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Tin-free Alternatives to the Barton-
McCombie Deoxygenation of Alcohols
to Alkanes Involving Reductive Electron

Transfer

Ludwig Chenneberg and Cyril Ollivier*

Abstract: Echoing the recent celebration of the fortieth anniversary of the Barton-McCombie reaction, this
review aims to explore another facet of radical processes for deoxygenation of alcohols by considering SET
(single electron transfer) reduction of carboxylic ester, thiocarbonate and thiocarbamate derivatives. Various
protocols have been developed relying on the use of organic and organometallic SET reagents, electrochemi-
cal conditions, photoinduced electron transfer processes and visible-light photoredox catalysis. Applications
to the synthesis of molecules of interest provide a glimpse into the scope of these different approaches.
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1. Introduction

Radical chemistry has witnessed an ex-
plosive growth over the last three decades.
Owing to their mildness and high com-
patibility with functional groups, radical
reactions have been firmly established as
reliable and versatile tools for organic syn-
thesis.[!l But the main drawback is associ-
ated with the overuse of tin mediators to
propagate chain reactions. These reagents
are known for being toxic and purification
of reaction products is a non-trivial task.
Thus, tin residues are often detected in
traces eliminating any possibility of radi-
cal reactions being used in industry. As
pointed out by J. Walton,[?] it is time to es-
cape from ‘the tyranny of tin’ and to devise
valuable alternatives for the generation of
radicals. One option consists in using stan-
nane derivatives in a catalytic fashion or
as supported reagents.[3! Another has dealt
with the development of tin-free media-
tors based for instance on silanes, phos-
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phorus derivatives and less toxic metals.]
Interesting perspectives have opened up
with the use of organoboranes!*! and com-
pounds responsible for electron-transfer
reactions have been increasingly seen as
valuable alternatives to tin radical chem-
istry.5] However, mild and sustainable
preparative redox processes limiting the
utilization of substoichiometric amounts
of metal complexes are still needed. Re-
cently, visible-light photoredox catalysis
has emerged as a valuable and efficient
tool for the generation of radicals by sin-
gle electron transfer (SET) reactions from
an appropriate photocatalyst that absorbs
light in the visible region. These conditions
have demonstrated their high synthetic po-
tential in various organic redox processes
for fine chemical synthesis and contributed
at the same time to the development of a
greener radical chemistry.[©]

Among the mainstream transforma-
tions present in the synthetic toolbox of
organic chemists, reduction of alcohols to
alkanes has gained a place of choice. Hy-
droxyl functional groups can indeed par-
ticipate in the construction of elaborated
molecular structures and be removed in
due course. However, the hydroxide anion
is known as a poor leaving group, homo-
Iytic scission of non-activated carbon-hy-
droxyl bonds is not thermodynamically
feasible and direct electron transfer reduc-
tion of alcohols requires very low nega-
tive potentials. A proposed solution was
to convert the hydroxyl group to a good
leaving group or to a suitable radical pre-
cursor. Yet, limitations of deoxygenation
by ionic processes were encountered with
sterically hindered and/or non-activated

secondary and tertiary alcohols.[71 In 2015,
the radical community celebrated the 40th
anniversary of the discovery of the Barton-
McCombie deoxygenation reaction, unan-
imously considered as the most common
and important process to perform such a
transformation.!®! Originally, this approach
was based first on the activation of a sec-
ondary or tertiary alcohol as a thiocarbon-
ate or thiocarbamate precursor including
the well-known xanthate followed by its
subsequent reduction to alkane through
a nBu,SnH/AIBN(cat)-mediated radical
chain process under thermal conditions
(Scheme 1, Eqn. 1). Several improvements
have been achieved by replacing the tin
mediator with silicon hydrides,[>91 cyclo-
hexadienyl compounds,[!% phosphorous
reagents,[!1] organoboranes*!21 or DLP/
isopropanol.['3] In parallel, a great deal
of effort has been devoted to the devel-
opment of single electron transfer (SET)
processes whose major advances will be
highlighted in this brief review and will
complement a former review published by
Hartwig in 1983.141 Specific focus will be
placed on reduction of alcohols to alkanes
with emphasis on Barton-McCombie-type
deoxygenations of alcohol derivatives in-
volving SET reduction of carbonyl and
thiocarbonyl-based functional groups. For
that purpose, different methods using or-
ganic and organometallic SET reagents,
electrochemical conditions and photoin-
duced electron transfer (PET) processes
under UV light irradiation or by visible-
light photoredox catalysis will be present-
ed (Scheme 1, Eqn. 2). Applications to the
synthesis of molecules of interest such as
natural products will also be discussed.
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Scheme 1. SET re-
Classical Barton-McCombie-type Radical Deoxygenation duction of carbonyl
S0) Init., [H] and thlocarponyl-
R—OH —> R\O « —_— R—H (Eqn. 1) based funptlonal
groups: Tin-free alter-
Derivatization Chain reaction natives to the classi-
X = Alkyl, Ph, SMe, cal Barton-McCombie
OMe, OPh, Imidazolyl, aryl deoxygenation reac-
The topic of this review SET reagents tlﬁ(n of alcohols to
Electrochemistry alkanes.
$(0) PET, photocatalysis
R—OH [e— R\O  — R—H (Eqgn. 2)
X +1e
Derivatization SET reduction

