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ABSTRACT

When used as solvent, chloroform was found to act as a hydrogen atom donor in Barton reductive decarboxylation reactions. Chloroform offers a
substantial practical advantage over pre-existing hydrogen atom donors.

The Barton decarboxylation protocol is a powerful
synthetic tool for converting alkyl carboxylic acid residues
into a variety of different functionalities through the
intermediacy of the corresponding alkyl radical.1 Reduc-
tive decarboxylation is an important reaction subset,
which can be performed in a variety of ways with the
methodof choicebeing that developedbyBarton involving
the homolytic decomposition of thiohydroxamic esters in
the presence of a suitable hydrogen donor (H-donor).2

Under the Barton protocol, reductive decarboxylation
to furnish the reduction product 2 is facilitated by mild
photochemical decomposition of the corresponding thio-
hydroxamic ester (3), which can be obtained directly from

an acid chloride 4 (or carboxylic acid 1)3 and the sodium
salt of 1-hydroxypyridine-2(1H)-thione (5), in the presence
of a suitable H-donor, originally tributyltin hydride or
tert-butylthiol (Scheme 1).1 This robust and broadly ap-
plicable reaction has one well-recognized shortcoming,
namely that the said reducing agents are costly, highly
toxic, and pungent, and their byproducts are often difficult
to remove from the desired reaction products. To address
these difficulties, innovative developments have been re-
ported to address the issues with using organotin hydrides
in particular.4 However, these additional measures intro-
duce further operational complexity and cost. The search
for H-donor replacements5 has seen the introduction of
several alternativeH-donors, including, tris(trimethylsilyl)
silane,6 germanim hydride,7 hypophosphorous acid (and†University of Queensland.
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salts),8 and tris(trimethylsilyl)methane.9 Each of these
H-donor replacements, however, brings their own lim-
itations, including cost, availability, and toxicity. De-
spite the progress represented by these innovations, the
availability of an H-donor that is effective, readily
available, inexpensive, and easily removed from the
final reaction products and with an acceptable toxicity
profile is still lacking. Indeed, a reagent with these
features would significantly enhance the attractiveness
of the Barton reductive decarboxylation reaction.
Herein we report on the utility of chloroform as such
an H-donor.

Our chance observation that chloroform preferentially
delivered hydrogen to 4-methoxycarbonyl-1-cubyl radical
(Table 1, entry 5) under Barton conditions prompted a
detailed investigation into its potential as a bona fide
H-atom donor. While the original intent was to substitute
the increasingly inaccessible carbon tetrachloride, an ex-
cellent Cl-atom donor under Barton conditions,2e with
chloroform,10 we were surprised to find that the major
component isolated was methyl cubanecarboxylate, with
only a trace of the corresponding chloride (methyl 4-chl-
orocubanecarboxylate) as observed by GPC.
Accordingly, we set out to explore the utility of chloro-

form, and other commonly used solvents, including nitro-
methane, as convenient H-donors for use in Barton reduc-
tive decarboxylation reactions.
While the mainstream free-radical literature has been

somewhat silent on the synthetic utility of chloroformasan
H-donor in the reduction of alkyl radicals, its behavior as a
chain-transfer agent in the polymer literature has beenwell
documented.11

Using palmitic acid as a test vehicle the corresponding
acid chloride was generated, dissolved in nitromethane,

and exposed to the sodium salt of 1-hydroxypyridine-
2(1H)-thione (5) to generate the Barton thiohydroxamic
ester 3 (R = n-C15H31). Irradiation of the solution at
reflux,with a tungsten lamp, afforded the reducedmaterial
2 (R= n-C15H31), but only in 32%yield (Table 1, entry 1).
When chloroform was used, instead of nitromethane, a
dramatic increase in yield was observed (i.e., 86% isolated
over two steps) (Table 1, entry 2). Together with this yield
improvement, a practical advantage was also gained in
that palmitoyl chloride could be generated in chloroform
and used without purification in the next step. The Barton
ester 3 (R= n-C15H31) was also obtained directly from the
carboxylic acid using peptide coupling agents as has been
previously reported.3 In this case, the overall hydrocarbon
yield fell to 72% (Table 1, entry 3), which is attributed to
the efficiency of the coupling process rather than the
inefficiency in the reductive decarboxylation step. These
results are comparable, if not improvements, on the results
obtained with classical H-donor sources such as n-Bu3SnH,
t-BuSH, and PhSH (Table 1, entries 4�6). Given the
favorable results obtained using the acid chloride ap-
proach (Table 1, entry 2), this method was applied to a
range of other substrates (Table 1). Both the adamantanyl
and cubyl systems performed well (Table 1, entries 9 and
10), whereas 4-(methoxycarbonyl)cyclohexanecarboxylic
acid afforded the methyl cyclohexanecarboxylate in only
48% yield (Table 1, entry 8). The decreased yield in this
case was most likely a result of isolation difficulties rather
thanpoor reactivity.Ketone functionality is well tolerated,
and acid 1i proceeds smoothly giving the product in 74%
yield (Table 1, entry 14).12 The two steroidal substrates
(Table 1, entries 11 and 12) gave similar yields of product
(i.e., 65 and 68%, respectively). In the case of entry 11, two
minor byproducts, the alcohol 8 and aldehyde 7, were
isolated. These are presumably the result of extraneous
oxygen acting on the radical intermediate. Slight oxida-
tion was also apparent with diphenylacetic acid
(Table 1, entry 15), which gave dimer 9 as the major
product.
Aromatic carboxylic acids (i.e., Table 1, entry 15) were

