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Abstract: Horner—Wadsworth—-Emmons (HWE) reactions routine-
ly employ tetrahydrofuran (THF) as the reaction solvent. In this pa-
per we show that THF adducts (derived from THF-hydroperoxide
species) of HWE phosphonate ester compounds are formed under
microwave irradiation (i.e., under pressure), or in the presence of a
reductant [e.g., P(OEt);] in a conventionally heated reaction.
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The Horner—Wadsworth—Emmons (HWE) reaction (also
known as Horner—Wittig) of stabilized phosphonate an-
ions with aldehydes or ketones in the presence of a suit-
able base is widely employed in synthetic chemistry, with
many variants appearing in natural product syntheses.!
The reaction has been optimised over the years, allowing
either Z- or E-alkenes to be obtained with high stereose-
lectivity. We recently identified? dbathiophos ligand 1 as
a flexible multidentate ligand for Cu'. Further optimisa-
tion studies concerning the synthesis of 1 have revealed a
competing reaction path when conducted with microwave
assistance and using THF as the solvent, the findings of
which are detailed herein.

Compound 1 is readily accessed by conventional heating
methods (reaction of 2 and 3 in the presence of NaOH in
THF-H,0) in a closed system (Schlenk tube) in 84%
yield after 48 hours at reflux (Scheme 1).2* On conducting
the same reaction in a microwave reactor’ it was discov-
ered that the reaction time could be shortened to ca. one
hour, which gave 1 in 67% yield. Increasing the equiva-
lents of 2 from 1.0 to 1.2 resulted in a higher yield (80%).
It was during this optimisation that in one reaction* the
yield of 1 was lowered dramatically (to 25%), and a sec-
ond unknown product was formed, also in 25% yield. The
'H NMR spectrum of the unknown product is shown in
Figure 1. ESI-MS showed a mass ion of m/z = 433.1380,
which corresponds to C,sH,,O,PS [MH]". This suggests
the presence of an oxygen-containing cyclic ring (either
tetrahydrofuran or tetrahydropyran — presumably derived
from the THF solvent vide infra). The '"H NMR spectrum
of the side product showed that one C=C bond had formed
(not shown), but relatively complex aliphatic signals were
observed between = 1.2—4.1 ppm. Comparison of related
literature compounds® indicated that the side product con-
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tained a tetrahydrofuran ring, indicating 4 as a plausible
structure.

3 (2 equiv)
P(O)OEty ————
NaOH (4 equiv)
THF-H,O
reflux, 48 h

EtO,(0O)P

2 (1 equiv)

dbathiophos (1) 84%

Scheme 1 HWE reaction of 2 and 3 to give dbathiophos 1

Ha - 3.80 (ddd, J=8.0, 7.0, 6.5 Hz, 1 H)
Hg - 3.70-3.64 (m, 1 H)
Hp - 1.91-1.77 (m, 2 H)
H; - 2.04-1.94 (m, 1 H)
He - 1.42-1.31 (m, 1 H)
Hg - 4.09 (app. quintet, J= 6.5 Hz, 1 H)
4 He - 2.60 (dd, J=15.5, 7.0 Hz, 1 H)
He - 2.46 (dd, J=15.5, 6.0 Hz, 1 H)

Figure 1 'H NMR spectrum (expanded) of the unexpected side
product 4 in the HWE reaction of 2 and 3 to give 1 (* = toluene;
#=H,0)

The chemical structure of the side product was unambig-
uously confirmed by single-crystal X-ray diffraction (Fig-
ure 2). Interestingly, the crystal packing forces 4 to adopt
a conformation (in the solid state) where the enone moiety
is s-trans. A 2D NOESY spectrum of 4 in CDCI; shows a
strong NOE between the a-olefin proton and the ortho
proton on the aromatic ring, showing that this conforma-
tion is also adopted in solution.