2. Metal-promoted Deoxygenation

Low-valent metals such as alkali met-
als behave as good electron donors towards
organic compounds. Owing to their high
negative potential, these have been widely
exploited in organic synthesis for electron
transfer reduction of a range of functional
groups including carbonyl moieties. The
earliest observations date back to the be-
ginning of the nineteenth century with suc-
cessively the so-called Bouveault-Blanc
reduction of carboxylic esters to alcohols
by excess of sodium in ethanol (or amyl
alcohol)[!5] and their bimolecular reduc-
tive coupling in refluxing aprotic solvents,
better known as acyloin condensation.[!0]
Both involved formation of a common ke-
tyl-like radical anion intermediate subse-
quent to electron transfer. Over the years,
some other unexpected reactivities have
been observed. In the nineteen-sixties, two
different groups reported independently
the uncanny ability of allylic-l!71 and
B-keto acetates!!8! to be reduced to alkanes
by dissolving metals (Li or Ca) in liquid
ammonia). Later, Stetter and Lehmann
examined the behavior of allyl and benzyl
benzoates upon reductive treatment with
sodium. In this case, the transient radical
anion of benzoates was assumed to under-
go a B-fragmentation and expel an allyl or
benzyl radical which should dimerize.[1%]

Along the same lines, Boar, Barton et
al. designed a selective method of deoxy-
genation of sterically hindered secondary
and tertiary alcohols to alkanes relying
on the reduction of the corresponding ac-
etates by alkali metals dissolved in amines.
Two protocols involving either lithium in
diethylamine or potassium solubilized by
18-crown-6 ether in fert-butylamine have
been established and, applied for instance
to the chemoselective cleavage of 6B and
1200 acetates in 3[,6B-diacetoxy-5a-
cholestane and 3f,120-diacetoxy-13a-
oleanane respectively. Conversely, less
hindered acetates such as those at the 33
position are more likely to regenerate the
original hydroxyl groups. It means that
the degree of selectivity is strongly related
to the difference of steric environments

(Scheme 2, Eqn. 1).1201 This methodology
was applied to the synthesis of various
natural products such as (-)-trichodienel?!]
using the Li/EtNH, system (Scheme 2,
Eqgn. 2), (-)-cladiella-6,11-dien-3-ol and
its derivatives[?2l (Scheme 2, Eqn. 3) and
()-tormesol with K/18-C-6 in tBuNH,/
THF23! (Scheme 2, Eqn. 4). A modified
protocol with lithium/~BuOH in liquid
ammonia was used by Mander et al. in the
synthesis of C20 gibberellins.[24]

Further optimization of the reaction
conditions and mechanistic studies were
undertaken by Barrett, Barton et al.[?d]
They particularly showed that increasing

the bulk of the acyl substituent from methyl
to isopropyl, to fert-butyl and to adamantyl
enhances the yield in deoxygenation prod-
ucts (Scheme 2, Eqn. 1). Running reactions
in fert-butylamine or 1,2-dimethoxyethane
with THF as a co-solvent is more suitable
than in a nucleophilic solvent such as di-
ethylamine for impeding competitive ami-
dolysis of acetates and regeneration of the
starting alcohol. Moreover, deacylation
may also be caused by the presence of ‘ad-
ventitious’ water and by crown ether-de-
rived nucleophiles generated by degrada-
tion along the process. Thus, a new reduc-
tion system based on the use of a eutectic
potassium/sodium alloy solubilized by aza
18-crown-6  1,4,7,10,13,16-hexamethyl-
1,4,7,10,13,16-hexaazacyclooctadecane
in tert-butylamine/THF was developed
and allowed the reduction of both hin-
dered and non-hindered esters including
primary esters. As examples, reduction
of 5a-cholestan-3p3-yl and octadecyl ada-
mantane- 1 -carboxylates gave the products
of deoxygenation in 90% and 74% yields
respectively, but in the former case a Bou-
veault-Blanc reduction predominates at
lower temperature (Scheme 3).

These experiments are fully consis-
tent with a mechanism that involves one-

Conditions

Li

_ =

EtNH,/THF, -78 °C

86%

1-Ac,0, DMAP
EtsN,CH,Cly, rt
—_—

2 - K, 18-crown-6
tBuNH,/THF, rt

62%

AcO

(@)
)\ H o R Li/EtNH, reflux R = Me, 40%
O~ 'R \n/
K, 18-crown-6
© {BUNHo/THF, it R = Me, 62%
2 ’ R=iPr, 71%
R =1Bu, 79%
R = adamantyl, 27% and 45% 5a-cholestane

K, 18-crown-6

(Eqn. 2)

(Eqgn. 4)

61%

tBuNH,/THF, rt

(x)-Tormesol

Scheme 2. Deoxygenation of sterically hindered secondary and tertiary alcohols by SET reduction

of acetates with dissolved lithium and potassium.
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K/Na, aza 18-crown-6

tBuNHo/THF

90% at 25 °C
51% at -48 °C

[0}

K/Na, aza 18-crown-6

Scheme 3. Reduction
of both hindered and
non-hindered esters
with eutectic potas-
sium/sodium alloy
solubilized by the aza
18-crown-6.

genated products are isolated in good to
moderate yields along with the starting al-
cohols (Scheme 6, Eqn. 1).1281 Of particular
importance is the presence of fert-butanol
that ensures an optimal conversion in al-
kanes. Mechanistic investigations indi-
cates the radical anion [HMPA]"~ generated
from HMPA and sodium and described by
Normant et al.,/?! is capable of reducing

