bond 

contribution in the reaction of glycocitrine 6 with 1O2. 

 

 

 

 

Figure 4. B3LYP/D95(d,p) optimized structures showing (A) the positions of the NMe group in 

6 and 6b as down and up, respectively, and (B) the soft O–H··· interaction of the phenol OH with 

the prenyl group in 6 and rotamer 6b.  
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Path B: 1O2 Oxidation of the Prenyl Site Nearby an Alcohol Substituent. Figure 5 

shows that glycocitrine 6 contains a phenol O–H··· bond with the prenyl C2′=C3′ group. The 

hydrogen of O3′–H is located nearby at a H···C2′ distance of 2.028 Å for 6, for an O–H··· 

interaction of 2.1 kcal/mol. Constrained optimizations predict an approach of 1O2 to the prenyl site 

of 6 to reach an unsymmetrical perepoxide 10. This perepoxide 10 is in a shallow minimum 

stabilized by 5.1 kcal/mol with B3LYP/D95(d,p) calculations and 8.9 kcal/mol with M062X/6-

31+G(d,p) calculations (compared to the absence of the hydrogen bond, in which a transition 

structure C=C(π)∙∙∙1O2 for 10 emerges). The phenol OH forms a H-bond to the unsymmetrical 

perepoxide 10 with an O1–C2′ bond distance of 2.114 Å, an O1–C3′ bond distance of 2.186 Å, 

and an O–H···O1 bond angle of 167.0°. Similarly, Adam et al. noted a steering effect by an amino 

group in the 1O2 ene reaction of chiral allylic amines to assist 1O2 attack (18). More detail on the 

hydrogen bonding of 1O2 to the phenol OH was collected with NBO calculations. Figure 6 shows 

the results of NBO calculations with oxygen atom (O1) lone pair electrons (lp1 and lp2) interacting 

with the * orbital of the phenol O3′–H; these donor-acceptor interactions were found to provide 

10.52 and 1.43 kcal/mol stabilization, respectively, for a net energy of 11.95 kcal/mol. By 

comparison, the interaction of oxygen atom (O2) lp1 and lp2 with the * orbital of the phenol O3′–

H were trivial, which is consistent with the shorter O3′–H···O1 bond distance (1.97 Å) relative to 

the O3′–H···O2 bond distance of 2.50 Å in 10. 
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Figure 5. DFT calculated potential energy surface for the reaction of glycocitrine 6 with 1O2. Gas-

phase energetics are in kcal/mol, shown for B3LYP/D95(d,p), and in parentheses for M062X/6-

31+G(d,p). Relative energies: 6 and 6′ are relative to each other; 2-(tetrahydrofuran-2-yl)propan-

2-iso-hydroperoxide 11′ and 2-methyl-2-butene is relative to 7 and 8; and 9 and 12 are relative to 

11. 
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Figure 6. M062X/6-31+G(d,p) computed structure of the phenol OH stabilizing incoming 1O2 to 

the prenyl site of 6. NBO analysis of the oxygen atoms (O1 and O2) lone pair electron (lp1 and 

lp2) interactions with the * antibonding orbital of the phenol O3′–H group.  
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hydrofuran oxygen O and H helps to stabilize the iso form of 11 against deprotonation. To 

determine the factors that underlie 11 interconversion, three mechanistic pathways were examined. 

One arises from a bimolecular reaction (path D), and two others from unimolecular reactions (paths 

E and F).  

 

 

Figure 7. Path C: B3LYP/D95(d,p) calculation results show phenol hydrogen-bonding in the 

orthogonal orientation of the O1=O2 relative to the C2′–C3′ bond in 10, and nearly parallel in the 

iso-hydroperoxide 11. 
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reaction of 11′ and 13 is exothermic by 86.9 kcal/mol with B3LYP/D95(d,p) and 93.0 kcal/mol 

with M062X/6-31+G(d,p) calculations to reach abbreviated compounds to the corresponding 

epoxide 7 and alcohol 8. An additional step would be needed to reach elimination product 9, which 

is rationalized by alcohol 3 in a dehydration step to furnish 9, although a unimolecular path (path 

E) to 9 is also found.  