To fully understand how 4 had formed, a series of reac-
tions were carried out in the absence of aldehyde (Scheme
2). Compound 2 was converted in low yield into bis(tetra-
hydrofuran)acetone (5) in 8% yield. Benzylidene acetone
phosphonate ester (6),° subjected to same reaction condi-
tions, gave compound 7 in 19% yield. Altering the base
from NaOH to NaOMe did not appreciably alter the yield
of 7 (21%). In the absence of water, however, this latter
reaction did not give 7. Phosphonate ester hydrolysis was
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Figure 2 X-ray structure of compound 4. Thermal ellipsoids shown
at 50% probability; disorder is observed around the THF moiety.
Selected bond angles (°): O(1)-C(21)-C(20): 119.69(13), C(18)—
C(13)-P(1): 120.25(10)

6 M NaOH (3 3 equiv) 0 0 o

(EtO P\)I\/P OEt
)2 O ™ e o MW THF—H,0, MW

110°C, 1h 5 (%)

6 M NaOH (3.3 equiv)

9 THF-H,0, MW
/\)J\/ RCOEt
Ph” X N

OFt 110°C, 1h
6

as above 7 19%

L

Scheme 2 Reactions in the absence of aldehyde

Ph/\)k/

considered as a possibility. However, benzylidene ace-
tone phosphonic acid (8)7 did not give 7, ruling it out as an
intermediate.

The unexpected introduction of a THF motif has previous-
ly been observed for other reaction types ® and their for-
mation attributed to either carbene or radical mechanisms.

Table 1 Addition of P(OEt); to the Reaction2 +3 — 1+ 4°

Davies and Pérez both described transition-metal-cata-
lysed carbene reactions,” whereas Zhang and co-workers
functionalised a variety of ring-containing ethers using a
radical methodology.'? In the reaction described here, it is
not immediately obvious by which mechanism side prod-
uct 4 is being formed, as no intentionally added transition
metals or radical initiators are present. However, the reac-
tion conditions can be considered ‘forcing’, even for a mi-
crowave reaction (1 h at 110 °C). Crucially, compounds
such as 4 were not found in the conventionally heated re-
action above trace levels (>1%). We suspect that the
microwave-heated reaction generates higher pressures
than the conventionally heated reaction.

An intermediate acylcarbene (formed by a-elimination),"!
followed by a C—H insertion reaction with THF, could po-
tentially explain the formation of the THF adducts. How-
ever, on the addition of carbene traps, for example,
cyclohexene, norbornene, and 1,2-tetramethylethene, to
either 2 or 6 no cyclopropanation formation was observed
by NMR spectroscopic or MS analysis. Changing the
solvent to 1,4-dioxane gave the same outcome.

Tetrahydrofuran-2-hydroperoxide (THF-OOH) was iden-
tified as an alternative intermediate, formed by the reac-
tion of THF with O, (air) in the presence of light.'> THF-OOH
could either generate a THF radical species, or be reduced
under the forcing microwave conditions to 2-hydroxytet-
rahydrofuran (THF-OH). Whilst no precautions were tak-
en to distil THF or use degassed water in either the HWE
or control reactions (vide supra), regular testing of the lab-
oratory-grade THF using peroxidase test strips!® showed
low but variable quantities of peroxide (typically ca. 1-5
ppm), which quantitatively could not fully account for
amounts of THF adducts observed in the above reactions.
A more quantifiable test for THF-OOH was clearly re-
quired (special precaution: if THF is suspected of contain-
ing THF-OOH it should not be distilled!).

Triethyl phosphite [P(OEt),] reacts!* smoothly and effi-
ciently with hydroperoxides to yield the triethyl phos-
phate [PO(OEt),;] and the corresponding alcohol, THF-
OH. It was recognised that this would provide a useful
tool for quantification of the total amount of THF-OOH in
solution (monitoring reactions by 3'P NMR spectrosco-
py). Upon addition of P(OEt); to the HWE reaction of 2
and 3, the formation of PO(OEt), (after 1 h) was observed
and quantified by 3'P NMR spectroscopy (Table 1).

