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Abstract- Using the photolysis of cerium ammonium nitrate to generate nitrate
radical (NOs*) the akynyl ether (1) could be cyclized through an oxidative, self-
terminating radical cyclization cascade to give the tetrahydrofuran (5) in good
yield. Thisradical source is more favorable than the earlier used anodic oxidation
of lithium nitrate, because high local concentrations of oxidants are avoided.

Radical cyclizations with their often high stereosel ectivities have become a very important tool in organic
chemistry during the past two decades, especially for the synthesis of natural products.*? However, a
serious drawback with respect to their application in industrial procedures is the fact that most of these
reactions require toxic heavy metal compounds to initiate and maintain the radical chain, e.g. tin hydrides.
The development of alternative, non-toxic conditions for radical reactions is therefore a field of active
research.

In recent publications we described the diastereosel ective formation of anellated tetrahydrofurans of type
(5) by addition of the electrophilic, inorganic nitrate radical (NOs®) to the C=C triple bond in alkynyl
ethers of type (1).%° In these experiments NOs* was in situ generated by anodic oxidation from the non-
toxic, inexpensive lithium nitrate in a solvent mixture of acetonitrile/water/diethyl ether (5:1:2).° The
proposed mechanism is shown in Scheme 1 for the exemplary reaction of the cis-cyclopentyl substituted
alkynyl ether 1.” The reaction is expected to proceed through an intramolecular, rate-determining 1,5-
hydrogen atom transfer of theinitially formed vinyl radical (2) yielding the secondary radical (3).
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The latter attacks the C=C double bond in a highly stereosel ective 5-exo fashion, and fragmentation of the
resulting radical (4) leads to the tetrahydrofuran (5) and NO,*. Due to the release of the comparatively
unreactive NO,*, this radical cyclization sequence has no chain character and is therefore termed as an
oxidative, self-terminating radical cyclization cascade, in which NOz* formally acts as a donor of atomic
oxygen. Thus, with this reaction highly substituted, functionalized tetrahydrofurans, which are
substructures in many naturally occurring compounds, can be synthesized in a single cyclization step
from easily available precursors.®

Unfortunately, the yields of the tetrahydrofurans of type (5) obtained by this reaction were only moderate
(< 35 %).2 Although the electrogeneration of radicals from non-toxic precursors is a favorable method,
drastic electrode potentials (= 2 V) are required to oxidize the nitrate ion to the radical. Under these
conditions it cannot be excluded that the radical intermediates of the cyclization cascade shown in
Scheme 1 could also, a least in part, be oxidized. The assumption of interfering oxidative steps is
supported by the finding of 1,2-diketones of type (6) in varying yield (5-10 %) in each reaction under
investigation, although the mechanism for their formation is not clear (Scheme 2, pathway a).>"°

(@] b H
Tom o ono, O L oo
\( oS NOz*  degradation
0 I — CaHo . CaHo products
‘., -e” "/,, _ /\O/\ “,,
o CaHs O/\Csz 0 CaHs
6 2 7

Scheme 2

The particular high affinity of the vinyl radical (2) towards hydrogen atom, which leads to the desired
radical intermediate (3) through the intramolecular 1,5-hydrogen atom transfer on the one hand, might
also cause a competing intermolecular hydrogen atom abstraction from ether, which is part of the solvent
mixture and therefore present in large excess (Scheme 2, pathway b). The resulting nitrate substituted
alkene (7) might undergo further degradation reactions with NOs*, which were not investigated.