Path E to Dihydrobenzofuran 9. The formation of 9 can arise by H2O2 cleavage from iso-

hydroperoxide 11 via TS11/9. The activation barrier of TS11/9 is 5.9 kcal/mol, where the 

transition state has an O–C bond distance of 1.524 Å and H–O1–O2–H dihedral angle of 94.7°, 

thereby releasing H2O2. An 90° angle is preferred for free HOOH, where dihedral angle increases 

lead to enhanced lone-pair interactions on adjacent oxygen atoms. This is known to be 

destabilizing from antibonding overlap in the π* molecular orbital, which can reduce the oxygen-

oxygen bond energy. Since the activation barrier to 9 in path C is higher than TS11′/13 in path D, 

path D is suggested to be concentration dependent in 6. The participation of iso-hydroperoxide 11 

is reasoned based on two paths to 9, in addition to conversion to a conventional hydroperoxide 12 

(path F). 

Path F to Hydroperoxide 12. Our computed data predict the formation of 12, but in a 

slightly higher energy path F via TS11/12 (6.7 kcal/mol) compared to path D (1.1 kcal/mol) and 

path E (5.9 kcal/mol). In comparison to iso-hydroperoxide 11, the corresponding hydroperoxide 

12 has a shorter O1–O2 bond distance by 0.04 Å and a shorter O1–C3′ bond distance by 0.061 Å. 

Similar to our 7.3 kcal/mol computed barrier in path F, Meredith et al. (29) computed a barrier of 

5.7 kcal/mol in oxywater (H2O+–O−) to reach HOOH. The proton affinity of 11 of 322.4 kcal/mol 

is on par or slightly lower than typical organic acids, suggesting that proton transfer to reach 12 

can also arise through the loss and gain of the proton by the surrounding medium.  
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Mechanistic Summary. Here, mechanistic facets are summarized in which (i) glycocitrine 

curvature from the N-methyl distorts its phenol ring bringing the OH group and the prenyl group 

closer together, (ii) 1O2 oxidation of glycocitrine leads to an iso-hydroperoxide whose structure 

bears similarity to other iso species, and (iii) pincer action which enhances the protic environment 

at glycocitrine’s prenyl group. 

(i) The DFT results in Table 1 show that the prenyl phenol 1 has a longer O–H···C2′ bond 

and nearly flat phenol ring, whereas glycocitrine 6 has a shorter O–H···C2′ bond and puckered 

phenol bringing the OH and prenyl groups closer together. The O–H···C2′ in 6 is shorter than 1 

by ~0.13 Å. The dihedral angle  for phenol in 6 (C1a–C4a–C4–C3) is puckered by ~9.1° 

compared to the nearly flat phenol in 1 (C4–C3–C2–C1) = 1.0°. The proximity of the OH and 

prenyl groups are also reduced as judged by  for 6 C3–C4–C1′–C2′ that is increased by ~11-16° 

compared to  for 1 C1–C2–C1′–C2′; and  for 6 C1a–C4a–C4–C1′ that is increased by ~11-13° 

compared to  for 1 C4–C3–C2–C1′. 
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Table 1. Computed structure comparisons of prenyl phenol 1 and glycocitrine 6 

Compound 

model chemistry/basis set 

B3LYP/d95(d,p) and (in parentheses for M062X/6-31+G(d,p)) 

O–H···C2′ bond 

distance 
   

 

prenyl phenol 1 

2.15 Å 

(2.26 Å) 

 

1.0° 

(1.0°) 

 

 

54.5° 

(61.6°) 

 

 

176.8° 

(177.9°) 

 

 

glycocitrine 6 

2.03 Å 

(2.11 Å) 

9.1° 

(9.3°) 

43.7° 

(45.4°) 

166.2° 

(164.8°) 

Dihedral angle : for 1 C4–C3–C2–C1; for 6 C1a–C4a–C4–C3. 

Dihedral angle : for 1 C1–C2–C1′–C2′; for 6 C3–C4–C1′–C2′. 

Dihedral angle : for 1 C4–C3–C2–C1′; for 6 C1a–C4a–C4–C1′. 

