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Radical oxygenations with inorganic radicals: can hydroxyl
radicals (HO*) act as donors of oxygen atoms?
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Abstract—Hydroxyl radicals (HO®) were shown to act, upon addition to the C-C triple bond in cyclic and open-chain alkynes,
as oxygen atom donors in an oxidative radical cyclization sequence. © 2002 Elsevier Science Ltd. All rights reserved.

The highly reactive hydroxyl radical (HO®), which
could also naturally occur in the troposphere! or in
cells,” is probably one of the most extensively studied
radical species. Since it can react with organic sub-
strates either by hydrogen atom abstraction or by addi-
tion to aromatic and aliphatic n-systems, HO® has been
frequently applied to organic synthesis.®* The addition
reactions of this electrophilic radical to C—C double
bonds are generally extremely fast and proceed with
rates near the diffusion limit.* In this paper it is shown
that HO® possesses a so far unknown, mechanistically
interesting feature, as it could also act as a donor of
oxygen atoms in its reactions with alkynes.

In previous publications, we reported on a novel radical
oxygenation, which was initiated by addition of an
inorganic® or organic oxygen-centered radical X-O°
(with X=NO,,%*4 S0,7.,° RC(0)*) to C-C triple
bonds in cyclic and open-chain alkynes and alkynones.
The mechanism of the cyclization sequence is shown in
Scheme 1 for the exemplary reaction with cyclodecyne
1. After the initial radical addition two subsequent
transannular steps occur: (i) a 1,5- or 1,6-hydrogen
atom abstraction (HAT), 2—3a,b;” and (i) a 5-exo or
6-exo radical cyclization, 3a,b—4a,b. The reaction cas-
cade is terminated by release of a radical X* under
formation of the carbonyl group in the cis-fused
bicyclic ketones 5 and 6. Thus, in this sequence the
radical X—O° formally acts as a donor of oxygen atoms.
Since the X°® released is relatively unreactive compared
with X-O° in all cases studied by us so far, and an
initiation of a further radical reaction by X* was never
observed, this radical cyclization is of non-chain type.

*Tel.: +49-431-8801179; fax: +49-431-8801558; e-mail: uwille@
oc.uni-kiel.de

The success of this radical oxygenation, which pro-
ceeded with good to excellent yields in the case of the
reaction of 1 with NO;°, SO," or acyloxyl radicals
RC(0)O°, respectively,® was expected to be dependent
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Scheme 1. Proposed mechanism for the reaction of cyclode-
cyne 1 with oxygen-centered radicals XO°.
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on the ease of the homolytic cleavage of the X-O bond
in the final step and thus on the ability of the radical X*
to act as a leaving group.®

In order to obtain additional mechanistic insights into
this radical oxygenation and, possibly, to enlarge the
pool of radicals with similar properties as oxygen atom
donors, it was decided to study the scope of HO® in this
radical cyclization. From the mechanistic point of view,
this investigation seemed to be an exceptional challenge
because: (i) hydrogen atom abstraction from the acti-
vated allylic position in 1 by HO® might compete
seriously or even dominate over HO® addition to the
C—C triple bond; and (ii) the termination step might be
disfavored, because an O-H bond is relatively stable,
and H’ is only a poor leaving group.®

Using the reaction with cyclodecyne 1 as a model
system,” different methods for HO® generation were
employed. However, GC analysis revealed that the
reaction of 1 in the presence of either the Fenton redox
couple Fe**/H,0,% or Barton’s Gif oxygenation system
CoAgg" or CoAgg", respectively,'® gave only poor
yields of 5 and 6 (data not shown), although they are
both known to be versatile sources for HO®.!"!? In
contrast, when HO® was generated in a homogeneous
system by photolysing N-hydroxy-2-thiopyridone 7 in
acetonitrile (Scheme 2), the ketones 5 and 6 could be
obtained with a 1.2:1 ratio in acceptable combined
yield, which depended strongly on the reaction condi-
tions (Table 1).'*!* The comparatively low yields of the
ketones obtained in the reaction with equimolar or
excess radical precursor 7 (entries 1-3) led to the sug-
gestion that a fast trapping of the highly reactive HO®
by excess 1 could lead to a significant improvement.
With a ratio of [7]/[1] in the range 0.3-0.1, a satisfac-
tory combined yield of around 60% of 5 and 6 could be
obtained (entries 4, 5, and 7). No significant formation
of byproducts was observed under these conditions in
the GC. The generation of HO® through an alternative
pathway by photolyzing the thiazolethione 9'° (Scheme
2) did not lead to a further improvement of the product
yield under comparable reaction conditions (entry 8).