mCutty—0" R BuNF/THE MCraftas (Ban-2) the ester carbonyl and forming a classical
ketyl-like radical-anion. Its fragmentation
R = Me, 49% .
R = Adamantyl, 74% to a carbon-centered radical and a carbox-
ylate anion turned out to be related to its
electron transfer from dissolved metals _
to carboxylic ester, followed by forma- Scheme 4. A plausible
tion of a ketyl-radical anion intermediate o M M o mechanism for the re-
. : L/ o p-fragm. . o | duction of carboxylic
which fragments spontaneously leading to PS — P R' + R2CO, : :
. & 1 OR? ] 17" OR2 esters by dissolving
an alkyl radical and a carboxylate anion, |R M=Li, K R metals.
an elementary step supported by ab initio SET M SET
calculations.!26l Then, the expelled radical )
S . M
is in turn reduced to a carbanion and pro- e
tonated subsequently to afford the alkane R" ——> R'H
(Scheme 4). These conclusions are in ac-
cordance with previous studies reported
bydP:,)te etal. on photoredllllc(:tlon of at;letate Scheme 5. Deoxy-
an enzoate ester.s to alkanes 1n hexa- genation of non-
msathy'lphosphoramlde (HMPA) and water hindered primary and
(vide infra). secondary alcohols
In parallel, Barrett, Prokopiou and by SET reduction
Barton presented an interesting extension K 18-crown-6 of N,N'-diethylthio-
, 18-crown-

of their previous works to the deoxygen-
ation of non-hindered primary and second-
ary alcohols. They found that more stable
precursors such as N,N'-dialkylthiocarba-
mates, and precisely N,N'-diethylthiocar-
bamates, can be reduced to alkanes with
potassium solubilized by 18-crown-6
ether in fert-butylamine/THF (Scheme 5)
whereas S-methyl dithiocarbonate and N-
monoalkylthiocarbamate compounds are
precluded because the transformation be-
comes less effective. They also observed
that low temperatures (=30 °C) have a det-
rimental effect on deoxygenation. Finally,
a similar mechanism to that of carboxylic
esters was considered.[?7]

At the same time, inspired by their suc-
cessful results on photoreduction of car-
boxylic esters by photoactivated HMPA
(vide infra), Deshayes and Pete disclosed
a more general but less selective protocol
for the reduction of primary, secondary and
tertiary carboxylic esters to alkanes which
relies on the use of sodium in hexameth-
ylphosphoramide (HMPA) as a reductive
agent and fert-butanol as a proton source.
As previously observed, the overall ef-
ficiency and selectivity of the deoxygen-
ation process is highly dependent on the
steric environment provided by the alcohol
and the carboxylic acid residues. While ho-
molytic scission of hindered tertiary esters
to alkanes is almost quantitative in 5 min
at room temperature, reductive cleavage
of less hindered primary and secondary
esters is partly achieved and the deoxy-

Me(CH;)17—0O

NEt,

tBUNH,/THF, rt

H 86% carbamates with
dissolved potassium.

Me(CH;)1eMe

87%

Me(CH,)17—0

Na

_ >

tBUOH/HMPA, rt

5 min

NMe,

Na

rt
72 %

Na

rt
82 %

tBuOH/HMPA/Et,O

tBuOH/HMPA/Et,O

(Eqgn. 1)

Q
R =H, 69% (35% without tBuOH)
R = Me, >95%

Me(CH,)gMe

>95%

(Eqgn. 2)

(Egn. 3)

(+)-Taxadiene

Scheme 6. Deoxygenation of primary, secondary and tertiary alcohols by reduction of acetates
and N,N’-dimethylthiocarbamates with sodium/HMPA.
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stability, the steric hindrance of both alkyl
residues and the solvation of the anion moi-
ety by fert-butanol which accelerates the
homolytic scission. As confirmed by deu-
terium labeling experiments, the process
ends up with the formation of the alkane
mainly obtained by reduction of the gen-
erated radical to a carbanion and its sub-
sequent protonation by fert-butanol, and a
small amount by abstraction of a hydrogen
atom to HMPA. To explain the presence of
alcohol, hydrolysis, amidolysis and trans-
esterification reactions of carboxylic esters
have been suggested.[*%! Finally, extensive
investigations have confirmed the great
potential of thiocarbamates to participate
in deoxygenation processes, as already
observed in reduction studies with K/18-
crown-6 ether (vide supra) and in photo-
reduction (vide infra).3! Starting from
acetates or thiocarbamates, the method
has found application in the synthesis of
pentalenene (Scheme 6, Eqn. 2)B321 and
(+)-taxadiene (Scheme 6, Eqn. 3).03

Samarium(1r) diiodide has been of par-
amount importance in the development of
deoxygenation processes since in combi-
nation with HMPA it proved to be an ef-
ficient SET reagent for reduction of acetate
and benzoate esters. In 1989, Inanaga et al.
reported appropriate conditions for almost
quantitative reduction of o-acetoxy esters
to saturated esters with the system Sml/
HMPA in THF in the presence of MeOH
(or EtOH) as a proton source in less than
5 min (Scheme 7, Eqn. 1).34 Somewhat
related is the reductive cleavage of ac-
etate groups at the o-position of y- and
d-lactones (Scheme 7, Eqn. 2), which
surprisingly does not require the use of
HMPA, 351 and at the anomeric position of
ulosonic acid derivatives (Scheme 7, Eqn.
3).13¢1 In the same vein, formation of car-
bon—carbon bonds can be realized by ho-
molytic scission of an activated acetate or
benzoate ester followed by SET reduction
of the transient radical and subsequent ad-
dition of the generated alkylsamarium to a
carbonyl compound.[37]

More recently, Marké et al. have ex-
tended the scope of this process to deoxy-
genation of non-activated primary, second-
ary and tertiary alkyl toluates by adding the
substrate to a refluxing solution of Sml/
HMPA in THF (or THP) and for a reac-
tion time up to 5 min. Intramolecular cy-
clizations have also been performed under
these modified reductive conditions which
proved compatible with alcohol, TBDMS
ether, acetal, acetate and amide functional
groups (Scheme 8). The mechanism is as-
sumed to involve formation of a toluate
radical anion by SET reduction followed
by its fragmentation to a carboxylate and
an alkyl radical. Then, the alkane is formed
by hydrogen abstraction. The rate of de-
composition is related to the stability of the

Sml2
_

THF/HMPA, rt
> 95% (GC)

Cl)Ac
CH3(CH,)4CHCO,Me

Sml,
_—

Ethyleneglycol
THF, rt

92%

Y
3 "OAc

PhH

Sml,
2 Ethyleneglycol
COM yleneglyco
avie THF, rt
OAc

CH3(CH,)sCO,Me

Scheme 7. Reduction
of a-acetoxy esters
with samarium diio-
dide.

