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Abstract: A method is described for the isomerization of {8) Goal::0-HRCET enabled1,3-alkyl transposition
acyclic allylic alcohols into B-functionalized ketones via 1,3- o If photocatalyst o
alkyl transposition. This reaction proceeds via light-driven X Bronsted base R/\)kRz
proton-coupled electron transfer (PCET) activation of the O— y°2 addict blue LEDs ¢ gstuct

H bond in the allylic alcohol substrate, followed by C—C (-
scission of the resulting alkoxy radical. The transient alkyl
radical and enone acceptor generated in the scission event
subsequently recombine via radical conjugate addition to
deliver B-functionalized ketone products. A variety of allylic
alcohol substrates bearing alkyl and acyl migratory groups
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The allylic transposition of alkyl groups is an appealing 1,3-transposition 1,3 allylic n~1 ring contraction
. . . . .. t t
synthetic transformation, providing opportunities to recon- peson

thermal [1s,3s] alkyl shifts are forbidden by orbital symme-

try,'! numerous alkyl 1,3-transpositions have been reported

that proceed via sequential C—C bond-cleavage and reforma- n-2 ring contraction 1,3-ring isomerization

tion pathways.”! Seeking to expand on these advances, we

recently aimed to develop general methods for the 13- Figure 1. a) 1,3-alkyl tr?hsposition.enabling us-eful skeletal rearrange-

transposition of alkyl groups in allylic alcohol substrates ments. b) 1,3-transposition of allylic alcohols via O—H PCET-mediated
. C—C bond cleavage.

enabled by proton-coupled electron transfer (PCET) (Fig-

ure 1a)./) In these reactions, an excited-state oxidant and

a weak Brgnsted base jointly mediate the homolytic activa-  and preliminary mechanistic investigations of these reactions

tion of a substrate alcohol O—H bond to generate a reactive  are presented herein.

alkoxy radical intermediate.”) These unstable oxygen-cen- The reaction design underlying the proposed allylic

tered radicals then prompt the cleavage of a vicinal C-Cbond  isomerization is presented in Figure 2. In line with our

via fB-scission to furnish an o,B-unsaturated carbonyl and an  previous studies, we envisioned that under blue-light irradi-

alkyl radical that may then recombine through radical

conjugate addition.®”! From a synthetic perspective, these

methods enable the products of 1,2-addition to enone

electrophiles to be selectively transposed into their corre-

HOQ,
. . o . hv \)%\
sponding 1,4-isomers. Building on important precedents from V & N oe
Renaud and Galatsis,'” we recently reported that this excitation ET
approach could be applied to numerous ring-expansion o

reactions of cyclic alkenols.” Here we demonstrate that O/\/“\PMP B: Ir! B:‘\-H\OQ
this protocol can be successfully adapted to enable both 1,3- 18 \)Zpﬁp
alkyl transpositions with acyclic allylic alcohol substrates, as !

well as a variety of aliphatic ring isomerizations and ring
contractions (Figure 1b). The design, optimization, scope,

figure C—C bonds in complex carbon frameworks. While R_ OH i HO: R o
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ation the excited state of an Ir'™ chromophore would first

oxidize the electron-rich p-methoxyphenyl (PMP) group of
substrate 1, generating aryl radical cation intermediate L
Next, an intramolecular PCET event would occur between
the alcohol adjacent to the radical cation I and an exogenous
Brgnsted base to furnish key alkoxy radical intermediate
IL7+" Radical I would then undergo C—C f-scission, leading
to the concurrent formation of alkyl radical intermediate IIT
and an a,p-unsaturated ketone. Intermolecular recombina-
tion of these scission products would then occur via radical
conjugate addition to deliver a new C—C bond and electro-
philic a-acyl radical IV. IV would accept an electron from the
reduced Ir" state of the photocatalyst and the resulting
enolate would then be protonated by the conjugate acid of the
Brgnsted base to close the catalytic cycle and furnish the
desired ketone product 1a (Figure 2).

