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ABSTRACT: The site-selective introduction of an oxygen atom into an organic
molecule, without the assistance of metals, is a useful transformation, though
understanding the mechanistic underpinning of such a process is oftentimes a

ultraviolet
Ty ) light

challenging task. In exploring this chemical space and in building upon experimental 0 Y\ @
precedents, we have utilized computational tools to delineate the mechanistic details of — \ = 0
site-selective oxygen atom insertion into a p-quinone methide C(sp*)—C(sp*) bond. s b%&j ° >
To this end, several different reaction pathways for oxygen atom insertion were g 07)( Yy

explored—each encompassing a unique element qualifying the respective pathway as

being more or less feasible. The findings of these investigations revealed several
features that were vital to this reactivity, including the formation of a dimeric
intermediate, interconversion between ground- and excited-state species, and strain.
Notably, the latter finding adds to the portfolio of strain-release-driven reactions that
have emerged as popular methods to achieve otherwise difficult chemical

transformations.

B INTRODUCTION

Oxygen atom insertion is a fundamental transformation in both
biological and chemical settings, as often called upon in the
construction of ethers, esters, and alcohols from ubiquitous C—
H and C-C bonds. From a biological standpoint, the
cytochrome P450 enzymes are well known for their ability to
facilitate oxygen atom insertion events providing bioactive
compounds and related natural products, though the
mechanism of these processes is an often debated topic.'

The venerable Baeyer—Villiger reaction, in contrast, is a
commonly employed synthetic strategy for preparing esters
and lactones from carbonyl-containing substrates.” In large
part, the widespread use of this reaction derives from an
understanding of the mechanism, thus demonstrating how with
mechanistic insights, utility and experimental implementation
follow. The mechanistic details of this reaction—involving the
nucleophilic attack of peroxide at an electrophilic acyl
carbon—whereupon alkyl (or aryl) migration follows with
concomitant scission of the weak O—O peroxy bond furnishes
RCO,R’ functional group-containing products. Notwithstand-
ing, an inherent feature of this reactivity is the presence of a
carbonyl group fulfilling the important role of directing C—C
bond activation for oxygen atom insertion, in addition to the
migratory aptitude of groups and stereoelectronic effects’
(Figure 1A).

Alternatively, oxygen atom insertion into intrinsically inert
C—C bonds, for example, C(sp*®)—C(sp*) bonds, is a more
formidable challenge, especially when attempting to enable site
selectivity. This is especially true if dioxygen is the source of
oxygen, despite its abundance. Nevertheless, this type of
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reactivity holds great potential, for example, in photodynamic
therapies and recycling and synthesis as a powerful strategy for
the rapid construction of molecular complexity utilizing readily
available oxygen.* The key to unlocking this reactivity,
arguably, is through mechanistic understanding, hand-in-hand
with experimental investigations. In this regard, we recently
reported the synthesis of a p-quinone methide (p-QM) (1,
Figure 1B), which upon photolysis, in the presence of trace
amounts of oxygen, underwent a highly selective oxygen
insertion reaction at the proximate aromatic ring, as confirmed
by 'H and *C NMR and X-ray crystallography.® This type of
reactivity is less commonly encountered and thus represents
one among a very few instances of selective oxygen atom
insertion into an intrinsically inert C(sp*)—C(sp®) chemical
bond. On a related note, underscoring the emerging
importance of oxygen atom insertion is a recent report by
Aratani and Yamada groups, wherein direct oxygen atom
insertion into a biaryl C(sp?)—C(sp®)o-bond was achieved®
(Figure 1B).

