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ABSTRACT: In this report, we disclose a photoredox-catalyzed cation radical-mediated semi-pinacol (CRM-SP) rearrange-

DOI: 10.1039/x0xx00000x

ment along with a similar, but mechanistically distinct, n+2 ring expansion with protocols for obtaining either dearomatized

or rearomatized products. We present a substrate scope of >30 entries largely focused on the ring expansion of easily ap-

pended cyclobutanols and targeting medicinally relevant scaffolds, highlighting the utilization of the methodology for

diversi-fication. Gram scale reactions in batch and continuous flow were investigated. Additionally, the mechanism is probed

both experimentally and computationally with results suggesting a substrate-dependent set of pathways featuring either A)

a concerted 1,2-shift or B) a sequence of proton-coupled electron transfer (PCET), B-scission, Giese addition, and terminal

hydrogen atom transfer (HAT).

Introduction:

Rearrangement reactions are an indispensable tool in organic
synthesis, paralleled by few in their ability to rapidly transform
simple intermediates into complex molecular frameworks. A
thoughtfully designed rearrangement-based synthetic strategy can
streamline the transmutation of inexpensive and accessible starting
materials into difficult-to-access scaffolds with high synthetic
efficiency, often featuring non-intuitive skeletal reorganizations. This
relationship between efficiency and complexity has made
rearrangement reactions particularly attractive in the field of natural
product total synthesis, where minimizing synthetic effort to access
chemical space of ever-increasing sophistication is of paramount
importance.! While ionic rearrangements — especially those involving
cations — have been extensively studied, their radical analogues have
only recently received considerable attention with the advent of
modern enabling technologies such as photoredox catalysis and the
concurrent development of modalities for increased control of
radical species.?? Even less studied are rearrangement reactions in
which charged radical species such as cation and anion radicals
directly participate in, or are used as initiators for, skeletal
reorganizations.* 13

In an effort to expand the arsenal of transformations enabled by
organic photoredox catalysis, our group sought to probe the ability
of cation radicals to serve as migratory acceptors in rearrangement
reactions. Our initial conceptualization of this transformation is
shown in Scheme 1a, in which a cation radical could first be
generated via single-electron transfer (SET) oxidation of an alkene-
containing substrate by a photocatalyst. This electron hole, when
placed strategically adjacent to a tertiary alcohol featuring a
substituent of high migratory aptitude, could then induce a semi-
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pinacol-like rearrangement through C=0 double bond formation
concomitant with a 1,2-shift of the migrating group. This
transformation is notably distinct from traditional semi-pinacol type
rearrangements in that there is no classical leaving group, bearing
more resemblance to protio-semi-pinacol variants.'*1> As such, the
oxidative conditions required to promote SET and subsequent
rearrangement, as opposed to the acid-catalyzed conditions typically
seen in semi-pinacol-like rearrangements, potentially offer
differential functional group tolerance and provide an alternative
logic for synthetic strategy.

Scheme 1. a) Concept for a cation radical-mediated semi-pinacol
type rearrangement (CRM-SP). b) Diversification of the indole
scaffold using ring expansion methodology.?

a) Concept - cation radical-mediated semi-pinacol (CRM-SP)
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aStrategies for both dearomatization and rearomatization are
indicated by the addition or removal of a hydrogen atom,
respectively.
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Additionally, we envisioned that a photocatalyst with an
appropriately high excited state reduction potential could be used to
extend this chemistry beyond simple alkenyl or styrenyl compounds
to enable oxidation of more challenging substrates such as
benzenoids and heterocycles.’® An example of this concept as it
might be applied to the indole backbone is also shown in Scheme 1b,
illustrating the potential to access a wide range of polycyclic scaffolds
via the ring expansion of a cyclobutanol appended to various
positions on both the pyrrole and the benzene portions of the parent
indole.

Our preliminary mechanistic hypothesis for the case of a 1,2-shift
involved direct interaction of the migrating group with the cation
radical, which — in the case of an aryl migrating group adjacent to a
styrenyl acceptor — would lead to a spiro[2,5]octadienyl cation
radical transition state with the spin density of the radical located at
the benzylic position of the styrenyl fragment (see mechanistic
discussion below). While intermediate phenonium ions generated by
nucleophilic interaction of aryl groups with neighboring electrophilic
centers have been well-documented (Scheme 2a),'’-2! and cases in
which a radical engages the aryl group have been invoked in reports
such as the trifluoromethylation-induced radical 1,2-aryl migration
reported by Liand Wu (Scheme 2b),2272* to the best of our knowledge
no examples of the proposed cation radical transition state have
been previously documented.