(Eqgn. 1)

(Eqgn. 2)

o (Eqgn. 3)

CO,Me

Sm|2
_

THF/HMPA, reflux
69%

93%
oY
AcO é

o Sml,

e

AcO :

Scheme 8. Reduction
of toluate esters with

Eqgn. 1
(Ean-1) samarium diiodide.

(Eqn. 2)

NnCooHse

THP/HMPA, reflux
63%
intermediate which depends on the nature
of the residue (allyl>tertiary>secondary>
primary) and the substitution of the aro-
matic (toluate>benzoate).[38!

3. Electrochemical Deoxygenation

Electrochemical processes have prov-
en to be some of the most economical and
eco-friendly methods of achieving redox
synthetic transformations since the unique
source of electron is the current.3% In par-
ticular, electroreduction of organic halides
and carbonyl compounds has been widely
studied compared to the reductive cleavage
of alcohols which required a high negative
potential. To realize such deoxygenation
processes, alcohols have been converted
into acetates, oxalates or toluates prior to
being electrochemically reduced.

Early research studies on this subject
began in 1960 with the polarographic re-
duction of 2-acetoxyacetophenone to ace-
tophenone by Henning Lund.[0! Ten years
after, Utley e al. were interested in the re-
ductive electrolysis of para-methoxycar-
bonyl benzylacetate at a lead cathode in a
methanol solution of tetra-n-butylammo-
nium acetate as the supporting electrolyte.
When a potential of —1.8 V vs. SCE is ap-
plied, the corresponding methyl para-tolu-
ate was obtained in 95% yield and with a
good current efficiency. It is worthy of note
that under these conditions, the cathodic
reduction of acetoxyacetophenone is not
chemoselective and leads to a mixture of
acetophenone (20%) and 1-phenylethanol
(54%), which results from the cleavage
of the benzylic carbon—oxygen bond and

the subsequent reduction of the carbonyl
group.[*!l Logically, the behavior of allylic
acetates was then examined. A preparative
electrolysis of vitamin A acetate at a mercu-
ry pool cathode was performed in an aceto-
nitrile solution of tetra-n-butylammonium
acetate and acetic acid as a proton source at
a controlled potential (-1.35V vs. Ag/Agl)
and delivered axerophtene in 71% yield
after the passage of 2 F/mol of current.[#2
Also, as shown by Tsujimoto et al., elec-
trochemical reduction of 3-(2-naphthyl)-
2-butenyl acetate at a platinum cathode
gave (E)-2-(2-naphthyl)-2-butene in 73%
yield.[31In 2002, Frontana-Uribe et al. ex-
plored the ability of the electrogenerated
tetrabutylammonium-mercury  amalgam
to reduce aliphatic acetates. For instance,
electroreduction of diosgenin acetate un-
der a constant current (5 mA, 2.1 F/mol)
gaverise to a ca. 1:1 ratio of alkane and al-
cohol, and the deoxygenated product could
be isolated in 53% yield. These results are
comparable with those obtained using al-
kaline metals and a similar mechanism
involving a ketyl-like radical-anion forma-
tion and fragmentation can be proposed
(vide supra).144]

In that vein, oxalate esters exhibit a
propensity to undergo reductive cleavage
of the carbon—oxygen bond from alcohols
at lower negative potentials (ca. —1.2 vs.
Ag/Agl). Electron transfer from the cath-
ode to oxalates was first highlighted by
Voss with the formation of a stable semi-
dione radical anion intermediate, evi-
denced by EPR experiments. This reduc-
tion turned out to be reversible for diethyl
oxalate and irreversible for diallyl and



THe FrRencH CONNECTION

71

CHIMIA 2016, 70, No. 1/2

dibenzyl oxalates in aprotic solution.[*3]
Utley et al. suggested this irreversibility
comes from a rapid fragmentation of the
radical anion, as already observed with
acetate (vide supra), which can be acceler-
ated in protic conditions. Studies on benzyl
oxalates supported a mechanism whereby
transient radical anions collapse to benzyl
radicals and oxalate anions and not the re-
verse. However, the process was hampered
by competing hydrolysis of preformed
oxalates, particularly of benzylic alcohols.
The solution was found by generating in
situ the reactive oxalate prior to be reduced
via a co-electrolysis between benzylic (or
allylic) alcohols and diethyl oxalate. For
instance, reduction of diphenylmethanol
under these conditions (mercury cathode,
DMF-BuNCIO,, -1.6 V vs. Ag/Agl, 1 F/
mol) gave diphenylmethane in 70% yield.
Of interest, controlled potential electroly-
sis of oxalate of vicinal diols gave rise to
olefinic adducts.[4]

As reported by Marké et al., aromatic
esters such as toluates can also be regarded
as valuable substrates for electrochemical
deoxygenation of alcohols. A series was
electrolyzed at 130 °C in a H-type cell
equipped with a carbon graphic cathode
and filled with tetrabutylammonium
tetrafluoroborate and N-methylpyrrol-
idone (NMP) under a constant current (15
mA.cm™). Secondary and tertiary toluate
esters were efficiently reduced to the de-
sired alkanes and addition of a protic co-
solvent such as isopropanol improved the
yields. These conditions were found to be
tolerant to a number of functional groups,
including alkyl esters, amides, silyl ethers,
ketones and free-alcohols (Scheme 9,
Eqn. 1).13847 In contrast, primary toluates
gave only moderate yields but by analogy
with oxalates, a co-electrolysis between
primary alcohols and methyl toluate pro-
vided an effective solution to that issue
(Scheme 9, Eqn. 2).[48]