A common theme between both of these disclosures was
alleviation of strain, for example, angle strain (Baeyer strain)
and torsional strain (Pitzer strain), as intrinsic features for
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Figure 1. (A) General depiction of Baeyer—Villiger oxidation. (B) Existing strategies showcasing oxygen atom insertion into different bonds.

driving reactivity forward.” Incidentally, in terms of p-QM (1),
we proposed a preliminary rationale for oxygen insertion;
however, upon deeper consideration, it became evident that
further investigation was required to explain the reactivity of
this system. Toward this aim, there were a number of aspects
needing to be addressed and/or further clarified, including (i)
the role of solvent (acetonitrile), (ii) the absence of nitrile-
derived byproducts, (iii) the possibility of H,O-facilitated
reaction pathway(s), and (iv) ultimately, a rigorous mecha-
nistic investigation of different, presumably viable, modes of
reactivity. Accordingly, herein, we describe a computational
investigation exploring nonmetal-based oxygen atom insertion
into C(sp®)—C(sp®) bonds using a p-QM substrate (1) as an
exemplar case. We posit that this disclosure will help evolve
understanding of the mechanistic details inherent to photo-
chemical processes.

B RESULTS AND DISCUSSION

Strain and Photo-Induced Reactivity. Density func-
tional theory (DFT) and time-dependent (TD)-DFT calcu-
lations at the [(IEFPCM)cy,cn)]UB3LYP-D3/6-311++G-

(2d,2p)//UB3LYP/6-31G(d) level of theory were performed
using the Gaussian 09 program®~'?
mechanism at hand (see the Supporting Information for
details). Accordingly, with the aim of clarifying the basis of
site-selective oxygen atom insertion into the C(sp®>)—C(sp?)
bridgehead bond of p-QM (1), several underlying contributors
came to the forefront (Figure 2). As a point of departure, we
sought to gain an insight into the susceptibility of the
bridgehead C—C bond, which was observed to undergo
cleavage experimentally. In probing this aspect, using the X-ray
crystal structure coordinates of p-QM (1) as input, in silico
optimization provided computed p-QM with nearly identical

to gain an insight into the
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Figure 2. 2D (left-hand side) and 3D (right-hand side) structures of 1
with a few bond angles identified.

structural features, for example, bond distances, angles, and so
forth.>

Notably, the computed bond dissociation Gibbs free energy
(BDFE) of the bridgehead bond of 1 equated to 61.4 kcal
mol™" (see the Supporting Information for details) well below
typical C—C bond strengths, for example, Ph-Me with a BDFE
of 102 kcal mol™."" The weakening of this bond, in part,
derives from steric repulsion between the p-QM and proximal
aryl bridgehead carbons, as conferred by short C---C distances
of 2.99 A, a metric well below the sum of the van der Waals
radii of two carbons (Pauling van der Waal radius C = 1.70
A)."” Furthermore, there were various aberrant angles and
torsions throughout the polycyclic framework resulting in
Baeyer strain, for example, Oc(;)_c(2)-c(s) = 105.9°
Oca)-c(s)-c(a6) = 116.2°, and Oca6)-c(30)-c(28) = 974"

Associated with these elements of strain was the important
role of the p-QM moiety in triggering reactivity, as clearly seen
from the computed highest occupied molecular orbital
(HOMO) and the lowest unoccupied molecular orbital
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(LUMO) of p-QM (1) with orbital densities completely
localized on the quinone ring moiety (Figure 3).

Figure 3. Computed [UB3LYP-D3/6-311++G (2d,2p)//UB3LYP/6-
31G(d)] HOMO (left-hand side) and LUMO (right-hand side) of 1.

Pathways 1—4. With a glimpse into the inherent strain and
indispensable role of the p-QM moiety of 1, our attention
turned to examining several reaction scenarios deemed most
probable. Collectively, these differing processes defined four
pathways, all of which featured pivotal peroxy radical S¢, and/
or benzyl diradical 4, (Figures 4, S, and 7, pathways 1—4).

A brief overview of computed pathways 1 and 2 reveals great
differences between them until intermediate Sy, primarily the
involvement of singlet vs. triplet dioxygen, wherein the two
pathways converged after Sp; to provide product 3g;.
Markedly, only singlet-state species were involved in the
steps preceding intermediate Sy, in pathway 1 (blue line),
whereas pathway 2 proceeded through intersystem crossing

(ISC) following photolysis, wherein a rearrangement of the
bicyclo[2.2.2]-framework of 1 occurred. Here, two distinct
steps were found to exist with the intermediates being triplet-
state species (pathway 2, red line) (Figure 4).