Examples of cyclobutanol ring expansions date back to the 1970’s
with reports such as Johnson’s chlorinative semi-pinacol n+1 ring
expansion yielding 5-exo-trig products (Scheme 2c).2> More recently,
ring fusion of cyclobutanols with various aromatic groups has been
demonstrated by Zhu in which silver(ll)-mediated alkoxy radical
generation was proposed to induce B-scission and subsequent
intramolecular capture of the resulting alkyl radical by the aromatic
group at the position ortho to the newly generated acyl group
(Scheme 2d).?® Photoredox catalyzed ring expansions of cyclic
tertiary alcohols have also appeared in recent literature with a
notable example being Knowles’ expansions of 5- and 6-membered
rings to n+1 (exo-trig) and n+2 (endo-trig) adducts — differentially
achieved by the incorporation or omission of a hydrogen atom
transfer (HAT) reagent — which is proposed to proceed by alkoxy
radical generation via a proton-coupled electron transfer (PCET)
2e).2731  In  addition,
benzothiophenes have been successfully employed in ring fusions
with substituted cyclobutanols in Zhu's total synthesis of Uleine,

mechanism  (Scheme indoles and

though only the C2-substituted heterocycles were studied (Scheme
2f).32 However, rather than invoking alkoxy radical generation, their
mechanistic experiments suggest that upon oxidation of the
heterocycle, a semi-pinacol rearrangement generates a C2-
spirocyclic radical intermediate, which upon further oxidation to
produce a benzylic cation radical, undergoes a Wagner-Meerwein
1,2-alkyl  shift followed by
tetrahydrocarbazol-1-ones and their thio-counterparts.

rearomatization to yield

2| J. Name., 2012, 00, 1-3

Scheme 2. Overview of literature precedent for related ring
expansion methodologies, highlighting feéactions>BP>historical
importance and key steps of their proposed mechanisms.
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In this report we probe the feasibility, through experiment and
calculation, of spiro[2,5]octadienyl cation radical transition states in
1,2-aryl shifts and explore the extensions of this transformation to
other migratory and acceptor functional groups. These studies led us
to the development of two mechanistically distinct transformations
— a cation radical-mediated semi-pinacol (CRM-SP) reaction and an
n+2 ring expansion of cyclobutanols — along with strategies for
trapping non-aromatic intermediates or isolating the rearomatized
products through the use of hydrogen atom donating or accepting
reagents, respectively (Scheme 3).

This journal is © The Royal Society of Chemistry 20xx

Page 2 of 11


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5sc08977h

Page 3 of 11

Open Access Article. Published on 05 January 2026. Downloaded on 1/9/2026 2:01:23 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(ec)

Scheme 3. Overview of photoredox mediated transformations
presented herein:
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Results and Discussion:

Our preliminary investigations began with a chalcone-
derived tertiary alcohol, which proved capable of undergoing
photooxidation-induced rearrangement to ketone product in a
12% vyield in dichloroethane at a concentration of 150 mM
(Table 1, entry 1). After a series of control experiments (entries
2-5), we identified acetonitrile as the most suitable solvent
(entries 6—8) which provided the rearranged product in 50%
yield after decreasing the concentration to 10 mM (entry 9).
Attempts to reduce the reaction time (entries 10-11) and the
addition of base (2,6-lutidine, entry 12) led to decreased yields
while the use of other turnover reagents (thiophenol, entry 13)
or alternative acridinium photocatalysts with lower or higher
excited state reduction potentials (entries 14—15) inhibited the
reactivity almost entirely.

Table 1. Condensed optimization table for cation radical-
mediated semi-pinacol (CRM-SP).?
CRM-SP optimization

Acr Me
Eroq=+2.10V
OH Ph/S\SCF:hw( 1'8%@%) Q e
PhP’h}\/\Ph m) Ph)J\'!:\Ph .
450 nm, 24 h tBu N tBU
pH © g,
entry deviation from standard conditions yield (%)
1 initial hit: DCE (150 mM) 12
2 DCE (150 mM), no Acr N.D.
3 DCE (150 mM), no PhSSPh N.D.
4 DCE (150 mM), no LED N.D.
5 DCE (150 mM), 5 °C <5
6 MeOH (75 nM) N.D.
7 TFE (75 mM) 26
8 MeCN (75 mM) 39
9 none 50
10 3h 15
11 6h 25
12 2,6-lutidine 34
13 PhSH, no PhSSPh N.D.
14 PC: Acr 2 (+1.65 V) N.D.
15 PC: Acr 3 (+2.21V) <5
a¥jelds determined by 'H NMR spectroscopy. The full

optimization table along with the structures for Acr 2 and Acr 3
are presented in Table S4.