Our experimental investigations began with conditions
adapted from our previous reports on O—H [-scission,
employing allylic alcohol 1 as the model substrate.” Upon
treating 1 with 2 mol % [Ir(dF(CF;)ppy),(5,5'-d(CF;)(bpy))]-
(PF,) and 25 mol % PBu,*CF;CO, " in PhCF; under blue-light
irradiation for 24 hours, the desired ketone product 1a was
formed in 46 % yield as judged by "H NMR analysis (Table 1,
entry 1). Further optimization revealed that neutral 2,4,6-
collidine (entry 5) was a superior Brgnsted base (entries 1-4),
and that increasing the loading of the base from 25 mol % to
300 mol % (entries 5-7) further benefitted the reaction yield.
A survey of reaction solvents (entries 7-9) affirmed PhCF; as
the optimal reaction medium, but reactions in toluene and
dichloromethane also provided serviceable yields. Finally,
control experiments revealed that the Ir photocatalyst and
visible-light irradiation are essential for the observed reac-
tivity (entries 10, 11), while the absence of the Brgnsted base
afforded a complex mixture of products and low yields of the
desired ketone product 1a (entry 12).

Table 1: Optimization Studies.”!
(o}

2 mol% [Ir(dF(CF3)ppy),(5,5-d(CF3)(bpy)))(PFs)
HQ PMP
X PMP 0.05 M solvent, base, blue LEDs, 24 h, 35 °CP

1 1a

Entry Brgnsted Base [mol %] Solvent Yield®
1 PBu," CF,CO, (25) PhCF, 46%
2 PBu," (PhO),P(0)O" (25) PhCF, 68%
3 PBu," (MeO),P(0)O (25) PhCF, 24%
4 PBu," (n-BuO),P(0)O~ (25) PhCF, 32%
5 2,4,6-collidine (25) PhCF, 75%
6 2,4,6-collidine (100) PhCF, 85%
7 2,4,6-collidine (300) PhCF, 95%
8 2,4,6-collidine (300) PhCH, 84%
9 2,4,6-collidine (300) CH,Cl, 79%
Changes from the optimal conditions (entry 7)

10 no light 0%
11 no Ir'"" photocatalyst 0%
12 no Brensted base 14%

[a] Optimization reactions were performed on 0.05 mmol scale.

[b] Internal temperature of the reaction mixture under LED irradiation
(see SI for details). [c] Yields were determined by 'H NMR analysis of
crude reaction mixtures relative to dimethylformamide as the internal
standard.
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With these optimized conditions in hand, we examined the
generality of this 1,3-transposition protocol (Table?2) and
found that a variety of allylic alcohol substrates were
accommodated. Substrates bearing secondary and tertiary
aliphatic migratory groups (1-11) generally afforded the
desired ketone products in good to excellent yields, though
for 5§ optimal results required the use of 2-methyl-2-oxazoline
as the optimal base co-catalyst. Analogous substrates bearing
primary aliphatic migratory groups proved to be inefficient,
likely due to less favorable -scission. Unsaturated (-amino
alcohol derivatives (12-16) were also readily isomerized to
furnish y-amino aldehyde products (12a-16a), albeit requir-
ing increased loading of the photocatalyst for optimal
performance.’? Notably, for this class of substrates, the
PMP group was not required for PCET activation, though
optimal results required the use of diphenyl phosphate as
a base in place of collidine. These reactions proceed through
an alternative PCET mechanism which we have reported
previously for non-benzylic alcohols involving a hydrogen-
bonded complex between the alcohol and the phosphate
base.™ In this class of substrates, the formation of a stabi-
lized a-aminoalkyl radical intermediate enables the C—C f3-
scission step to compete effectively with non-productive back-
electron transfer.

In addition to alkyl radicals, acyl radicals also proved to be
viable migratory groups, as demonstrated by the isomer-
ization of o-hydroxy ketone 17 into 1,4-diketone 17a.
Cascade cyclization reactions can also be accomplished as
demonstrated by the reaction of norbornene derivative 18. In
this substrate, the alkyl radical intermediate formed in the [3-
scission event first undergoes intramolecular addition of
a pendant alkene to form a new C—C bond, and the resulting
alkyl radical is then captured by the ejected enone acceptor to
afford the polycyclic product 18a as a single diastereomer in
78 % yield.

Further investigation revealed that derivatives of (—)-
menthol (19), metoprolol (20), D-ribose (21), gemfibrozil
(22), pregnenolone (23), and harmandianone (24) all fur-
nished the desired 1,3-transposed ketone products (19a-24a)
in synthetically useful yields, demonstrating that the method
tolerates a variety of functional groups including electron-rich
arenes (20, 22), distal olefins (23), acetals (21), and esters (24).
Notably, for 20 and 22, a combination of 3 % photocatalyst
loading, acetonitrile solvent, and 2-methyl-2-oxazoline as the
base co-catalyst provided optimal results. 21a and 23a were
afforded as single diastereomers while 20a was the sole
product observed despite two potential sites for 3-scission in
substrate 20—an outcome in line with the known preference
for B-scission reactions to favor the ejection of the most stable
radical intermediate.”