Taking a finer look at the mechanistic details of pathway 1,
an excited-state intermediate 1S¥, residing at 45.0 kcal mol™
above the ground-state-starting structure 1S; on the reaction
coordinate diagram, initially forms following the absorption of
a photon of light. Either internal conversion back to the
ground state or forward propagation along the reaction
pathway then occurs with the latter involving funneling
through a conical intersection emptying onto the ground-
state surface at intermediate 2g; via transition state TSlg,
displaying C---C bond-making and bond-breaking distances of
1.66 and 2.21 A, respectively (Figure 4). Singlet-state
intermediate 2g, next reacts with triplet dioxygen to furnish
the intermediate Sy;, with its spin density localized on the
quinone ring and the peroxy radical group, clearly foreshadow-
ing the subsequent reactivity (Figure 6). With the stage set, the
peroxy radical oxygen addition to the abundant solvent occurs
by the energetically demanding transition state TS3p,
(calculated AG* = 28.3 kcal mol™?) featuring a C---O bond-
forming distance of 1.75 A. This endergonic process leads to
iminyl radical 6r;, wherein the spin is dispersed across the
quinone ring and the peroxy iminyl substructure. The
subsequent O—O bond homolysis (transition state TS4y;)
with a O--O bond-breaking distance of 2.10 A and a moderate
Gibbs free energy activation barrier (AG¥) of 15.5 kcal mol ™
is then surmounted to provide triplet-state intermediate 7,
concomitant with a putative nitrile-derived oxaziridine-like
byproduct. Thereafter, attack of the oxygen-centered radical of
7r; upon the neighboring aromatic ring ensues to form
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Figure 4. Comparative free energy profiles for oxygen atom insertion via pathways 1 (blue) and 2 (red). These profiles share a common pathway

upon formation of intermediate Sq;.
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Figure S. Free energy profile for oxygen atom insertion via pathway 3. This reaction pathway was truncated at high-energy transition state TSSg;.

resonance-stabilized aryl radical 8;; by C--O bond-forming
(distance = 1.91 A) transition state TS5y, with a calculated
activation barrier of 6.40 kcal mol™!. At that stage, C—C bond
homolysis by TS6y,, displaying a C---C bond-breaking distance
0f 2.17 A and a calculated activation barrier of 8.90 kcal mol™,
forms triplet-state intermediate 9r;. Finally, relaxation to the
ground state affords computed singlet-state product 3,
corresponding to product 2.

As for pathway 2, initial ISC from 1S§ furnishes triplet-state
intermediate 2y;, which is 39.6 kcal mol™" less stable than the
starting p-QM (1) and dominated by the QM ring-localized
spin density (Figures 4 and 6). Quinone methide and proximal
aryl ring C—C bond formation (distance = 2.12 A) coupled to
the migration of quinone ring spin density onto the
neighboring aryl ring then occurs by transition state TSIy,
with an activation energy of 10.1 kcal mol™'. The resulting
resonance-stabilized aryl radical 3, then undergoes C—C
bond scission (distance = 2.07 A) by transition state TS2q,
with an activation barrier of 8.80 kcal mol™ to furnish benzyl
diradical 4y, wherein the spin density is localized on the
quinone ring and benzylic carbon (Figure 6). At that point,
reaction with singlet dioxygen, presumably generated by
oxygen quenching of 1% with p-QM (1) playing the role of
a sensitizer and light,"” affords peroxy radical S,. Thereafter,

and as noted above, the remaining steps of this pathway mirror
those of pathway 1.

In stepping back and generalizing the overall feasibility of
these two pathways, both are fraught with the unfavorable
energetics of proceeding through transition state TS3;—that
is, capture of the solvent—provided the viability of the ISC or
the event of a conical intersection. Taking this into
consideration, these two pathways, nonetheless, offer a more
probable mechanism for the formation of 3, from 1g; than the
highly unfavorable peroxy radical addition to the solvent
(singlet state) nitrile nitrogen®* 6y, (calculated AG¥ = 53.9
kcal mol™") (see the Supporting Information).