This journal is © The Royal Society of Chemistry 20xx
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We then turned our attention toward ring, expansion
variants, which could facilitate skeletdlCkdariatigerments’ of
complex molecular scaffolds with sensitive functionality. Still
under the presupposition that the semi-pinacol-like mechanism
discussed above was operative, we were somewhat surprised
when a cyclobutanol substrate resulted in the formation of 6-
endo-trig ring-expanded 2-phenylcyclohexan-1-one product in
45% vyield under our previously optimized conditions, rather
than the 5-exo-trig cyclopentanone that would be expected
from a concerted 1,2-alkyl shift. Further optimization yielded
95% of the ring expanded product when run in anhydrous
acetonitrile (Scheme 4a). As none of the 5-exo-trig product was
detectable in the crude reaction mixture via *H NMR, we began
to speculate that this ring expansion might be mechanistically
distinct from the 1,2-aryl shift. This result is also notably in
contrast to what would be predicted using general radical ring
closure guidelines and arguments of kinetic favorability.33:34

The hypothesis that diverging mechanistic pathways might
be operative was further supported by the isolation of tetralone
without the presence of any dearomatized spirocyclic product.
Initial attempts to utilize the same conditions as those used for
the n+2 ring expansion discussed above proved unsuccessful,
but fortunately the addition of potassium persulfate, as used in
the silver-catalyzed methodology reported by Zhu, et al.,?® led
to formation of the desired tetralone, albeit in low yield (8%;
entry 3). While in the Zhu report, the persulfate anion was used
to oxidize silver(l) to silver(ll), we speculated that it might serve
an alternative role in our chemistry by removal of a hydrogen
atom at the end of the catalytic cycle to restore aromaticity via
either the sulfate ion or its radical anion counterpart generated
after turnover of the acridinium catalyst. Notably, these
conditions also resulted in the formation of cleavage product,
1-phenylbutan-1-one, lending further evidence to a stepwise
rather than concerted mechanism. Further optimization
ultimately provided a modest 25% yield of tetralone and 15%
cleaved product when catalyst loading was increased to 20
mol%. (Scheme 4b)

Scheme 4. Optimized conditions for a) n+2 ring expansion and b)
n+2 ring expansion + rearomatization?

a) Optimized n+2 Ring Expansion Conditions

oH Acr (5 mol%) o)
PhSSPh (5 mol%) Ph
Ehrph P~

b) Optimized n+2 Ring Expansion + Rearomatization Conditions

MeCN (25 mM)
450 nm, 16 h
95% Yield

OH Acr (20 mol%) o) o
K5S,0g (2.0 equiv.)
—_— +
3:1 MeCN/H,0 (25 mM) /\)k©
450 nm, 16 h
25% Yield 15% Yield

aYields determined by 'H NMR spectroscopy. Full optimization
tables are available in the supporting information (Tables S5,S8)

J. Name., 2013, 00, 1-3 | 3
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With satisfactory conditions in hand for the ring expansion, Scheme 5. Scale-up of n+2 ring expansion: a) batchscale up,b)

we were pleased to find that a gram-scale (5.74 mmol) reaction  continuous flow.2 DOI: 10.1039/D5SC08977H
was possible in a 250 mL oval-shaped recovery flask with pcr (5 mo) a) Batch scale-up
Cr mo
vigorous stirring and increased concentration (50 mM; to oH PhSSPh (5 mol%) o
reduce the size of the reaction vessel), enabling the synthesis of EI\H/Ph _ é 5 Ph  1.00 g scale
. . % yield
2-phenylcyclohexan-1-one in 62% yield (Scheme 5a). The MO (50 1) 62k i
reaction also proved viable at the gram scale under continuous 450 nm LED, 16 h
flow conditions, affording a 48% vyield using a recirculation b) Continuous flow
approach and a flow cell with a residence time of approximately Acr (5 mol%)
. . ) PhSSPh (5 mol%) o 1.00 g scale

6.5 minutes, which over the course of 16 h resulted in a total OH Residence time: ~6.5 min

. . . 35 Ph —Imﬂﬂﬂl—» Ph Number of full cycles: ~10
solution exposure time of approximately 1 hour (Scheme 5b). Total solution exposure: ~1 hour

MeCN (50 mM) 48% yield
450 nm LED, 16 h

aDetails of setup, additional parameters, and equations for their
calculation are given in the SI.