We then considered whether methylidenecycloalkanols
might be prompted to undergo allylic ring reconstruction
under these PCET conditions. As such, we were pleased to
find that a variety of methylidenecycloalkanol substrates (25—
27) rearranged readily, yielding transposed ketone (25a) or
aldehyde products (26a, 27a) in excellent yields, albeit with
a slightly higher loading of photocatalyst (3 mol%). Reac-
tions of 26 and 27 are thought to proceed through the
hydrogen-bond-mediated PCET mechanism discussed for 12—

Angew. Chem. Int. Ed. 2021, 60, 1-7
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Table 2: Scope of the allylic transposition reaction. %

HO_ R’ 2 mol% [Ir(dF(CF3)ppy),(5,5™-d(CF3)bpy)I(PFg) o
~
\)(RZ 0.05 M in PhCF3, 300 mol% 2,4,6-collidine, blue LEDs, 45 °C R’ R?
2410 168 h
starting material product
3
Ri= f-Cattun K3 Meg’ HO PMP o
o A fan=2 91%,72h 7%, 7(:( 92%, d/ 4%, \)SrMe PMP)WMe 172 61%,
= 2an=174%,72h = 72h F 120 h <} 120 h Ju ! 72h
Q " 3an=3 95%72h 6a 10a 17
REJJ\/\R‘ Me . .
R2=PMP 4aR'=iPr 95%,72h % starting material product
5aR'=tBu 99%>/,24 h 20%; 9B 3%,
8 RS e o ol 72h 16:1 dr, o 48 h °
7a 9a 120 h 11a
PMP! 18a 78%
starting material product starting material product Lb J >20:1dr,
120 h
OH OH o o
\/K[ﬁoc Boc E‘o\c EIOC
j Me H “Me HO =
% R R PMP
18
12X=0 12aX=0 88%%"/, 144 h 15R=H 15aR=H 70%%" 144 h
13 X = NBoc 13a X =NBoc 84%°/ 168 h 16 R = Me 16a R = Me 72%%"/ 168 h
14 X = CH, 14aX=CH, 47%%9/144 h
starting material product starting material product
HO PMP 9 M M
e 3
S o, M 2 J
A \Me PMPJK/\/O 3 \Me /@ PMR_ OH /@ o]
Me. Me. Me: 0/\/%/ Me: O/VNPMP
Me Me Me Me
Me Me
19 19a 69%, 120 h 22 22a 71%%9K), 120 h

O,
j,PMP
Ho Boc 3
o NYMe
/\/©/ Me Me Nsoc
MeQ'

Me
20 20a 50%%%/> 20:1 1r, 120 h 23 >20:1dr
HO pmp o
0. 0.
Meow Meow Ho PP
bt bt e N Me
GXE) 6><b
0. PMP
Me Me Me Me \n/
o
21251 dr 21a84% >20:1dr, 120 h 24>20:1dr 24a80%, 48 h
starting material product starting material product starting material product
HO_ PMP o o
Mo, e Ho_ PMP Ho e Q
. 74%9, Me. PMP N R Ms
he e 144 h )
25a Mo R
(]
. 29R=F 29a R=F 73% 9kin 72 h
o 28 28999%82221 4. 120 30 R=tBu 30a R=tBu 81%9kin 721
H 78%%h,
NBoc NBoc 24 h derivatization of PMP ketone product 1a
26a
N,osozph
Boc o MeO.
N 059 \©\ _mCPBATFA .. \©\ 0
e
o 1.8:1 ~omon, TSOH NJ\/\O
exo:endo, MeO’ MeCN/H,0
H 24h 3180% 1a 3279%
27a