4. Electron Transfer Deoxygenation
from Carbon Dioxide Radical Anion

The chemical system (Bu,N),S O,/
HCO,Na has aroused keen interest for its
ability to generate carbon dioxide radi-
cal anion CO,™ by oxidation with sulfate
radical anion SO, and then promote one-
electron reductive processes. In 1991, Hu
and Qing took advantage of this reactivity
to carry out per(poly)fluoroalkylation of
olefins by reduction of per(poly)fluoro-
alkyl chlorides.[*] Based on this seminal
work, Kim et al. developed a new method
for the radical deoxygenation of alco-
hols from thiocarbonyl derivatives. Us-
ing a mixture of (Bu,N),S,O, (3 equiv.)/
HCO,Na (6 equiv.)/Na,CO, (8 equiv.) in
DMF at 50 °C, good to excellent yields in

Cgr/Cgr - divided cell
_—

NMP/i-PrOH (93:7)
NBu4BF,, 15 mA.cm2
130 °C

Cgr/Cgr - divided cell

o} o
methyl toluate
~ N — .
_ t\> DMF/NBu,4BF4

100 mA.cm2, 60 °C
95%

R=H, 68%
R=TBDMS, 72%
R=Ac, 83%
R=t-BuCO, 76%

o
%D (Eqgn. 2)

Scheme 9. Electro-
chemical reduction of

(Ean-1) toluate esters.

o

(BugN),S;04
HCOzNa, NaZCO3

DMF, 65 °C

R = C(=S)SMe, 98%
R = C(=S)OPh, 90%

R = C(=S)Imidazolyl, 97%

Scheme 10. Deoxy-
genation by reduction
of thiocarbonyl de-
rivatives with carbon
dioxide radical anion.

alkane (up to 98%) were reached whatever
the nature of the radical precursor (xanthate,
phenyl thionocarbonate or (thiocarbonyl)
imidazolide) and the functional groups
present in the substrate (Scheme 10). A
SET mechanism was proposed involv-
ing electron transfer from carbon dioxide
radical anion CO,~ to the thiocarbonyl
function and B-scission of the tetrahedral
radical anion intermediate. Deuterium la-
beling experiments then indicated that the
expelled radical can abstract a hydrogen
atom from the formate anion, the tetrabu-
tylammonium cation and DMF to form the
deoxygenated product.59! This transfor-
mation has been applied to the synthesis
of platencin®!l and a 3-des-hydroxyl ana-
logue of (-)-clausenamide.[?!

5. Photoinduced-Electron Transfer
Deoxygenation

Single electron transfer (SET) pro-
cesses involving donor and acceptor or-
ganic molecules upon ultra-violet (UV)
light irradiation have received a great deal
of attention over the past decadesl>3! while
recent years have seen renewed interest for
visible-light electron transfer photoredox
catalysis.[®l The potential of these photo-
induced electron transfer phenomena have
been widely exploited in organic synthe-
sis. In particular, C—-O homolytic cleav-
age of alcohols was successfully obtained
by indirect reduction of carboxylic ester,
thiocarbonate and thiocarbamate deriva-
tives using photoactivated organic donors

’\’>, hv (254 nm)

HMPA/H,O (95:5)

R =COH, 79%
R =Ac, 80%
R = COPh, 52%

hv (254 nm)

e,
HMPA/H,O (95:5)
87%

Scheme 11. Photo-
induced electron
transfer reduction of
steroid carboxylic
esters by HMPA/H,O
under UV irradiation.

’\’>,(Eqn. 1)

hv (254 nm)

HMPA HMPA* OR

. .
HMPA* + RCO,R' ——————> HMPA + RCO,R'

OH
RCOR + H,O ——— > 4 ho
R™OOR'
OH
: . RCOMH+FR
R™OOR'
R™+ HMPPA ~ ——————> RH

hv (254 nm)
RCO,R'" —— > RCO,R*

o+
HMPA + RCO,R™ ————> HMPA + RCO,R

Scheme 12. A plausible mechanism for the photoreduction of carboxylic esters.
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such as hexamethylphosphoramide (HM-
PA), carbazoles and polypyridyl organo-
metallic complexes of ruthenium(ir) and
iridium(1r) as photocatalysts under UV-
visible light conditions.

5.1 UV Light-Induced Photodeoxy-
genation Reactions

Pioneering works on photodeoxygen-
ation of benzoate or acetate esters in dry
HMPA with a high-pressure mercury lamp
were reported in the late 1960s by Beugel-
mans et al.,, who mentioned the presence
of alkane side products (ca. 5% yield af-
ter 30 h).54 In 1975, Pete et al. optimized
the reaction conditions by adding 5% of
water to HMPA and irradiating with low-
pressure mercury lamps (254 nm). Photo-
reduction of formate, acetate and benzoate
esters gave the corresponding alkanes in
moderate to good yields after 3 to 5 h of
irradiation (Scheme 11, Eqn. 1). Primary,
secondary, tertiary and neopentyl acetates
could be smoothly converted into alkanes
in short reaction times. While these con-
ditions are compatible with a variety of
functional groups including non-activated
alkene, amide, acid, alcohol, ether and ac-
etal (Scheme 11, Eqn. 2), limitations were
encountered with activated alkenes, ke-
tones and halides which are reduced at the
same time and perfluorocarboxylic esters
gave rise preferentially to o-elimination of
a fluorine atom.53 The presence of other
chromophores in the starting material that
absorbs UV radiation may also complicate
the course of the reaction.[5¢!