Scheme 6. Substrate scope for rearrangement reaction

Reaction A Act (5 moi%) Reaction B Acr (5 mol%) Reaction C Acr (5 mol%) ®

OH PhSSPh (10 mol%) o OH PhSSPh (5 mol%) K25205 (2.0 equiv.)
,}\/\ —_— )J\I/\Ph nl Ar n( nl
T Ph MeCN (10mM) T MeCN (25 mMm) 31 MeCN/Hgo (25 mM)

450 nm, 24 h 450 nm LED, 16 h 450 nm LED, 16 h

CRM-SP Styrene electronics
(e} O
Ph)l\|/\Ph M e)J\|/\Ph
Ph Ph
*Ts
1; 45% yield 2; 20% yield 3; 41% yield 4; 40% yield 5;75% yield 6; 49% yield 7; 83% yield
Carbocycle substitution
o) o o o o)
Ph Ph i +Ph «Ph Ph
«Ph «Ph @ i
Ng o
| *f @
8; 80% yield Ts: 9; 73% yield 11; 50% yield 12; 56% yield 13; 54% yield 14°; 38% yield 15; 72% yield 16; 68% yield

Piv: 10; 46% yield 1.9:1dr. 2.6:1dr. 1.3:1dr. >33:1dr. >20:1 dur. 2:1dr.

Fused rings / heterocycles

O@&R%@@w

17°90; 40% yield  18°°; 41% yield 19°€; 41% yield 20°¢; 45% yield 21; 44% yield 22°99; 37% yield 23%99; 60% yield 24; 50% yield
>20:1 d.r. 51dr. 5.2:1dr. 8.5:1dr. from N-Ts >20:1 dor.
o Tetralones Alternative ring sizes / styrenes
o
o o o o]
Q Q
(O | P
N—TS
OMe H F Ph
O 27; 12% yield
26; 28% yield +60% cleaved 28; 20% yield 29" 21% vyield 30; 20% yield 31; 20% 32; 58% yield

25; 31% yield

*(Reaction A — yellow boxes) Substrate scope for CRM-SP. (Reaction B — grey boxes) Substrate scope for n+2 ring expansion.
(Reaction C — blue boxes) Substrate scope for n+2 ring expansion with subsequent rearomatization. Yields refer to isolated yields.
Deviations from standard conditions — time: 224 h, 40 h, €48 h; catalyst loading: 910 mol%, ¢15 mol%, 20 mol%; diphenyl disulfide
loading: 810 mol%; alternative catalyst: "Xan. See Sl for further details.
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After performing these optimizations, we sought to probe
their limitations of each reaction class. An overview of
successful substrates is shown in Scheme 6. From these results
it can be seen that the CRM-SP is somewhat narrow in its
applicability (an overview of unsuccessful substrates are
provided in the SI), with the migratory acceptor being limited to
styrenes (1-3). However, the identity of the migrating group is
more flexible as demonstrated by the migration of an N-tosyl
protected indole in the synthesis of 3. The ring expansion
chemistry, in contrast, is quite robust and shows a high
tolerance for various functional groups including protected
secondary amines (9-10), ethers (11-12), esters (13),
carbamates (24), sulfonamides (9, 22-23, 25-26), and various
heterocycles (15, 21-27). Both the styrenyl unit and the
carbocyclic portion of the cyclic tertiary alcohol can also be
altered substantially, with tolerance of constrained styrenes
(indoles (21-24), oxazoles (27), indenes (17), and various
carbocycles (18-20)) and a range of substitution on the
cyclobutane moiety — including spirocyclic (8—10) and bicyclic
(16, 20) ring junctions. In addition to cyclobutanols, the three-
membered cyclopropanol counterpart (32) also proved
successful along with styrenes featuring the cyclobutanol at the
B-position (31), rather than the a-position. The reaction proved
especially robust for modification of the indole scaffold with
examples 21 through 26 demonstrating substitution at C2
through C6 of the indole nucleus. Of particular note, both
indoline 22 and indole 23 could be obtained in moderate yield
using this chemistry with the reaction time being the only
parameter changed (16 h vs. 48 h, respectively). Additionally,
1,2-dihydronaphthalene-derived bicyclic compound 20 enables
the synthesis of the carbon skeleton found in steroids.