[a] Reactions were run on 0.5 mmol scale. Reported yields are for isolated and purified material and are the average of two experiments.
Diastereomeric ratios were determined by '"H NMR analysis of the crude reaction mixtures. The internal reaction temperature in the reaction setup was
measured to be ~45°C. Details are provided in Supporting Information [b] 2-methyl-2-oxazoline (25 mol %) was used as the base. [c] 5 mol % phenyl
vinyl ketone (PVK) was added. [d] 3 mol % photocatalyst was used. [e] 5 mol % photocatalyst was used. [f] PBu,*(PhO),P(O)O~ (25 mol %) was used
as the base. [g] PBu,*(MeO),P(O)O~ (25 mol %) was used as the base. [h] PBu,"CF;CO,” (25 mol%) was used as the base. [i] in 0.1 M PhCF;. [j] in
0.2 M PhCF;. [k] in 0.05 M MeCN. [l] 2-methyl-2-oxazoline (300 mol %) was used as the base. [m] Relative configuration was determined by X-ray
crystallographic analysis. [n] 2,4,6-triisopropylbenzenethiol (5 mol %) was added as a hydrogen-atom transfer co-catalyst.

16 with PBu,CF;CO,” as the optimal base co-catalyst.”*<  nistic discussion to follow, optimal yields for substrates 6, 8,
Tropane 27 is particularly efficient in this rearrangement, 10, 17, and 22 were realized when 5 mol % of phenyl vinyl
furnishing aldehyde 27a in 95 % yield as a 1.8:1 mixture of  ketone (PVK) was added to the reaction mixture.

exo:endo diastereomers. As will be detailed in the mecha-
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Next, we questioned whether allylic alcohols bearing
endocyclic olefins might afford an opportunity to develop
n—2 aliphatic ring contraction reactions. Indeed, under the
standard reaction conditions cycloheptenol 28 was readily
transformed into the ring-contracted cyclopentyl aldehyde
product 28a. In addition, we demonstrated analogous n—1
ring-contraction reactions of benzylidene tetrahydropyran
cycloalkenols (29, 30) through a formal 1,2-alkyl shift, which
take advantage of the known preference for anti-Michael
regioselectivity in alkyl radical additions to cinnamate
derivatives."™ In this case, incorporating a catalytic amount
of a thiol hydrogen-atom transfer (HAT) co-catalyst is
necessary to assist the reduction of benzyl radical intermedi-
ate formed up upon C—C bond formation, which cannot be
reduced directly to its corresponding carbanion by the Ir"
complex.’” Additionally, we note that PMP ketone product
1a can be readily converted to its respective ester (31) and
amide (32) derivatives via Baeyer—Villiger oxidation and
Schmidt-type rearrangement.'¥ Lastly, while these isomer-
ization reactions typically underwent full conversions within
24 hours on small scale (0.05 mmol), we observed notably
diminished rates for preparative-scale runs (0.5 mmol). In
addition to decreased photon flux for the larger reaction
vessels, we hypothesize that the slow reaction rates may be
due in part to the accumulation of a reduced and inactive state
of the Ir photocatalyst under the reaction conditions.

In considering the mechanism of this transformation, we
sought to ascertain whether the radical recombination step
occurs within the solvent cage prior to the diffusional

(a) Crossover experiments with an external michael acceptor [2]

optimal
conditions
HO (Table 1, entry 7) o Ph Q
—— ¥
N Npwe Ph c»hexyl/\)j\PMP * chexy /\)\COZMe * \)J\PMP
1 CoMe 1a 1b PVK
X equiv.
entry X (equiv.) 1a yield (%) 1b yield (%) PVK recovery (%)
1 1 27 73 49
2 3 10 90 72
3 5 trace >95% >90
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separation of the enone and the alkyl radical."™ To do so,
we performed a series of crossover experiments (Scheme 1a)
wherein increasing equivalents of an exogenous acceptor
alkene, methyl 2-phenylacrylate, were added to the reaction
mixture. Upon addition of 1 equivalent of acrylate, the major
product observed was the crossover product 1b (73 %) while
the 1,3-transposition product 1a was obtained in 27 % yield.
Increasing amounts of added olefin further suppressed the
formation of 1a, and when 5 equivalents of acrylate acceptor
was employed, crossover product 1b was the sole product
observed with nearly quantitative recovery of PMP vinyl
ketone (PVK). These results suggest that in-cage recombina-
tion is not operative in these reactions and that the ketone and
radical intermediates formed upon f-scission diffuse apart
into the solution at a rate faster than C—C bond formation.
This result in turn raises an interesting question related to the
apparent efficiency of these processes. Following [-scission,
the concentrations of solvent-separated olefin and radical in
solution are expected to be exceedingly low at any given time,
implying that the rate of their bimolecular union may not be
kinetically competitive with other non-productive processes
that consume the radical intermediate.