 

The DFT results in Table 2 suggest that the fate of glycocitrine 6 from 1O2 oxidation is also 

linked to the reduced curvature in the products. For example, the dihedral angle  (C4–C4a–N10–

C10a) in 6 is increased by ~0.3-4.7° compared to products 9-7, and 12. In terms of product 

formation, notice the O-transfer reaction to a second prenyl group leads to an epoxide 7 and alcohol 

8 (Figures 3 and 5, path D). Higher concentrations of glycocitrine 6 would be expected to undergo 

bimolecular path D with formation of the dihydrofuran 9 until the concentration of 6 is exhausted, 

at which point a unimolecular paths (paths E and F) can compete. Because glycocitrine 6 possesses 
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a pyramidal N-methyl group and phenol intramolecular H-bonding similar to other prenylated 

natural products that can form dihydrobenzofurans (3-10), the iso-hydroperoxide may represent a 

key intermediate in natural products biosynthesis. 

 

Table 2. Computed structure of glycocitrine 6 and reaction products 

 

compound 

model chemistry/basis set 

B3LYP/D95(d,p) and (in parentheses for 

M062X/6-31+G(d,p)) 

 C4–C4a–N10–C10a 

glycocitrine 6 162.7° (162.8°) 

epoxide 7 163.0° (163.6°) 

alcohol 8 167.0° (165.7°) 

dihydrobenzofuran 9 167.4° (165.9°) 

hydroperoxide 12 167.1° (165.8°) 

 

 

(ii) The iso-hydroperoxide displays somewhat similar structural features to iso-iodoform 

(iso-CHI2+–I−). For iso-hydroperoxide 11, our calculations show an O1–O2 distance of 1.492 Å 

and C3′–O1–O2 angle of 113.0°, whereas iso-iodoform possesses an I–I distance of 2.92 Å and 

C–I–I angle 133.9° (30). However, the iso-hydroperoxide is dissimilar to other iso intermediates. 

For example, the photoisomerization of BiI3 to iso-BiI2–I is also accompanied by dissociation to 

BiI2• and I• radicals, which recombine to form ground-state BiI3 and I2 based on time-resolved X-

ray liquidography and DFT calculations (35). Furthermore, CHBr3 can form iso-CHBr2+–Br−, and 
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CHI3 can form iso-CHI2+–I− based on transient IR spectroscopy (31), as well as femtosecond 

pump−probe spectroscopy and nanosecond laser flash photolysis (31). Additionally dissimilar to 

iso-hydroperoxide, the CH2I+−I− and CHI2+−I− isomers formed by photoisomerizations of 

CH2I2 and CHI3 can transfer methylene and iodomethylene groups to alkenes forming 

cyclopropanes (32), although in our case iso-hydroperoxide can serve as an epoxidizing agent. We 

also note that the iso-hydroperoxide is structurally reminiscent of carbonyl oxides (R2C=O+–O−) 

formed in the reaction of carbenes and oxygen (36-38). Figure 8 shows computed electrostatic 

potential maps for the model systems iso-hydroperoxy-2-methylpropane (14) and 2-

carbonyloxypropane (15) are similar except for the deficiency of electron density (blue) at the 

oxonium ion of 14. The structures are also quite similar; 14 has an O1–O2 distance of 1.466 Å and 

C3′–O1–O2 angle of 112.8°, and 15 has an O1–O2 distance of 1.371 Å and C3′–O1–O2 angle 

117.2°.  
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Figure 8. Computed electrostatic potential maps for model compounds iso-hydroperoxy-2-

methylpropane (14) and 2-carbonyloxypropane (15). The electron-density isosurface value was set 

at 0.0004 au and a portion of the front-facing image removed for a view of the interior of the 

molecule. Colors of the map potentials range from red (negative) to green (neutral) to blue 

(positive). 

 

(iii) Our calculated results point to the existence of a phenol O–H··· prenyl in glycocitrine 

6. Similar O–H··· hydrogen bonds between alcohols and alkenes have been reported (39). For 

example, syn-7-norbornenol bears an O–H··· interaction with a distance of 1.97 Å and is 

stabilized by 7.3 kcal/mol due to this hydrogen bond (40). MP2 calculations also showed an O–

H··· bond between benzene and water also show an attractive interaction of 3.2 kcal/mol (41), 

and a preferred intramolecular O–H··· conformation in homoallylic alcohols, such as of 

epicholesterol (42). In the case of glycocitrine 6, the soft O–H··· prenyl bond is enhanced due to 

distortion imposed by the remote N-methyl group. The computed approach of 1O2 to the prenyl 