We hypothesize that the stereochemical determining step is
HAT, the facial selectivity of which is governed by kinetics.
Figure 1 depicts this stereochemical model, highlighting the
preference of the cyclohexanone to adopt a conformation
allowing the X substituent to occupy a pseudo-equatorial
orientation which facilitates hydrogen atom abstraction by the
less-sterically hindered Si face leading to predominantly the cis

configuration via a Furst-Plattner-type transition state.3®
Stereochemical model

_S—Ph
Si-face (@]
H
N HY . HAT A Ar
—_— —_— = -
H S ﬁj’)\H =
" AT HO Af 4R /
X X

Figure 1. Stereochemical model showing the most stable chair
conformer and the facial selectivity of HAT by the substrate.

To gain insight about our speculative mechanistic pathways,
we first turned toward computational methods to probe the
feasibility of various routes along the energetic landscape.37-43
Figure 2 shows a comparison between the concerted pathway
(red arrows) vs. a PCET pathway in which an aryl radical is
expelled and subsequently re-engages with the formed a,f-
unsaturated ketone (black and grey arrows). In the case of the
concerted pathway, the energetic barrier that must be
surpassed to reach the spiro[2,5]octadienyl cation radical
transition state is approximately 8.0 kcal/mol and is calculated
to be exothermic (-7.3 kcal/mol). In contrast, the barrier for the
PCET route requires surpassing an energy barrier of 15.7-

This journal is © The Royal Society of Chemistry 20xx
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E Iculations: rt . PCET 1,2-aryl shift
nergy calculations: concerted vs. PC aryl shift - ricle Online
H‘o ¥

HD |: 10.1039/D5SC08977H
e

Ph)j\(\Ph
(7.3) Ph
o o
25 2
N o )Knph

Phe) (07) (-36.5) PN

/15,7

PhMPh

P 0.0)

Figure 2. Energy calculations for possible mechanistic pathways
of the 1,2-aryl shift. (Red arrows) Concerted 1,2-aryl shift with
AG* = 8.0 kcal/mol; kinetically favorable pathway. (Black
arrows) PCET and subsequent aryl radical expulsion with AG* =
15.7 kcal/mol, followed by 1,3-addition. (Grey arrow) Energy
barrier and product stability for 1,4-addition to the o,B-
unsaturated ketone by the aryl radical. Both the concerted and
PCET pathway starting materials have been set to 0.0 kcal/mol
for comparison. Calculated at the wB97XD/Def2TZVP level of
theory with implicit modeling of MeCN (See Sl for details).

kcal/mol to expel an aryl radical which additionally leads to a
less thermodynamically stable product (+0.7 kcal/mol relative
to the alkoxy radical). While this calculation is somewhat
simplified — the protonation states and order of events have
been assumed — it does lend credence to the hypothesis that a

semi-pinacol-like mechanism might be involved, as the
expulsion of an aryl radical is both kinetically and
thermodynamically unfavorable. This corroborates the

experimental lack of observance of the 1,4-addition product.

While the concerted rearrangement process appeared
energetically feasible for the 1,2-aryl shift, we were hesitant to
invoke this mechanism for the ring expansion as the resulting
bicyclic transition state would require a high degree of
organization and be both highly strained and less
accommodating to stabilization of positive charge. As such, we
reasoned that the ring expansion might be more likely to
undergo a stepwise mechanistic pathway in which upon
generation of an analogous alkoxy radical by PCET, B-scission
occurs followed by 6-endo-trig Giese addition to the a,f-
unsaturated ketone by the resulting primary radical. By
comparing the 5-exo-trig and 6-endo-trig stepwise transition
states, it becomes clear that the 5-exo-trig transition state
suffers from a 1,3-diaxial interaction between the methyl group
and an axial hydrogen atom when in the envelope
conformation, whereas the 6-endo-trig cyclization allows the
phenyl substituent to adopt a pseudo-axial conformation and
thus experiences less sterically-induced strain.

