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ABSTRACT: We report a general protocol for the light-
driven isomerization of cyclic aliphatic alcohols to linear 
carbonyl compounds. These reactions proceed via pro-
ton-coupled electron transfer (PCET) activation of alco-
hol O–H bonds followed by subsequent C–C β-scission 
of the resulting alkoxy radical intermediates. In many 
cases, these redox-neutral isomerizations proceed in op-
position to a significant energetic gradient, yielding 
products that are less thermodynamically stable than the 
starting materials. A mechanism is presented to rational-
ize this out-of-equilibrium behavior that may serve as a 
model for the design of other contrathermodynamic 
transformations driven by excited-state redox events. 

Thermal isomerizations play a key role in synthetic 
chemistry, reorganizing the bonds in accessible sub-
strates to furnish more valuable (and thermodynamically 
stable) products.1 In contrast, methods that enable isom-
erizations to proceed “uphill” against an energetic gradi-
ent are less common and present an interesting challenge 
in reaction design. Being redox-neutral by definition, 
unimolecular isomerizations generally do not permit the 
incorporation or removal of substituents by reaction with 
stoichiometric reagents, excluding a source of driving 
force accessible in most other reaction types.2 Moreover, 
once formed, the desired higher-energy isomer must be 
kinetically isolated from conversion back to the more 
stable starting material during the course of the reaction. 

Photochemical approaches are commonly employed to 
overcome these constraints, and photo-driven out-of-
equilibrium isomerizations have been extensively stud-
ied.3,4 While these reactions are generally understood to 
proceed via electronic excited states of the substrates 
undergoing isomerization, in principle any reaction se-
quence that proceeds on two distinct potential surfaces 
can break detailed balance and be driven away from 
thermal equilibrium.5 Accordingly, we have recently 
become interested in developing general, light-driven 
strategies for achieving out-of-equilibrium transfor-
mations that operate through excited-state redox events. 

These electron transfer-based approaches provide a 
complementary mechanism for selectively channeling 
the energy from photon-absorption events to drive reac-
tions in opposition to a thermodynamic bias. However, 
they are potentially applicable to a wider range of sub-
strates and reaction types than direct excitation or energy 
transfer-based approaches. In line with these goals, we 
recently reported a photoredox protocol for intermolecu-
lar anti-Markovnikov hydroamination where certain 3° 
amine products were shown to be less stable than their 
constituent olefin and 2° amine starting materials (Fig-
ure 1A).6 Building on these results, we report here a sig-
nificantly improved light-driven method for the con-
trathermodynamic isomerization of cyclic aliphatic al-
cohols and hemiacetals to linear carbonyl compounds 
(Figure 1B). While these redox-neutral isomerizations 
proceed irreversibly and in high yield, in many examples 

Figure 1. Catalysis out of equilibrium: (a) intermolecular 
anti-Markovnikov hydroamination (b) PCET-based isom-
erizations of aliphatic alcohols. 
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the carbonyl-containing products are thermodynamically 
less stable than the alcohol starting materials. We pro-
pose that this non-equilibrium stationary state is driven 
by the action of excited-state proton-coupled electron 
transfer (PCET) events and maintained through a ratch-
et-type mechanism, similar to those invoked to describe 
the out-of-equilibrium behavior in molecular machines 
and motors.7,8 The optimization, scope studies, and 
mechanistic discussion of this process are presented 
herein. 
 This work finds its basis in a previous report from our 
laboratory describing catalytic alkoxy radical generation 
based on the multi-site proton-coupled electron transfer 
activation of a cyclic alcohol O–H bond followed by a 
subsequent C–C bond β-scission to cleave a carbocyclic 
ring.9,10 Our initial report outlined a photocatalytic 
method incorporating these elementary steps that func-
tioned to isomerize a wide range of cyclic tertiary ben-
zylic alcohols to linear aryl ketone products. However, 
this protocol relied on a redox-relay strategy wherein 
oxidation of a substrate-based aromatic group by the 
excited state Ir photocatalyst generates an arene radical 
cation intermediate that can serve as the internal oxidant 
for the PCET activation of a proximal alcohol O–H bond 
(Figure 2).11 Consequently, simple aliphatic alcohols 
lacking an oxidizable arene were not viable substrates 
for this method. 