14 15
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group favors a T-shape relative to the allylic  cloud. Calculations using a start-guess structure 

with the approach of 1O2 to the prenyl group in a parallel fashion converted to a T-shape upon 

optimization (Figure S1, Supporting Information). Thus, the O–H···1O2 hydrogen bonding appears 

to facilitate the formation of the iso-hydroperoxide 11. Steering effects of 1O2 by hydroxy groups 

have been reported and can lead to shallow minima, in which the presence of a water interface (20) 

perturb the ‘ene’ reaction. The reaction of 1O2 with simple alkenes such as tetramethylethylene 

leads to a perepoxide transition state (25), that can convert to a minimum in a distorted structure 

(e.g., trans-cyclooctene) (24) or to a resonance-stabilized zwitterionic peroxy intermediate (e.g., 

heptamethine cyanine) (21,43). The reaction of 1O2 with prenyl phenols, prenylsurfactants, and 

prenyllipids can arise by ‘ene’ reactions (44-47), where our current results expand on the topic by 

implicating intramolecular H-bonding in the reaction of 1O2 with 6 and the formation of an iso-

hydroperoxide intermediate.  

 

Conclusion  

The work reveals–for the first time–theoretical evidence of an iso-hydroperoxide 

intermediate [R(H)O+–O−] in the formation of a natural product, in this case a natural 

dihydrobenzofuran. The formation of the iso-hydroperoxide intermediate is facilitated by the 16° 

curvature of the acridone ring and phenol/prenyl O–H··· bonding. Our theoretical evidence for 

the iso-hydroperoxide intermediate can be potentially impactful to the fields of biomimetic 1O2 

chemistry for biasing the path away from the ‘ene’ reaction. Future mechanistic studies could focus 

on nanoparticle surface hydrophobicity to conceivably enhance the iso-hydroperoxide and the 

dihydrobenzofuran formation. Alternate routes to the iso-hydroperoxide are conceivable, where 

future studies could focus on the reaction of O(3P) atoms (48,49) with alcohols to reach iso-
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hydroperoxide, for a potentially similar reaction of H2O with O(3P) to reach oxywater [H2O+–O−] 

(50).  

  

Theoretical Section 

The Gaussian16 program (revision C.01) was used to conduct calculations (51). 

B3LYP/D95(d,p) and M062X/6-31+G(d,p) calculations were carried out. Here, reaction 

enthalpies are provided which include thermal (298 K) and zero-point energy corrections using 

standard procedures (52,53). We find that B3LYP performs reasonably well in comparison with 

M062X. Stationary points of intermediates 16-18 from B3LYP/D95(d,p) and M062X/6-31+G(d,p) 

calculations are similar, for example, the hydrogen bonds are within 0.009-0.053 Å and the C4–

C4a–N10–C(Me) dihedral angles are within 0.1-2.9° of each other (Supporting Information). To 

compute the approach of 1O2 to the prenyl group of 6, energies were computed and compared at 

constrained distances ranging from 1.0 to 3.0 Å, in which 10 is found to reside in a shallow 

minimum courtesy of the intramolecular phenol H-bond, where absence of this H-bond leads to a 

saddle point and bifurcation on the PES. The energetic values at this part of the PES (6 + 1O2 → 

10) are less reliable due to the multi-reference character of the wave function. T1 values were 

computed to determine whether spin contamination presented problems. T1 diagnostics can show 

that contamination is problematic if they are ≥0.02 for closed-shell systems or ≥0.03 for open-shell 

systems. In Table 3, we find that spin contamination does not appear to be problematic, based on 

DLPNO-CCSD(T)/aug-cc-pVTZ/C calculations with T1 values ranging from 0.011 to 0.014. 

Larger T1 values would have pointed to non-dynamical correlation or problematic 

multiconfigurational effects. Stationary points were also analyzed by vibrational frequency 

calculations. Verification of transition structures was carried out by tracing their internal reaction 
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coordinates (IRC) and by analysis of frequency calculations. Natural bonding orbital (NBO) 

calculations were carried out to quantify the H-bonding between 1O2 and the phenol OH using 

NBO 7.0 (54,55). B3LYP/D95(d,p) polarized continuum model (PCM) water solvation 

calculations predict that the barrier heights are higher by relatively small amounts (1.3-3.0 

kcal/mol) and reaction exothermicities reduced by fairly small quantities (0.3-5.4 kcal/mol). The 

above calculations were carried out for singlet channels; calculations of the triplet channels for 

diradicals were found to be ~13-57 kcal/mol higher in energy (Table S1, Supporting Information). 