Examination of the related energy landscape provides
further support for the 6-endo-trig pathway as shown in Figure
3 (left). Ring opening of the cyclobutane moiety is calculated to
only require the summit of a 1.0 kcal/mol hurdle and leads to
primary radical formation approximately 21.9 kcal/mol lower in
energy — as expected considering the relief of ring strain. We
additionally examined the possibility of neighboring group
assistance for cleavage through either epoxide or oxetane
intermediates, but both were found to have significantly higher
barriers and lacked productive vibrational modes that could
lead to ring opened or expanded products. These calculations

J. Name., 2013, 00, 1-3 | 5
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Energy calculations: 5-exo-trig vs. é-endo-trig cyclization

View Article Online
DO1:10:1039/D5SC08977H
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S

M1 (21.9) Il

M2 (0.0 M3 (-32.5)
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% Buried volume

e at max. fractional spin. N

A Spin
7 Density

6-endo-trig
5-exo-trig

Figure 3. Energy calculations for possible mechanistic pathways of the n+2 ring expansion. (Black arrow) Cyclobutanol ring open-
ing. (Red arrow) 6-endo-trig cyclization. (Grey arrow) 5-exo-trig cyclization. (Dotted grey arrows) Epoxide and oxetane pathways.
(Middle) 3D plot of relative energy (z — axis; kcal/mol), maximum fractional spin density (y-axis) and percent buried volume (x-axis)
at the associated radical center. (Right) Comparison of the 5-exo-trig and 6-endo-trig pathways vs. a dataset of known radical
reaction pathways via trajectory analysis. Calculated at the wB97XD/Def2TZVP level of theory with implicit modeling of MeCN (See

Sl for calculation details).

also provided more concrete support for the 6-endo-trig
pathway over 5-exo-trig with a AAG* of approximately 3.4
kcal/mol. Also shown in Figure 3 (middle) is a three-dimensional
plot of energy (z-axis) vs. a pair of radical stability metrics —
maximum fractional spin density (y-axis) and percent buried
volume (x-axis) at the associated radical center — proposed by
St. John and Paton.?* As is further discussed in the Sl, a favorable
radical reaction tends to follow a trajectory that proceeds
downhill in energy (decrease on z-axis), distributes its spin
density over a wider portion of the molecule (decrease on y-
axis), and positions the radical in a region of the molecule that
is more sterically shielded (increase on x-axis). From this plot, it
can be seen that the 6-endo-trig path (red lines) follows this
ideal trend more closely, as compared to the 5-exo-trig path
(grey lines). This method of plotting also lends insight into
structural features of the reaction intermediates and transition
states that would be lacking in a standard diagram of energy
alone, as one can assess the similarity of these species and
obtain a sense of “earliness” or “lateness” as described by
Hammond’s postulate.*® For both ring closing pathways in this
instance, visual inspection indicates late transition states, and
thus closer similarity to the cyclized species, as these points lie
closer to products than starting materials. To provide support
for this idea of an “ideal trajectory”, we performed this analysis
on a set of nine known radical reactions to determine the
average change in each of these three quantities over the
course of their respective reaction trajectories. From this
analysis we obtained values of -19.47 kcal/mol for the average
A energy, +7.88 units for the average A percent buried volume,
and -0.20 units for the average A maximum fractional spin
density, confirming the sense of direction one would expect
based on arguments of energy and radical stability. To compare
the favorability of our ring closing pathways both between each
other and against the dataset, we performed a trajectory
analysis (see Sl for details) and used a radial plot in which 6-
endo-trig is represented by red, 5-exo-trig is represented by
grey, and the dataset is depicted as circles radiating from the
origin where 1x represents the average values and 2x
represents doubling of the average values. From this plot it can
be seen that 6-endo-trig is more favorable than 5-exo-trig
according to all associated metrics.

6 | J. Name., 2012, 00, 1-3

As we suspected that the 1,2-aryl shift and the n+2 ring
expansion were likely proceeding through different
mechanisms, we wondered if structural features of the cation
radical common to the first step of each reaction might aid in
rationalizing this divergence. Figure 4 shows the symbolic
representation, an overlay of calculated low energy
conformations, and the lowest unoccupied molecular orbital for
each species. Interestingly, the preferred conformation is
different for each, with the styrene fragment of the chalcone-
derived substrate positioned parallel to the alcohol, while for
the cyclobutanone-derived substrate this fragment s
positioned perpendicular. This in turn results in different
orientations of the LUMO with respect to the alcohol —a feature
that could affect the ability of the styrenyl cation radical to
accept an electron from the alcohol under a PCET pathway.