Seeking to overcome this limitation, we set out to de-
velop a more general method that would both enable 
direct PCET-based homolytic activation of the O–H 
bonds in 1°, 2°, and 3° aliphatic alcohols and hemiace-
tals and successfully mediate the subsequent β-scission 
reactions of the resulting alkoxy radicals.12,13 Our initial 
attempts focused on the catalytic isomerization of cyclic 
glucose derivative 1 to linear formate 1a.14 Notably, the 
optimized conditions from our previous report on the 
isomerization of tertiary benzylic alcohols, which made 
use of [Ir(dF(CF3)ppy)2(5,5′-d(CF3)bpy)]PF6 (Ir), col-
lidine base, thiophenol H-atom donor, and dichloro-
methane solvent proved unsuccessful, providing the de-
sired product in only 6% yield after irradiation with blue 
LEDs at room temperature (Table 1, entry 1). Changing 
the solvent to toluene and the thiol to 2,4,6-triisopropyl 

benzenethiol (TRIP-SH) modestly improved the reac-
tivity (entry 2). Substitution of the neutral collidine base 
for the anionic tetrabutylammonium diphenyl phosphate 
gave a more significant increase, providing 1a in 69% 
yield (entry 3). We speculate that this outcome may re-
sult from the propensity of the anionic phosphate base to 
form a more favorable hydrogen bond complex with the 
alcohol substrate, a key mechanistic requirement for 
PCET activation. Further optimization of the phosphate 
structure revealed that alkyl substituents were more ef-
fective than the phenyl derivative, with tetrabutylammo-
nium dibutyl phosphate providing 1a in 79% yield (entry 
4). Next, we observed that the exchange of the alkyl 
ammonium cation with the corresponding alkyl phos-
phonium led to further improvements in reaction effi-
ciency (entry 5). Finally, we found that tetrabu-
tylphosphonium dimethyl phosphate was the optimal 
base in this process, providing the desired ring opened 
product 1a in essentially quantitative yield (entry 6) after 
24 hours of blue LED irradiation at room temperature. 
Control reactions conducted in the absence of photocata-
lyst, base, thiol, or visible light irradiation resulted in 
complete loss of reactivity, indicating the essential role 
of each component (entries 7–10). 

 

 
Entry Conditions Yields (%) 

1 2,4,6-collidine (3 eq.), 
PhSH (0.25 eq.), CH2Cl2 solvent 6 

2 2,4,6-collidine (0.25 eq.) 19 
3 NBu4

+ (PhO)2POO– 69 
4 NBu4

+ (n-BuO)2POO– 79 
5 PBu4

+ (n-BuO)2POO– 87 
6 PBu4

+ (MeO)2POO– 99 
 change from entry 6  

7 no photocatalyst 0 
8 no base 2 
9 no TRIP-SH 1 

10 no light 0 

 
With these optimized conditions established, we next 

evaluated the scope of this isomerization protocol. Given 
the success of model substrate 1, we were pleased to 
find that numerous other hexose and pentose derivatives 
were successful substrates, yielding linear formate prod-
ucts bearing complex arrays of protected polyols (Table 
2, 2–5). 

3 mol% [Ir(dF(CF3)ppy)2(5,5′-d(CF3)bpy)]PF6
25 mol% base, 25 mol% TRIP-SH

1 α:β = 1:1

0.05 M in toluene
Blue LEDs, r.t., 24 h

O

OH

BnO
BnO

BnO

BnO
O

BnO

BnO
BnO

OBn

H
O

1a

Table 1. Reaction Optimizationa 

a Optimization reactions were performed on 0.05 mmol 
scale. Yields were determined by 1H-NMR analysis of crude 
reaction mixtures relative to an internal standard. 

Figure 2. Prior PCET method requires a tertiary benzylic 
alcohol substrate with an oxidizable arene.  