Using the reaction of the akynyl ether (1) with NO3* as a representative model system for this type of
radical cyclization,® we searched for conditions, where the interfering reactions outlined in Scheme 2 are
avoided. Electrolysis experiments with varying solvent composition were carried out without changing
the ratio [LINO3]/[1] = 2.5, because the nitrate acts both as a radical precursor as well as the supporting
electrolyte and must be therefore present in excess (Table 1). However, replacement of ether by tert-butyl
methyl ether, which has a similar polarity but does not possess active hydrogen atom did only lead to a
dlight increase in yield (Entry 2avs 1a). Likewise, electrolysis under non-aqueous conditions also did not
lead to a significant improvement (Entries 3a and 4a), but, interestingly, under these conditions, the
diketone (6) was not formed. Based on these results, it may be assumed that (i) the majority of the
interfering reactions obviously take place directly at the surface of the electrodes, and (ii) the yield of the
tetrahydrofuran (5) could only be significantly enhanced, if NOs® would be generated in a different way.

It is known that UV photolysis (A = 300 nm) of a solution of cerium ammonium nitrate (CAN) yields

NOs* through a photoinduced electron transfer (eq. 1):>°

(NH4)2CeV(NOs)g + hv - (NH4),Ce"(NOs)s + NOg* (1)

The photolysis experiments were carried out in acetonitrile under continuous flow of nitrogen to obtain a
proper mixing of the reaction solution during the irradiation. Although acetonitrile is expected to be an
inert solvent, we were disappointed that no improvement in yield was found, when CAN was used in two-
fold excess or in equimolar amount (Table 1, Entries 1b and 2b). This might be due to the strong
oxidizing character of both CAN and NOs* which are present in excess under these conditions and
obviously interfer through oxidation of the radical intermediates. However, a significant enhancement
of yield was observed under inverted concentration conditions: by slow addition of a diluted acetonitrile



solution of CAN to alarge excess of 1 dissolved in acetonitrile under constant irradiation an overall yield
of 65 % (with respect to the concentration of CAN) of 5 was obtained after column chromatography
(Entry 4b). Under these conditions the local concentration of oxidizing species, either NOgz* or CAN, is
very low and the probability to oxidize aradica intermediate (e.g. 2) should therefore be only small. The
excess starting material 1 could be quantitatively recovered by chromatography.

Table 1. Reaction of NO3z* with the alkynyl ether (1): Electrochemical versus photochemical reaction
conditions.

a) Anodic Oxidation? b) Photolysis of CAN®
Entry Solvent Yield (%) of 5° | Entry [CAN]/[1] Yield (%) of 5°
la MeCN/H,0O/Et,0 (5:1:2) 35 1b 2:1 33
2a MeCN/H.,O/tert-butyl methyl 42 2b 1:1 30¢
ether (5:1:2)
3a MeCN/H,O/MeOH (5:1:2) 40 3b 1:2 18 (36°)
4a  MeCN/tert-BUOH/EL0 (5:3:2) 40 4b 1:5 13 (65

qLiNOg)/[1] = 2.5. - "In acetonitrile. — “Isolated yield. — “With respect to consumed 1. — *With respect to the
concentration of CAN. — ‘CAN dissolved in MeCN and slowly added in small portions.

In a typical photolysis experiment 520 mg (2.50 mmol) of 1 was dissolved in 10 mL of deaerted
acetonitrile in a duran reactor. To this solution 274 mg (0.50 mmol) of CAN dissolved in 5 mL of
acetonitrile was added slowly in small portions while photolyzing with a mercury lamp under a constant
flow of nitrogen. After the yellow color of the CAN had dissappeared, the solvent was evaporated. The
residue was treated with water and extracted three time with ether. The combined organic fractions were
dried over magnesium sulfate and concentrated. Column chromatography [SIO,; ether/n-pentane 1:10)
yielded 73 mg (13% isolated yield; 65% with respect to consumed CAN) of 5 (R = 0.20). The analytical
data were in excellent agreement with the values given in ref.>

In summary, we have demonstrated that the photolysis of CAN is a versatile, non-toxic and inexpensive
source for NOs®, which can be used in our novel self-terminating, oxidative radical cyclization sequence
in particular, if the organic starting material or the reaction intermediates are sensitive towards oxidation.
Thus, this method can be considered to be of more principle nature, which is a significant improvement
compared with the electrogeneration of NOs®, as with the latter interfering electrode processes could
principally not be avoided.
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