The hypothesis that acceptor orientation relative to the
alcohol might affect divergence of mechanism is also reinforced
by both our successful and unsuccessful substrate scope (see
Sl). While the chalcone-derived species prefers a parallel
arrangement, the analogous case with substitution at the alpha
position of the styrene (1,1,2-triphenylprop-2-en-1-ol) exhibits

Radical cation structural features

of low energy Lumo

Figure 4. Comparison of structural features of the cation radical
for the chalcone- and cyclobutanone-derived species. (Middle)
Overlay of low energy styrene conformations with arrows
specifying weighted contributions. (Right) LUMO isosurface
highlighting the orientation of the orbitals for the lowest energy
conformation relative to the alcohol. Ensembles obtained using
XTB/CREST at the GFN2-xTB level of theory and optimized at the
wB97XD/Def2TZVP level of theory with implicit modeling of
MecCN (See Sl for details).

This journal is © The Royal Society of Chemistry 20xx

Page 6 of 11


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5sc08977h

Page 7 of 11

Open Access Article. Published on 05 January 2026. Downloaded on 1/9/2026 2:01:23 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(ec)

Chemical Science

View Article Online
DOI: 10.1039/D5SC08977H

Scheme 7. Experimental mechanistic probes and relevant radical reaction rates.

a) Evidence for radical cation

c) Evidence against B-scission
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Radical cation pp | SPN S mOtE) Ph , Radical clock p Prsseh (smatz) e .
trapping MeCN (25 mM) l;l:\> experiment MeCN (25 mM) X
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5; 55% yield 33; 20% yield
b) Evidence for B-scission
Acr (5 mol%)
OH PhsH A
e e PhSSPh (5 mo,I%J o Observed for styrenes \_\ r * r + . < > <:>
9 9 MeCN (25 mM) (trace), aryl groups,
and heterocycles
450nm, 16h 4 D\foSIOﬂ | | ,—I
10" 10° )08 107 10¢ | 108 104 10°
OH Acr (5 mol%) .
elsEie ppy PSSPH (5 mol%) N e PhS-H Y §\) \Q Relevant
expulsion MeCN (25 mM) precaril SR K(s') reaction rates
450 nm, 16 h

34; 9% yield 35; 40% yield

(a) Cation radical trapping experiment using 5.0 equiv. pyrazole. (b) Experiments supporting a B-scission pathway. (Top) Observa-
tion of ring-opened products for styrenes (trace), aryl groups, and heterocycles. (Bottom) Attempts at ring-expanding a tetrame-
thyl derivative lead to expulsion of isobutene. (c) Cyclopropane radical clock experiment exhibiting no cyclopropane cleavage and
thus providing conflicting evidence against B-scission. (Bottom right) Relevant reaction rates for various radical processes. All yields
shown are percent yields obtained by 1H NMR spectroscopy using HMDSO as an internal standard.

a much larger steric clash between the styrenyl unit and the
adjacent alcohol — leading to a perpendicular orientation
between the two. Following the proposed logic, we expect this
analogous substrate to be capable of proceeding through the
PCET pathway. Accordingly, we observed the formation of
benzophenone which is proposed to be accessed by alkoxy
radical formation via PCET and subsequent beta-scission.
Additional supporting evidence can be inferred from the
reduced yield of compound 31 relative to 5, which could be due
to it’s large increase in flexibility and potential decrease in PCET
efficiency.

We then performed a series of experiments to probe various
aspects of our mechanistic hypotheses —summarized in Scheme
7 along with relevant reaction rates. We first verified the
formation of positive charge by the addition of pyrazole as a
nucleophilic trapping agent (Scheme 7a). From this experiment
we observed isolable quantities (20%) of anti-Markovnikov
pyrazole-trapped cyclobutanol 33 along with 55% of ring
expanded product 5 — regiochemistry consistent with our lab’s
prior experience with styrenyl cation radical
functionalization.*6=° As evidence for B-scission (Scheme 7b),
we had observed cleaved products — easily identifiable by the
distinct peaks of the propyl chain in TH NMR — during our
optimization studies of compounds containing aryl groups (i.e.
phenyl) and heterocycles (indoles, benzofurans). Of note
however, only trace amounts (<5%) of the cleaved product was
detected for the prototypical styrene substrates. Additional
support for the B-scission pathway was uncovered during our
attempts to induce rearrangement of a tetramethyl-substituted
cyclobutanol. In this case, we detected not only formation of
the apparent n+2 ring expanded product 34 (9% yield), but also
the formation of a,B-unsaturated ketone 35 (40% yield) which
is formed after expulsion of isobutene — presumably after
cyclobutane cleavage. However, an additional experiment in
which a cyclopropane was appended at the position a- to the
alcohol vyielded conflicting evidence as this radical clock
remained intact over the course of the reaction with ring
expanded product 36 being isolated in 12% yield and no