A detailed mechanistic study reported
by Pete et al. suggests that the reaction
proceeds through an electron transfer pro-
cess from excited HMPA to the carbox-
ylic ester as depicted in Scheme 12. Irra-
diation of the reaction mixture at 254 nm
preferentially activates HMPA rather than
esters — except with benzoates — and sub-
sequent ester/HMPA* — or ester*/HMPA —
exciplex formation promotes reduction of
the ester leading to a radical-ion pair. In
the presence of water, the radical anion
RCO,R*~ was assumed to be trapped by
protonation of the alcoholate preventing a
reversal electron transfer and a regenera-
tion of the starting materials. The latter tet-
rahedral radical intermediate can undergo
a B-fragmentation and release an alkyl rad-
ical which can abstract a hydrogen atom to
the HMPA and furnish the deoxygenated
product.571 Further investigations based on
laser flash photolysis of HMPA/H,O solu-
tions and quenching experiments support
a mechanism involving photoionization of
HMPA and reduction of carboxylic esters
to transient radical anions by solvated elec-
trons. To summarize, deuterium labeling
experiments with HMPA-d ;, and D,0O re-
veal that hydrogen abstraction takes place

o o Scheme 13.
><O o hv (254 nm) ><o o Appllcat'lons of the
"Q "0 (Ean. 1) | synthesis of deoxy-
. N HMPA/H,0 (95:5) ot N sugars from carbo-
R = Ac, COtBu R = Ac, 65% hydratt? and amino-
R = COtBu, 75% glucoside esters.
0, .0 HsC_O_ .0
AcO
< <
/oj;) "0 o gl
o ¢]
)l/ 4(65%
HsC,, _O.__OMe hv (254 nm) H3C, _O.__.OMe
U Lj (Eqgn. 2)
Ac0” HMPA/H,0 (95:5) H N
[} o)
\ﬁ 700/:ﬁ
O .OMe O .OMe
Cren [
Q = "OAcz Q Y CHs
A o
60%, a/f 85:15
o O__.OMe
)\/\Q hv (254 nm) 0\ O~ OMe
o "OAc _
One HMPA/H,0 (95:5) Ao H (Ean. 3)
H
50%
O_ .OMe O_ .OMe
O/\[‘) hv (254 nm) 0/\[9
O\O OR NHCOOCHS  HiMPAIH,0 (95:5) O\O I 'NHCOOCH; (Eqn. 4)
R =Ac, (CH3),NCS, InCS R =Ac, 88%
CH3SCS (Im : Imidazole) R = (CH3),NCS, 72%
R =ImCS, 54%
R = CH3SCS, 57%

preferentially at HMPA but also at the acid
residue and the products.[58!

The versatility of this methodology was
illustrated by the synthesis of deoxysugars
from carbohydratel>! and amino-glucoside
esters.[®0] Primary, secondary and even ste-
rically hindered tertiary acetates or piva-
lates (Scheme 13, Eqn. 1 and Eqn. 2) as
well as 1,2 diacetates (Scheme 13, Eqn. 3),
2 or 3,6 dipivalates attached on pyranose
and furanose rings could be easily reduced
to the corresponding alkanes. It is worthy
of note that thiocarbamates!3'2611 and di-
thiocarbonates, 021 were also revealed as
excellent precursors (Scheme 13, Eqn. 4).
This deoxygenation procedure has found

applications in the synthesis of advanced
intermediates for 2,1-dehydro-5-homoad-
amantanone,[63] (z)-trichodermol,[®4] and
(+)-thienamycin.[63]

As valuable alternatives to the use of
toxic HMPA, N-methylcarbazoles proved
to be quite efficient and selective electron
donor photosensitizers for the photoreduc-
tion of benzoate esters, especially when
other chromophores are present in the sub-
strates. In 1986, Saito et al. found success
with the development of a general proce-
dure for deoxygenation of secondary alco-
hols taking advantage of this photochemi-
cal property. The transformation relies on
a photoinduced electron transfer process

.

N .
(MC2) <|3H3 (1.1 equiv.)

Scheme 14. The

o) Saito photochemical
J reduction of a m-
(trifluoromethyl)ben-

i-PrOH/H,0 (10:1)
hv (HP Hg lamp)

CFs 85%

o
ROkAr o+ o
MCZ — » ezl B2 e ezt . L
OH OH OH
A NN ACOH M
- 2
RH <~ < R <% R—o‘/)'\Ar

zoate ester and the
plausible mechanism.
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from the excited state of 9-methylcarba- o Scheme 15.

zole (MCZ) obtained by irradiation with o\ o MCZ (0.1 equiv.) Ho Applications of the
a 400 W high-pressure mercury lamp to a ° Mg(ClO4), (04 equiv.) Hoj%jfo (Ean. 1) Sa|_to’s process to
simple benzoate or a m-(trifluoromethyl) HO o n-PrOH/H,0 (9:1) wd N ;’: r;gui rad|fca| Sy_n'
benzoate ester derived from the alcohol in hv (HP Hg lamp) i etic transtorma
a mixture THF/water or isopropyl alcohol/ 0% ons-

water (10:1) under nitrogen atmosphere at ©Fs

room temperature (Scheme 14). Of partic- MCZ (1.1 equiv.)