Pathway 3, as a less viable option, is built upon the elements
of pathways 1 and 2, wherein the common denominator
appears to be intermediate 4., that utilizes triplet-state oxygen
to provide marginally more stable intermediate 45, (Figure S).
This singlet-state intermediate then reacts with the solvent by
energetically demanding transition state TS3g;, which is 27.7
kcal mol™" less stable than intermediate 4g;. The product of
solvent capture (intermediate Sg,) then undergoes O—O bond
homolysis (distance = 1.97 A) by transition state TS4g,
affording oxygen-centered radical 6g;. At that point, oxygen
addition to the nearby aryl ring was computed to be highly
unfavorable with an activation barrier of 20.0 kcal mol™ for
surmounting transition state TSSg;, located well above I, or,
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Figure 6. Calculated geometries of transition-state structures (triplet state) with key bond metrics shown in A, along with spin densities of

prominent transition states and intermediates.

for that matter, 1§. Given this escalating energetic profile and,
with it, infeasibility of this mechanistic scenario, further
investigation of this pathway was not pursued. Finally, having
ruled out this pathway as a possibility, we explored one final
option, namely, pathway 4.

Pathway 4, in reserving the principle elements of pathway 2,
affords 3, from 1g; by a series of energetically favorable steps,
making this pathway the most feasible one among the
investigated pathways (Figure 7). The finer details of pathway
4 similarly evolve until triplet state peroxy radical S¢;. At that
juncture, peroxy radical Sp; combines with benzyl diradical
41, despite a slight entropic penalty, to provide a more stable
dimer intermediate (7g,) located at 8.5 kcal mol™ below
triplet-state precursor Sp; on the reaction coordinate by a
process (ETSy;) with an estimated activation barrier of 14.0
kcal mol™, as determined from BDFE values. Dimer break-up
affording 7, from 7§ by a well-defined first-order saddle point
was also investigated; however, this enterprise proved intract-
able and, with it, the assumption that light-mediated O—O
bond homolysis'*"® has sufficiently large energy to make
propagation of oxygen-centered radical 7y, toward the product
favorable, as opposed to its recombination back to 7g;.
Alternatively, one could invoke the formation of a putative
dimer with a tetraoxygen functionality acting as a bridging
element. Notwithstanding, the energy of this process was
prohibitively high (S8g;) at 79.2 kcal mol™' (see the
Supporting Information), thus ruling out this possibility.
Irrespectively, from 7., transition state TS5y, emerges with
an activation barrier of 6.40 kcal mol™ and a C--O bond-
forming distance of 1.91 A. The resulting resonance-stabilized
aryl radical 81, then undergoes C—C bond homolysis via
transition state TS6y; having a C--C bond-breaking distance

of 2.17 A and a computed activation barrier of 8.90 kcal mol™
leading to triplet-state intermediate 9r;. Finally, relaxation to
the ground state affords computed singlet state 3g,
corresponding to product 2.

Synopses. In reflecting upon the above mechanistic
possibilities, proposed pathway 4 stands out as the most viable
option. Governing this preference are strain, photo-responsive
functionality (QM moiety), and spin and/or charge delocaliza-
tion within p-QM (1). Nonetheless, the insights from this
model system, arguably, provide a compelling case of
nonmetal-mediated oxygen atom insertion benefiting from
abundant molecular oxygen as the terminal oxidant and light.