This journal is © The Royal Society of Chemistry 20xx

detectable quantities of cyclopropane-opened alkene 37
(Scheme 7c). While it could be argued that the Giese addition
occurs faster than ring opening of the cyclopropane, this seems
unlikely as the rates of the prototypical systems differ by
approximately 10° s1. Although these results are somewhat
inconclusive, they suggest that there could be a divergence in
mechanism that is substrate dependent. Alternatively, it could
be conceived that as the carbon-carbon bond of the
cyclobutane begins to cleave, favorable interactions between
the primary radical and the styrenyl t* orbital occur before the
propyl chain can fully extend —an interaction possibly promoted
by maintenance of their close proximity by the surrounding
solvent cage.

An overview of these potential mechanisms is summarized
by Scheme 8. Scheme 8a shows the proposed mechanism for
the CRM-SP in which the acridinium photocatalyst is first
excited by 450 nm light to reach the excited state which
removes an electron from the styrenyl fragment of the tertiary
alcohol to yield a cation radical. This positive charge then
induces a concerted semi-pinacol-like 1,2-migration of the
phenyl group, resulting in the formation of a carbon-oxygen
double bond and a benzylic radical. Completion of the catalytic
cycle is then incurred after turnover of the reduced acridinium
catalyst via SET to the thiophenolate radical (generated by
exposure of diphenyl disulfide to 450 nm light) which
subsequently abstracts a proton and donates a hydrogen atom
to the benzylic radical — yielding the ketone product. Caveats
not included in this working mechanism include precise state of
protonation for the intermediates and the possibility that the
semi-pinacol-like shift is promoted by basic species in the
reaction medium.

Scheme 8b shows a plausible mechanism for the n+2 ring
expansion with the catalytic cycle analogous to that of the CRM-
SP. The differentiating step for this mechanism comes after
generation of the cation radical which can potentially act as an
electron hole to facilitate PCET from the adjacent alcohol with
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assistance from a general basic species — possibly the
thiophenolate anion. This results in an alkoxy radical that can
then undergo B-scission to relieve strain from the cyclobutane
ring and reveal a reactive primary radical. This primary radical
can then add to the resulting a,B-unsaturated ketone in a Giese
addition, yielding a benzylic radical, which after abstracting a
hydrogen atom from thiophenol, yields the ring expanded
ketone product. For the case of the n+2 ring expansion with
rearomatization, the mechanism differs only by the means of
catalyst turnover (via potassium persulfate rather than diphenyl
disulfide) and the terminal step in which a hydrogen atom is
removed from, rather than donated to, the final intermediate
(Scheme 8c).

Scheme 8. Plausible mechanisms: a) CRM-SP b) n+2 ring
expansion c) n+2 ring expansion with rearomatization.

a) CRM-SP
H H.
oH Xe) 1,2-aryl \Q ¥
SET migration X
Ph ; : 4
Acr® Acr*
& PhS
F'
PhSSPh HAT
H@ PhSH

b) n+2 Ring expansion

oH Ph ~o @ PCET ppy Brscission B-scission Ph
7 <’ N7

Acr+® Acr* é-endo-frig
cycllzcmon
hv PhS
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PhSSPh
H@ PhSH

c) n+2 Ring expansion + rearomatization

i/’PCET d/@ p-scission ®

6-endo-trig

K23208 . cyclization /
hv SET, Hso® é:j
Acr(“a y
HAT
5020 i
Eiamiee
Conclusions:

To expand the toolbox of transformations enabled by
organic photoredox catalysis, we have developed a set of three
rearrangement reactions — a cation radical-mediated semi-
pinacol reaction, an n+2 ring expansion, and an n+2 ring
expansion with rearomatization — which are widely applicable
to the synthesis of natural product scaffolds and enable access
to unique areas of chemical space that could prove useful for
medicinal chemistry. We also demonstrated the scalability of

8| J. Name., 2012, 00, 1-3

the ring expansion under both batch and conginugus flow
conditions at the gram scale. DOI: 10.1039/D5SC08977H
In addition to showcasing a diverse substrate scope, we
performed a series of computational and experimental studies
to probe feasible mechanisms. These studies led us to propose
potentially substrate-dependent mechanisms which proceed
through either concerted semi-pinacol-like rearrangement or
via a sequence of PCET, B-scission, Giese addition, and terminal
HAT.
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