To shed light on this issue, the reaction kinetics were
studied by 'H photo-NMR."" In reactions of substrate 5, we
observed that a small equilibrium concentration of PVK is
established within the first 10 minutes of irradiation and
persists until the reaction reaches completion (Scheme 1b-
(1)).'18] 'While this in situ accumulation of PVK likely
facilitates the key C—C bond-forming step, its formation

(b) Reaction profiles of 5 with and without added PVK

HO_ tBu 2 mol% ['f(d';(gOF3)P:Z/Y)z(5”,_5d'ijF3bpy)](PFs) o
mol% collidine,
\)(PMP pBu/\)I\PMP
0.05 M in CH,Cl, blue LEDs
+ 20 mol% PVK

— () Reaction under standard conditon — —

5a
(I1) Reaction with 20 mol% PVKIP! —

-e- Substrate
PVK
- Product

-e- Substrate
& Product

v T T T T ki T T T T
0 100 200 300 400 0 100 200 300 400

Time (min) Time (min)

(c) Survey of PVK loading [@

O, 2 mol% [Ir(dF(CF3)ppy)2(5,5'-dCF 3bpy)l(PFg) Q
HO 300 mol% collidine, blue LEDs Me
Me PMP
A
PMP

0.05 M in PhCF3, 24 h, 35 °C [¢]
10 +X mol% PVK 10a
entry X mol% yield (%) PVK recovery (%)
1 0 36 51
2 5 72 17
3 10 75 16
4 15 69 25

(d) Yield improvement by adding 5 mol% PVK

n-pentyl

o F
6a 8a 10a
74%° (36%)?

Me
2 o
Me
e Me 0 PMP
o Me Me

17a 22a
61%° (30%)? 75%° (66%)?

Scheme 1. Mechanistic studies and rate acceleration with additional alkene acceptor. [a] Yields were determined by "H NMR analysis of crude
reaction mixtures. Reactions on 0.05 mmol scale. [b] PVK data points are removed for clarity [c] isolated yields with added 5 mol% PVK at

0.5 mmol scale.
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implies that a majority of the photocatalyst may have also
been converted into an inactive Ir" state, thus decreasing the
overall rate of reaction. To address this issue, we investigated
reactions where small amounts of PVK were added solution
prior to the beginning of the reaction. We reasoned that
a higher olefin concentration would improve reaction perfor-
mance by increasing the efficiency of the radical conjugate
addition and thus mitigate the formation of a non-productive
state of the photocatalyst. Gratifyingly, 'H photo-NMR
analysis of the rearrangement of 5 incorporating 20 mol %
of added PVK revealed a significant rate enhancement, with
the reaction reaching full conversion after only 2 hours as
compared to 7 hours for reactions without added PVK
(Scheme 1b(I1)).")

Building on these NMR observations, we questioned
whether we could develop a modified protocol to improve the
yields for challenging substrates by adding small amounts of
exogenous PVK to the reaction mixture. Utilizing substrate
10 as a model, we were pleased to discover that product 10a is
formed in 72 % yield with as low as 5 mol % of added PVK
compared to only 36% yield under the standard conditions
(Scheme 1¢). Using this simple modification of the reaction
conditions, we were able to substantially improve the yields
for several challenging substrates (6a, 8a, 10a, 17a, and 22a)
by up to 45% (Scheme 1d). While these reactions were more
efficient with added PVK, we note they still required long
reaction times to reach completion on preparative scale.

In summary, we have developed a light-driven, PCET-
based method for the 1,3-transposition of acyclic allylic
alcohols through sequential C—C bond dissociation and
recombination steps. In addition to the reactions of acyclic
substrates, previously unexplored ring isomerization reactions
were described, including intra-annular transpositions and
several novel ring contractions. Mechanistic studies revealed
the in situ generation of low steady-state concentrations of the
key enone acceptor, leading to a modified experimental
protocol that significantly improved the performance for
several challenging substrates. We are optimistic that these
methods will provide new opportunities for remodeling C—C
bond connectivity in a variety of complex contexts.
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1,3-Alkyl Transposition in Allylic Alcohols
Enabled by Proton-Coupled Electron

Transfer A method is described for the isomer- bond in an allylic alcohol substrate, fol-
ization of acyclic allylic alcohols into f3- lowed by C—C f-scission of the resulting
functionalized ketones via 1,3-alkyl alkoxy radical to form an enone and an
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