PCET

β-scission
HAT

OH

Ar

OH

Ar

O

H

Ar

Ir photocat.
collidine, PhSH

ET

blue LEDs

Prior method: requirement for arene radical-cation redox relay

Page 2 of 8

ACS Paragon Plus Environment

Journal of the American Chemical Society

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 

   

Table 2. Substrate Scopea 

a Reactions run on 0.5 mmol scale. Reported yields are for isolated and purified material unless otherwise noted and are 
the average of two experiments. b GC yield reported relative to internal standard due to volatility. c PBu4

+ (PhO)2POO– was 
the base. d PhCF3 was the solvent. e CH2Cl2 was the solvent. f Tetrabutylphosphonium 5,5-dimethyl-1,3,2-dioxaphosphinan-
2-olate 2-oxide (see SI for structure) was the base. g Reactions run on 2.0 mmol scale at 0.2 M. See SI for details. 
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Next, we turned our attention to simpler aliphatic alco-
hols. By examining a series of 2-methyl-substituted cy-
clic alcohols, we found that carbocycles of varying ring 
sizes could be opened efficiently (6–9). Various func-
tional groups adjacent to the reactive hydroxyl groups 
were also well tolerated, including 2-phenyl, 2-NHBoc, 
2-OTBS, 2-pyrazolyl, and spiro[4.5] substrates (10–14). 
Similarly, heteroatom substituents could also be incor-
porated into the ring structure (15, 16). A variety of 
more complex polycyclic structures could also be 
cleaved regioselectively, including derivatives of choles-
terol, epiandrosterone, betulin, sclareolide, cedrol, 
isoborneol, and the Hajos-Parrish ketone (17–24). Inter-
estingly, while substrate 19 contains two unprotected 
secondary alcohols, this protocol enables cleavage of the 
five-membered D-ring with >20:1 site-selectivity. In 
addition to the isomerization of cyclic alcohols, these 
reaction conditions enable the cleavage of carbon-
substituents from acyclic alcohols, including various 
allyl-, benzyl-, and α-heteroatom-bearing carbon radical 
fragments (25–31). Furthermore, the model substrate 
from our previous report, a tertiary alcohol with a p-
methoxyphenyl group (PMP), was isomerized smoothly 
(32), attesting to the generality of the new protocol. Last, 
we found that common model substrates for lignin deg-
radation could also be processed using this protocol, 
breaking the central C–C bond to generate both the al-
dehyde and the alkoxybenzene products in good yields 
(33, 34).15 Notably, while the benzylic alcohol in 34 is 
cleaved first, the primary alcohol product 34b can un-
dergo further cleavage under the reaction conditions, 
though this process is less efficient. During these scope 
studies, we found that the efficiency of this reaction is 
particularly sensitive to both the structure of the phos-
phate and the solvent, and beneficial deviations from the 

optimal conditions are listed in the footnotes to Table 2. 
Also, we note that the use of toluene-d8 solvent does not 
result in observable deuterium incorporation.  

Computational evaluation of the thermochemistry 
(CBS-QB3) for numerous reactions in Table 2 revealed 
that the acyclic ring-opened carbonyl products are often 
significantly higher in energy than the cyclic alcohol 
starting materials (Table 3). However, as noted above, 
these catalytic reactions are redox-neutral isomerizations 
that consume no stoichiometric reagents other than pho-
tons. To account for these observations, we consider the 
elementary steps involved in the isomerization of alco-
hol 7 to aldehyde 7a in greater detail (Figure 3). In this 
figure, the various ensembles of 7, 7a, Ir photocatalyst, 
phosphate base, and thiol H-atom donor that are ac-
cessed along the reaction coordinate are designated as 
states A–G. Within this series, only states A and F are 
closed-shell singlet ground states, while all the others 
are open-shell states that exhibit triplet (or diradical) 
character. First, we observed no spectral overlap be-
tween the emission of the blue LEDs used in this study 
and the absorption profile of 7, ruling out direct excita-
tion pathways. Similarly, the excited state of Ir is not 
quenched by 7 alone, discounting the possibility of tri-
plet sensitization mechanisms. Instead, we propose that 
following photon absorption by the Ir(III) chromophore 
(A to B), the reaction commences with PCET activation 
of the O–H bond in 7 to furnish a key alkoxy radical 
intermediate (B to C).9 This intermediate can then either 
revert back to the initial state via charge recombination 
with the reduced Ir(II) state of the photocatalyst (C to 
A)16 or proceed forward through the β-scission and hy-
drogen atom transfer (HAT) steps en route to product (C 
to D to E to F). Importantly, the partitioning of C be-
tween these two pathways is kinetically controlled, and 
decoupled from the difference in the ground state ener-
gies of 7 and 7a.5  