found not to undergo reductive decarboxylation under
these conditions, but instead gave anhydrides. This finding
is consistent with Barton’s observations,14 although Bar-
ton has demonstrated aromatic decarboxylative halogena-
tion is possible with activated aromatic substrates.15

Finally, our attempts to use this protocol to reduce
R-amino acids led to complex, intractable, mixtures.
Fromamechanistic perspective, the observed results can

be rationalized in at least twoways.The first involvesdirect
H-transfer from chloroform to the alkyl radical (6), thus
furnishing the observed reduction product (2) and the

Scheme 1. Barton Reductive Decarboxylation Reaction
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trichloromethyl radical (14), which then propagates the
radical chain reaction throughattackat the sulfur terminus
of the thiohydroxamic ester (3), thereby furnishing the
pyridyl sulfide coproduct (15) and a new alkyl radical 6
(path A). Available H-transfer rate constants (kH) for
chloroform from the work of Tuan and G€aumann16

through the reaction of hexyl radicals with chloroform
provided kH of 4.8 � 103 M�1 s�1 at�10 �C, whereas the
kH for the adamantyl10a and tert-butyl17 radicals at 25 �C
were determined to be 2.9 � 103 M�1 s�1 and 2.54 � 102

M�1 s�1, respectively. This data effectively places an upper
limit for the kH for chloroformwith alkyl radicals at ca. 104

M�1 s�1 at the boiling point of chloroform (61 �C). Indeed,
when viewed against well-established H-donors such as
n-Bu3SnH(kH=4.9� 106M�1 s�1 at 50 �C)2c and t-BuSH

(kH=1� 107M�1 s�1 at 50 �C)2c theH-transfer potential
of chloroform is less obvious.
An alternative scenario (path B), providing the same

overall outcome, invokes the rapid H-transfer from
chloroform to the 2-pyridiylthiyl radical (12), thereby
generating 2-pyridinethiol (13). The thiol 13 would be a
transient species that would be expected to deliver H to the
alkyl radical (6) at a much greater rate consistent with the
well-known ability of thiophenol to function as an effective
H-donor to alkyl radicals (Scheme 2).18,19

Additionally, Newcomb and Kaplan20 have previously
determined the rate constant for the reaction of octyl

Table 1. Examples of Barton Reductive Decarboxylations with Selected Substrates Using Chloroform As the H-Donor

aMethod A: Conversion to acid chloride followed Barton decarboxylation. Method B: DCC coupling followed by Barton decarboxylation (see the
Supporting Information). bNitromethane as solvent. cChloroform as solvent. dBenzene as solvent and n-Bu3SnH asH-donor. e)Benzene as solvent and
tBuSH as H-donor. f)CCl4 as solvent and PhSH as H-donor. g) Isolated yields. h)Yield based on recovered starting material.
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radical with its precursor thiohydroxamic ester (3, R =
octyl) to be ca. 4� 106 M�1 s�1 at 80 �C, which effectively
imposes a minimum reactivity for any H-donor to ensure
minimal competitionwith self-trapping. This is a feature of
all thiohydroxamic esterswhendecomposed homolytically
in the absence of a radical trap.1b

The above analysis therefore places anupper limit on the
effective tolerable concentration of the in situ formed
thiohydroxamic ester (3) during a typical reductive dec-
arboxylation reaction and is consistent with the way the
reactions have been actually performed in this study,
namely through the slow dropwise addition of an acid
chloride to 1 equivalent of N-hydroxypyridine-2-thione,
sodium salt. This protocol ensures a sufficiently low con-
centration of thiohydroxamic ester (3), which upon homo-
lysis allows H-transfer to compete against self-trapping.
Finally, the question of how H-transfer takes places, i.e.,
either through chloroformor through the in situ generated
2-pyridinethiol (13), or perhaps a combination of both, is
still open and will require further mechanistic investigation.
In conclusion, we have presented a practical and cost-

effective hydrogen atom source for performing Barton
reductive decarboxylations. The procedure avoids the
common toxic or miasmic conditions normally associated
with this versatile reaction, and is amenable to academic
and industrial applications. Theoretical calculations and
further mechanistic studies are currently under investiga-
tion and will be reported in due course.
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Scheme 2. Speculative Mechanism for Barton Reductive Dec-
arboxylation Using Chloroform as a H-Donor