The energy of 1∆g oxygen used was from the experimental singlet–triplet gap of 22.5 kcal/mol, 

which was added to the value computed for 3Σg+ oxygen.  

 

Table 3. T1 diagnostic values of prenyl phenol/1O2 intermediates and products. 

DFT method/basis set  

intermediates and products 

 

 

perepoxide 16 

 

iso-hydroperoxide 17 

  

hydroperoxide 18 

B3LYP/d95(d,p) 0.0140 0.0121 0.0107 

M062X/6-31+G(d,p) 0.0141 0.0121 0.0106 
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FIGURE CAPTIONS 

 

Figure 1. The sensitized photooxidation of ortho-prenyl phenol 1 in ref. 1. Preferential addition 

of 1O2 to the prenyl site was attributed to hydrogen bonding with the phenol OH group, causing a 

divergence away from the singlet oxygen ‘ene’ products 4 and 5 toward the dihydrobenzofuran 2 

as the major product in benzene. 

 

Figure 2. Schematic drawing of prenyl phenol 1 showing a flat benzene ring and longer internal 

O–H··· bond. Glycocitrine 6 curvature distorts its phenol ring bringing the OH group and the 

prenyl group together closer. 

 

Figure 3. Proposed mechanism of 1O2 oxidation of the prenyl group in the natural product 

glycocitrine 6. Path A shows that the curved 6 accentuates an internal O–H··· bond [(S) amine 

shown; both stereoisomers accentuate this O–H··· bond]; path B is the 1O2 oxidation and 

formation a H-bonded perepoxide 10; path C is the formation of the iso-hydroperoxide 11; path D 

is the epoxidation of another glycocitrine prenyl group by O-transfer from 11; path E is formation 

of the dihydrobenzofuran 9 with the departure of H2O2; and path F is the rearrangement of the iso-

hydroperoxide 11 to hydroperoxide 12. 

 

Figure 4. B3LYP/D95(d,p) optimized structures showing (A) the positions of the NMe group in 

6 and 6b as down and up, respectively, and (B) the soft O–H··· interaction of the phenol OH with 

the prenyl group in 6 and rotamer 6b.  
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Figure 5. DFT calculated potential energy surface for the reaction of glycocitrine 6 with 1O2. Gas-

phase energetics are in kcal/mol, shown for B3LYP/D95(d,p), and in parentheses for M062X/6-

31+G(d,p). Relative energies: 6 and 6′ are relative to each other; 2-(tetrahydrofuran-2-yl)propan-

2-iso-hydroperoxide 11′ and 2-methyl-2-butene is relative to 7 and 8; and 9 and 12 are relative to 

11. 

 

Figure 6. M062X/6-31+G(d,p) computed structure of the phenol OH stabilizing incoming 1O2 to 

the prenyl site of 6. NBO analysis of the oxygen atoms (O1 and O2) lone pair electron (lp1 and 

lp2) interactions with the * antibonding orbital of the phenol O3′–H group.  

 

Figure 7. Path C: B3LYP/D95(d,p) calculation results show phenol hydrogen-bonding in the 

orthogonal orientation of the O1=O2 relative to the C2′–C3′ bond in 10, and nearly parallel in the 

iso-hydroperoxide 11. 

 

Figure 8. Computed electrostatic potential maps for model compounds iso-hydroperoxy-2-

methylpropane (14) and 2-carbonyloxypropane (15). The electron-density isosurface value was 

set at 0.0004 au and a portion of the front-facing image removed for a view of the interior of the 

molecule. Colors of the map potentials range from red (negative) to green (neutral) to blue 

(positive). 

 

Figure S1. M062X/6-31+G(d,p) computed start-guess structure A optimizes to B, which is the 

precursor to perepoxide 10. 
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TABLE CAPTIONS 

 

Table 1. Computed structure comparisons of prenyl phenol 1 and glycocitrine 6. 

 

Table 2. Computed structure of glycocitrine 6 and reaction products. 

 

Table 3. T1 diagnostic values of prenyl phenol/1O2 intermediates and products. 

 

Table S1. M062X/6-31+G(d,p) computed singlet and triplet energies (in kcal/mol) of 

intermediates and products. 

 

Table S2. Second order perturbation theory analysis of Fock matrix in NBO basis 
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