While this provides a means to access the higher ener-
gy isomer 7a, specific features of the reaction coordinate 
illustrated in Figure 3 also suggest a mechanism for 
maintenance of the resulting out-of-equilibrium state. In 
the forward direction, reduction of the alkyl radical in-
termediate by the aryl thiol (D to E) to form product 7a 
is significantly exergonic (∆G° = –18 kcal/mol)17 and 
effectively irreversible when coupled to the subsequent 
charge recombination between the thiyl radical and the 
reduced Ir(II) state of the photocatalyst (E to F, ∆G° = –
32 kcal/mol). This kinetic partitioning of E also pre-
cludes the viability of a light-driven reverse reaction to 
regenerate 7 from 7a. While E can likely be regenerated 
in an excited-state S–H PCET process from the aryl thiol 
(F to G to E)18, the requisite C–H HAT step necessary to 
traverse back to D is expected to be too slow (∆G‡ > +18 
kcal/mol) to compete kinetically with charge recombina-
tion between the thiyl and the reduced Ir(II) state of the 
photocatalyst, which will drive the system back to prod-
uct state F. 

Table 3. Computed Isomerization Thermochemistry of 
Selected Substrates 

a All stationary point geometries and their corresponding 
energies were calculated using CBS-QB3 in gas phase. See 
SI for details. b Yield of TBS product. c Yield of N-Boc 
product. 
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In a broader context, the mechanism described above 

highlights several design principles for achieving con-
trathermodynamic transformations driven by excited-
state redox events. In particular, these results reinforce 
the notion that excited-state redox events are capable of 
breaking detailed balance in a manner similar to direct 
excitation and energy transfer-based mechanisms, ena-
bling non-Boltzmann product distributions that are not 
dependent on the differences in the thermodynamic sta-
bilities of starting materials and products. Maintenance 
of any resulting non-equilibrium state can be achieved 
through ratchet-type mechanisms that exhibit kinetic 
asymmetry between the forward and reverse reaction 
pathways created by photoexcitation and charge recom-
bination steps.7 While similar models have been used to 
rationalize out-of-equilibrium behavior in supramolecu-
lar chemistry,8 we would posit that these energetic issues 
and their impacts on reaction directionality are not often 
considered, or duly exploited in photoredox catalysis.4,19 
Yet, we anticipate that if these strategies can be general-

ized, they may have significant practical impacts in syn-
thesis by providing a mechanism for overcoming the 
thermodynamic constraints that require transformations 
to proceed only in a single direction. Efforts to further 
advance these ideas are ongoing in our laboratory and 
will be reported in due course. 
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Figure 3. Proposed free energy profile for the contrathermodynamic isomerization of 7 to 7a. The energy differences be-
tween states were estimated as follows: (a) (A to B & F to G) from 10% maxima of emission spectrum of Ir (524 nm); (b) (B 
to C) difference between cyclohexanol O–H BDFE and effective BDFE of photocatalyst Ir and tetrabutylammonium dime-
thyl phosphate (105 – 103 kcal/mol); (c) (C to D) from CBS-QB3 calculations of the energies of the two radicals; (d) (D to 
E) difference between heptane 2-methylene C–H BDFE and 2,4,6-trimethylbenzenethiol S–H BDFE (80 – 98 kcal/mol); (e) 
(E to F) difference between the effective BDFE of photocatalyst Ir(II) and dimethyl phosphoric acid and 2,4,6-
trimethylbenzenethiol S–H BDFE (48 – 80 kcal/mol). (f) The estimate for A to F provided by this scheme is in reasonable 
agreement with the computed thermochemical data for 7 and 7a presented in Table 3. See SI for details. 
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