Possible interfering radical-radical or hydrogen
abstraction reactions by HO® could be the reason for
the lower yields of 5 and 6 in the case of excess or
equimolar amounts of radical precursor 7 and thus of
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Scheme 2. Photochemical generation of HO".
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HO?®, especially if the total concentration of reactants
was high (entry 1).'® To explore whether a major part
of HO® might get lost through a reaction with the
solvent acetonitrile, e.g. by hydrogen abstraction, an
experiment was performed in tetrachloromethane (entry
6). However, the even lower combined yield of 5 and 6
achieved under these conditions indicated that such a
reaction pathway could be excluded. On the contrary,
the higher yields obtained in acetonitrile may suggest a
slight stabilization of HO® by polar effects.

Even though the yield of the ketones 5 and 6 in the
HO’-induced oxidative cyclization of 1 is possibly not
high enough for a general preparative application (in
contrast to the respective reactions of NO,*, SO," and
RC(0O)O®), this reaction is mechanistically very interest-
ing. Regardless of the strength of a O—H bond and the
low ability of H* to act as a leaving group, more than
50% of the hydroxyl radicals generated by photolysis of
7, initiated and underwent the cyclization cascade
according to the mechanism depicted in Scheme 1.

Anyway, the possibility of an alternative reaction path-
way needs to be considered. Since HO® is a strong

Table 1. Experimental data and results of the reaction of
HO® with cyclodecyne 1*

Entry HO® source 1 (mM) [HO°/[1] Yield 5+ 6°¢
(mM)

1 200.0 (7) 108.0 1.85 14% (15%)

2 28.9 (7) 14.0 2.06 21% (35%)°
3 10.1 (7) 10.4 0.97 21% [21%)]

4 41 (7) 13.1 0.31 17% [53%)]

5 3.4 (7) 20.5 0.17 9% [63%)]

6 2.5(7) 15.6 0.16 8% [47%]"
7 1.3 (7) 12.8 0.10 6% [56%]

8 1.6 (9) 15.8 0.10 4% [35%

2 The experiments were performed in 10 mL of acetonitrile unless
otherwise stated. Irradiation time: 60-90 min.

® A 100% conversion of 7 or 9, respectively, to HO® is assumed.

¢ Combined yield determined by GC using n-hexadecane as internal
standard.

4 Yield with respect to the starting concentration of 1 or to consumed
1 (in parentheses). Data in brackets: yield with respect to the
concentration of the radical precursor 7 or 9.

¢In 80 mL of acetonitrile; 4 h irradiation time.

fIn 10 mL of tetrachloromethane.
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hydrogen abstracting agent, the reaction sequence
might also be initiated by abstraction of an activated
allylic hydrogen atom (Scheme 3). A 1,5-HAT in 11
leads to the radical 12 with the unpaired electron
located opposite to the C—C triple bond. A subsequent
5-exo or 6-exo radical cyclization could give the vinyl
radicals 13a,b, which might be trapped by recombina-
tion with HO® to yield the enols 14a,b. The latter may
finally tautomerize into the ketones 5 and 6. Although
this proposed alternative mechanism appears to be
plausible, there are several arguments against its occur-
rence in this reaction. According to Scheme 3 formation
of the ketones 5 and 6 would require 2 equiv. of HO®
per molecule 1. Despite the assumption that the radical
recombination of 13 with HO® should proceed without
a significant activation barrier, this step is a kinetically
disfavored second-order process, which cannot compete
with the reaction of HO® with the excess component 1.
On the contrary, the yields of 5 and 6 should be
expected to be significantly higher, if HO® would be
used in equimolar or excess amounts. The data in Table
1 clearly demonstrate that this was not the case. In
addition, the tautomerism 14—5,6 is a thermodynamic
process, which should lead to formation of at least a
mixture of cis and trans isomers of the products, sup-
posedly with a preferred formation of the thermody-
namically more stable trans compounds. The observed
exclusive formation of the bicyclic ketones 5 and 6 with
a thermodynamically less stable cis fusion is in accor-
dance with the kinetically controlled radical cyclization
shown in Scheme 1.7

The HO®-induced radical oxygenation was also applied
to the cyclization of an open-chain alkyne (Scheme 4).
The tetrahydrofuran 16 was diastereoselectively formed
through a cyclization cascade after initial addition of
HO? at the sterically less hindered site of the C—C triple
bond in the alkynyl ether 15, in analogy to the mecha-
nism in Scheme 1.'"® However, the low yield of 16
indicates the occurrence of competing processes, possi-
bly hydrogen abstractions by HO® from the activated
positions « to the ether oxygen.'¢

To conclude, it is demonstrated for the first time that
HO® possesses an additional interesting feature, as it
can also act as a donor of oxygen atoms in the addition
reaction with alkynes bearing no activated hydrogen
atoms. The fate of the H® released was not examined,
but it may be assumed that, besides hydrogen abstrac-
tion from the solvent or from 1, H® could initiate
formation of further HO® through addition at the
thione moiety in 7 and 9, respectively, thus starting a
radical-chain process (not shown).
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