P(OEt); (equiv) P(OEt);/PO(OEt), ratio PO(OEt); (equiv formed) Peroxide concn (mM)® Yield (%) of 4 (1)
1 1:0.2 0.17 25 19 (33)
0.5 1:0.5 0.17 25 17 (22)

2 Monitored by 3'P NMR spectroscopy.

b The concentration of peroxide was obtained from relating the ratio of P(OEt),/PO(OEt), by 3'P NMR spectroscopic analysis to the equivalents,
and thus mmol of PO(OEt); formed, which was considered equal to the amount of THF-OOH in the solvent. Finally, this value was converted

into mM.

Synlett 2013, 24, 1493-1496

© Georg Thieme Verlag Stuttgart - New York

This document was downloaded for personal use only. Unauthorized distribution is strictly prohibited.



LETTER

THF Hydroperoxide Effects in HWE Reactions 1495

reduction

OoH

0,, light
LYy = .o
O MW or P(OEYs o~ OH o

O O
OH

(0)

L ring opening 1

C\jo ©oH E\;O

OH (01S)]

\ﬁf—j
(0]
AN PO(OEY: l HWE
S]

5-exo-trig

o D ring closure o
-~
R/Lk o R 7 HO

Scheme 3 Formation and reduction of THF-OOH in HWE reactions

Regardless of the amount of P(OEt); added (0.5 or 1
equiv) the same amount of PO(OEt), (0.17 equiv) was re-
corded, which closely matches the observed yields of 4.1
From the amount of PO(OEt); formed, the concentration
of THF-OOH was calculated as 25 mM.!¢ Finally, reac-
tions of 2 and 3 conducted under a rigorous inert atmo-
sphere, using distilled and degassed THF and degassed
water (kept in the dark), no side product 4 was observed.

Using conventional heating, compound 4 was not previ-
ously observed, yet under microwave irradiation it was. It
was therefore hypothesised that the MW irradiation pro-
moted THF-OOH reduction to THF-OH. Therefore,
P(OEt); was added to the conventionally heated reaction,
which led to the formation of 4.

Finally, an independent reaction of THF-OH with com-
pound 2 in the presence of NaOH in THF-H,O gave bis-
THF product 5 in 56% yield. A competition experiment
(see the Supporting Information) showed that the THF-
OH, which is a masked aldehyde, is more reactive than
aldehyde 3.

The involvement of THF-OOH in HWE reactions is
shown in a tentative mechanism given in Scheme 3. Once
THF-OOH is formed, a reduction step is required to give
THF-OH. This compound is in equilibrium with the ring-
opened aldehyde (given the basic conditions of the reac-
tion, we suspect that hydroxide deprotonates THF-OH,
with the equilibrium lying to the side of the ring-opened
aldehyde—alkoxide intermediate).

An alternative possibility is that y-butyrolactone is formed
during the decomposition of THF-OOH.'”'® However, an
alkene reduction step would then be necessary to explain
the formation of compounds such as 4.

In conclusion, the reduction of THF-OOH to give THF-OH
(a masked aldehyde) occurs under microwave-assisted
HWE reaction conditions. THF-OH effectively competes
with the intentionally added aldehyde (carbonyl) reactant.
HWE reactions routinely employ THF as the reaction sol-
vent. To circumvent this problem one should degas the
THF solvent at the very least (and any co-solvent, e.g.,
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water) and test rigorously for the presence of peroxides in
laboratory-grade THF. For the HWE reactions detailed
herein, the conventionally heated reactions showed no
side products containing a THF moiety. However, the em-
ployment of a suitable reductant, for example, P(OEt),,
led to formation of the same side products. Thus, a sub-
strate containing a suitable functionality may play the
same role.
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