ular note, addition of magnesium perchlo- BN OOV Mg(CIO4); (1.05 equiv.)  g-~-OOMe

rate can speed up the photoreductive pro- Mo T /I)\/COZEt(Eqn' &

cess. A similar mechanism to that obtained o eoch hv (MP Hg lamp)

with HMPA was proposed. Reduction of 86%

the carboxylic ester by the photoactivated C0,CH,

MCZ provides a transient radical anion ©\(O

which undergoes subsequent protonation | puye,si© MCZ (11 equiv) g f

with water and B-fragmentation. H-ab- o—=—"C0LH  Mg(CIO,); (1 equiv.) 7\ Ean.3)

straction from i-PrOH by the expelled radi- \:Jv/\/\/\/ THF/H,0 (10:1) <j\¢\/\/v

cal was confirmed by deuterium labeling TBDMSO oTBDMS v (HP Hg lamp) TBOMSO oTBDMS

experiments. In theory, MCZ should be re- 86%, ZIE 1:1

generated from the radical cation (MCZ)™* o

by reduction with the solvent radical but in Q :< ’

practice, at least one equivalent is required CHy O MCZ (1.1 equiv.)

(Scheme 14). To explain, MCZ is irre-
versibly oxidized, as confirmed by cyclic
voltammetry.[66]

Saito’s process was then applied to var-
ious radical synthetic transformations.[¢7]
This powerful methodology provides
entries to o-deoxygenation of glucono,
galactono and glucorono lactones deriva-
tives, as illustrated by de Lederkremer and
Marino. Surprisingly, in this case, the pho-
toreduction was accomplished with only
10 mol% of MCZ (Scheme 15, Eqn. 1).[68]
Cyclopropylmethyl radical rearrangement
for the formation of vy,3-unsaturated esters
was achieved by Clive and Daigneault
as depicted Scheme 15, Eqn. 2.1 In the
course of the synthesis of isocarbacyclin,
Noyori et al. demonstrated the utility of
this methodology in the construction of
the bicyclo[3.3.0]octane core structure ob-
tained by generation of an o.-silylated radi-
cal from the corresponding alcohol and its
subsequent 5-exo-dig cyclization (Scheme
15, Eqn. 3).1701 In the same line, a radical
cascade strategy implying transannular cy-
clizations in unsaturated macrocycles has
been explored to elaborate 5-8-5 tricyclic
ring systems. An elegant approach to the
tobacco diterpenoid, 7,8-epoxy-4-basmen-
6-one, based on a 5-exo-trig/11-endo-trig
radical cascade from an 14-membered cy-
cloalkene-allenol was proposed by Myers
and Condroski. The radical sequence was
triggered by an secondary radical gener-
ated from the alcohol by using a modified
Saito photochemical reduction protocol
in the presence of 1,4-cyclohexadiene as
a better source of hydrogen atom than the
solvent (Scheme 15, Eqn. 4) .[71]

Inspired by the electrochemical studies
of Ambrose et al. on 3- and 6-substituted
9-alkylcarbazoles,[’? a catalytic version
was developed by Rizzo et al., using 10—
20 mol% of 3,6-dimethyl-9-ethylcarbazole
(DMECZ) under the same conditions.

A
A}
H3CWCH3

THF/H,0 (10:1)
hv (MP Hg lamp)

51%

1,4-cyclohexadiene (100 equiv.)

(Eqn. 4)

Ll

CcH).

o O .OMe
Ph" ko“ COLAr HC, CHs
Ar = CgHs- ou m-CF3CgH4- N

(DMECZ) Et (0.1 equiv.)
m-CF3CeHy Mg(CIO,), (1 equiv.)
oo
o,
N i-PrOH/H,0 (9:1)
o o] hv (MP Hg lamp)
4
HsCO OCH;
Y
N .
(CAR) gt (0.2 equiv.)

1,4-cyclohexadiene (10 equiv.)

7 O

CFaCeHs heptane (0.5 M)

hv (LED 365 nm)
73%

Scheme 16. The Saito
photoreductive de-
oxygenation of ben-
zoate esters under
modified conditions
with 3,6-disubstitut-
ed-9-ethylcarbazoles
as new catalytic pho-
tosensitizers.

(Egn. 1)

S
0

(Eqn. 2)
°© } N

These variations significantly improved the
turnover and the reactivity of the photosen-
sitizer. In contrast to MCZ, DMECZ is re-
versibly oxidized during the process which
ensures the regeneration of the photocata-
lyst. This modified protocol was tested to a
series of substrates and proved to be com-
patible with alkene, ether, acetal, ester and
lactone functions (Scheme 16, Eqn. 1).[73
Recently, the electron-rich 3,6-dimethoxy-
9-ethylcarbazole (CAR) has emerged as
a more efficient photocatalyst increasing
significantly the reaction rate.’! In addi-
tion, another study from Matsubara et al.
showed that working at higher concentra-
tion (up to 0.5 M) avoids the formation of
alkenes as side products. Finally, the best
set of conditions relies on the use of 0.2

equiv. of CAR and 10 equiv. of 1,4-cyclo-
hexadiene in heptane under LED (365 nm)
irradiation (Scheme 16, Eqn. 2).175]

The Saito photochemical reduction
was then applied to the synthesis of rel-
evant bioactive molecules including non-
natural 2'-deoxy-, 3'-deoxy- and 2',3'-dide-
oxyribonucleosides as potent anti-cancer
drugs and antiviral compounds against
AIDS.I76] The strategy is based partly on
the difference in reactivity between pri-
mary and secondary arylesters, benzoate
and m-(trifluoromethyl)benzoate esters
which can be reduced faster as illustrated
Scheme 17.[7¢bel In continuous flow the
reaction time to produce 2'-deoxyribo-
nucleosides can be reduced from 2 h to
10 min when the reaction is carried out at
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45 °C with 10 mol% of 3,6-dimethoxy-9-
ethylcarbazole.[”*] Finally, deoxygenation
of aldonolactones was also accomplished
through this methodology. (68!