Further to this point, the experimental observations realized
in our previous report™ are concordant with the computational
findings associated with pathway 4, namely, solvent- and H,O-
related implications. Experimentally, nitrile solvents were
found to be an integral component for reactivity, which was
previously an open-ended question that we now attribute to
charge stabilization and/or quinone carbonyl polarization
triggering photolysis-driven bond breaking and sensitiza-
tion—among other events. This plausible indirect involvement
of solvent in the mechanism also sheds light on the questions
raised relating to the observed absence of nitrile-derived
byproducts. Last, the possibility of obtaining hydrated side
products can be accounted for by either reaction of the
peroxide group present in the dimer with H,O or a possible
change in the mechanism (ionic vs radical) that would be
influenced by a change in the chemical environment, that is,
H,O-induced (see the Supporting Information for details).
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Figure 7. Free energy profile for oxygen atom insertion via pathway 4. This pathway involves dimer species 7, as a pivotal intermediate deemed

necessary to access the product.

B CONCLUSIONS

In this article, additional insights regarding the mechanism of
oxygen atom insertion into an aromatic p-QM C(sp®)—C(sp*)
bond of 1 were provided. Employing DFT calculations, a
teasible pathway, among others investigated, was uncovered
that hinged upon the formation of a key dimeric intermediate.
Furthermore, this pathway revealed a mechanistic scenario that
supported the absence of nitrile-derived byproducts while
providing viable reasoning for the formation of hydrated side
products in the presence of H,0, thus supporting empirical
findings. Salient to this reactivity were the roles of earth-
abundant molecular oxygen as an oxidant and light as a driving
force. As this type of reactivity is still in its infancy, it is
projected that the results of this study will serve as an
instructive conceptual resource for emerging studies exploring
nonmetal-based oxygen atom insertion processes.

B EXPERIMENTAL SECTION

Computational Details. DFT calculations were performed using
the software package Gaussian 09, Revision E. 01.° All optimizations
were performed applying the B3LYP functional (unrestricted) that
1r1c1udes Becke’s three-parameter gradient- corrected exchange func-
tional'® and the LYP correlation functional'” of Lee, Yang, and Parr
along with the 6-31G(d) basis set. The optimized geometries were
verified as transition-state structures (one imaginary frequency) or

minima (zero imaginary frequencies) by frequency calculations.
Intrinsic reaction coordinate calculations'®'® were performed to
confirm that all transition-state structures were linked to relevant
minima. The energies of the UB3LYP/6-31G(d) optimized structures
were further refined by single-point calculations performed at the
UB3LYP-D3/6-311++G(2d,2p) level of theory using the integral
equation formalism polarizable continuum model (IEFPCM) with the
default parameters of acetonitrile (¢ = 37.5) to account for solvent™
and dispersion accounted for by the Grimme®' dispersion correction
method. The final reported Gibbs free energies are the summed
thermal corrections to the Gibbs free energies (temperature = 298.15
K) computed at the lower [UB3LYP/6-31G(d)] level of theory and
electronic energies from single-point UB3LYP-D3/6-311++G(2d,2p)
calculations. Single-point TD-DFT calculations were computed at the
TD—SCF—IEFPCM(cpy3cn)UB3LYP-D3/6-311++G(2d,2p) level of
theory using the UB3LYP/6-31G(d) optimized geometries. The
keyword (integral = grid = ultrafine) was used for all calculations.
Stable calculations were performed to verify that the computed
wavefunctions of each of the calculated structures were stable.
Moreover, any structure with an internal wavefunction instability was
reoptimized using stable/broken-symmetry calculations at the
IEFPCM(cp3cn)UB3LYP-D3/6-311++G(2d,2p) level of theory;
however, structurally large S8, was not reoptimized owing to
computational limitations. These energies and thermal corrections
(UB3LYP/6-31G(d)—same as above) were then summed to provide
the final reported Gibbs free energies. The 3D images of all optlmlzed
geometries were generated with CYLview,”” and GaussView'® was
used to construct all structures prior to optimization and to visualize
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the output from the Gaussian 09 calculations. The reported spin
orbital densities (isovalue = —0.0045) and HOMO and LUMO
molecular orbitals (isovalue = —0.05) were calculated using the
UB3LYP-D3 functional with a 6-311++G(2d,2p) basis set using the
program Jaguar of the Schrodinger software package.”®
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