5.2 Visible Light-induced Photo-
deoxygenation Reactions

More appealing routes to perform pho-
toreductive deoxygenations under milder
conditions were recently reported with the
rebirth of photoredox catalysis using visi-
ble light irradiation.[® These photoinduced
SET processes require the presence of pho-
tocatalysts (Pcat) that absorb light in the
visible range, which can be polypyridine
transition metal complexes. Fensterbank,
Goddard, Ollivier et al. have notably de-
veloped a photocatalytic alternative of the
classical Barton-McCombie deoxygen-
ation of aliphatic secondary and tertiary al-
cohols based on photoreduction of the cor-
responding imidazole O-thiocarbamates.
Upon treatment with fac-Ir(ppy), and
diisopropylethylamine (DIPEA, Hiinig’s
base) in acetonitrile under LED lights at
room temperature, products of reduction
were obtained in good to moderate yields
(Scheme 18). Excellent functional group
compatibility was observed with sulfon-
amide and fert-butoxycarbonyl protecting
groups, aromatics, alkenes, acetals, alkyl
esters, and lactones. By comparison, this
transformation performed under standard
tin hydride conditions gave the same re-
sults. However, photoreduction of the
benzhydrol derivative furnished a mixture
of 1,1-diphenylmethane (21%) and dimer
1,1,2,2-tetraphenylethane (37%). To gain
insights into the mechanism, fluorescence
quenching experiments and comparison of
reduction potentials of a set of thiocarba-
mates (—1.11 to —1.73 V) with the Ir(1v)/
Ir(1r)* redox system (—1.73 V) established
that photoactivated fac-Ir(ppy),* reduces
the O-thiocarbamates. This information
allowed to propose a reasonable mecha-
nism where fac-Ir(ppy),* can transfer an
electron to the thiocarbamate moiety and
the photocatalyst is regenerated in the

presence of DIPEA. Then, the generated
thiocarbamate radical anion fragments and
affords the intermediate carbon-centered
radical which can abstract an hydrogen to
the amine radical cation (Scheme 18).[771
Along the same line, Reiser et al. con-
centrated on deoxygenation of secondary
benzylic, o-carbonyl and o-cyano alco-
hols. For that purpose, they revisited Saito’s
procedure under visible-light illumination.
Starting from 3,5-bis(trifluoromethyl)ben-
zoate esters, the reaction proceeds smooth-
ly upon exposure to [Ir(ppy),(dtb-bpy)|PF,
catalysis in the presence of DIPEA and wa-
ter in acetonitrile under LED lights at 40

o
—N

\

Ir
/

S ) ﬁ
\ 7

Scheme 18. Photo-
catalytic reduction of
secondary and tertia-
ry O-thiocarbonates
and the plausible

O o mechanism.
o
N 10 O
QHb )( H‘b"o
%O © H "’o)v
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0
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' 'O%N/tN LED (470 nm) (" y=H
o) S A o)
—0 _—0
/ / 60%
S
OJ\N/\\N
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e
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Scheme 19.
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iProNEt.HBF,
Hantzsch ester
methyl vinyl ketone

OPiv

[Ru(bpy)sl(PFe)2 (1.5 mol%)

Scheme 20. Visible-
light photoreduc-
tive coupling of a
tert-alkyl N-(acyloxy)
phthalimide oxalate
and methyl vinyl
ketone.

THF/CH.CI, 1:1, rt
Blue LEDs (470 nm)

85%

°C. This catalytic system proved tolerant
to a large number of functional groups. In
contrast with O-thiocarbonates, no dimer
was formed in photoreduction of benzhy-
drol derivatives (Scheme 19). As seen be-
fore, it is assumed that the iridium complex
acts as a visible-light photocatalyst, DI-
PEA is required as both a sacrificial elec-
tron donor and a hydrogen atom donor, and
water may be involved in the protonation
of the transient radical anion RCO,R™.[78]

In 2012, Overman et al. made use
of Okada’s decarboxylation™ to pro-
vide an efficient method for the deoxy-
genation of aliphatic tertiary alcohols
by photoreduction of the corresponding
tert-alkyl N-(acyloxy)phthalimide oxa-
lates. The reaction relies on a combina-
tion of Ru(bpy),(PF,), photocatalyst (1.5
mol%) and visible-light (blue LEDs) with
Hantzsch ester and i-Pr,NEt. HBF, which
presumably serves as both a reductive
quencher and H-atom donor. After two suc-
cessive decarboxylations, the tertiary alkyl
radicals can then be trapped by electron-
deficient alkenes leading to the formation
of quaternary centers (Scheme 20).1801

7. Conclusion and Perspectives

Since the pioneering work of D. H. R.
Barton and S. W. McCombie on tin-me-
diated radical deoxygenation of alcohols
from the corresponding xanthates, tremen-
dous developments on tin-free alternative
methods for synthesis have been widely
reported. Among them, reductive single
electron transfer (SET) approaches involv-
ing acetate, aromatic ester, dithiocarbonate
and dithiocarbamate precursors prove to
be extremely effective in the conversion of
alcohols to alkanes, and particularly with
sterically hindered substrates. This over-
view points out a variety of successful SET
conditions including the use of low valent
metal, such as dissolving alkali metals (Li,
Na, K) and lanthanides (Sm(11)), and the
chemical system (Bu,N),S,O,/HCO Na as
a source of carbon dioxide radical anion,
but also electrochemical and photoinduced
electron transfer conditions which demon-

strates their high synthetic potential. Fi-
nally, recent studies confirm the increasing
importance of photoredox catalysis as a
very attractive tin-free process and a valu-
able tool in modern organic synthesis for
deoxygenation of alcohols, but is far from
being completely exploited.
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