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a b s t r a c t

The direct esterification of phosphinic acids has been extended to the preparation of thiophosphinates
using thiols, but the conversions are only ca. 50%. The outcome is in agreement with the unexpectedly
high enthalpy of activation and endothermicity suggested by quantum chemical calculations. At the same
time, formation of the thiophosphinates confirms the AAC2 (phosphinylation) mechanism and excludes
the SN reaction paths. Formation of an olefinic intermediate under the reaction conditions is also
excluded experimentally.

� 2012 Elsevier Ltd. All rights reserved.

It is well-known that phosphinic acids do not undergo esterifi-
cation with alcohols under traditional thermal conditions. For this
reason, phosphinates are usually prepared by the reaction of phos-
phinic chlorides with alcohols in the presence of a base.1 We, how-
ever, found that the direct esterification of phosphinic acids is
possible under microwave (MW) conditions2,3 as a consequence
of the beneficial effect of MW irradiation.4 We assumed that the
statistically occurring local overheating effect4 can overcome the
barrier corresponding to the high values of the enthalpy of activa-
tion (102–161 kJ mol�1).4 It was also found that the esterifications
under discussion are virtually thermoneutral.5 Quantum chemical
calculations suggested that four-membered transition states (TSs)
are involved in the rate-determining step of the esterifications
and amidations.5 The proposed mechanism for the esterification
is shown in Scheme 1.

The theoretically possible mechanistic pathways leading to the
phosphinic ester 5 are shown in general in Scheme 2.

Phosphinate 5 may be formed by acylation/phosphinylation of
the alcohol (as shown by the ‘AAC2’ routes in red), or by alkylation
of the phosphinic acid (1) (as shown by the ‘SN2’ and ‘SN1’ routes in
green and blue, respectively). Considering the ‘AAC2’ protocol, the
first step is the protonation of the phosphinic acid 1 (that is, auto-
protonation in our case). Then, the alcohol attacks the electrophilic
P=O moiety of the protonated phosphinic acid 2. Envisaging an

analogous mechanism to that for the esterification of carboxylic
acids, this step is followed by proton transfer, converting interme-
diate 6 into 7. Dehydration of species 7 leads to the protonated
form of the phosphinate 4. Scheme 1 also shows the ‘AAC2’ route
suggested by quantum chemical calculations.5 According to this,
the protonated product 4 is formed via the above mentioned
four-membered TS (3). The relevance of a cyclic TS in the phosph-
inylation mechanism theory is a novel discovery. But how is it pos-
sible to exclude the ‘SN2’ and ‘SN1’ mechanisms involving
protonation of the alcohol (by the phosphinic acid) in the first step,
which is followed by nucleophilic attack by the hydroxy group of
the phosphinic acid on the a-carbon atom of the protonated alco-
hol to furnish the protonated phosphinate 9 via TS 8 (SN2), or by
dehydration and subsequent reaction of the cation (RCH2CH2

+) so
formed with the phosphinic acid 1? The result of the ‘SN1’ route
is, of course, the same (species 9, and after deprotonation, 5).

To answer the above question, we studied the reaction of 3-
phospholene 1-oxides 12 and 13 with thiols, such as 1-butanethiol
and 1-pentanethiol under MW conditions. As in earlier cases, the
thiols were applied in 14-fold excess and the reactions were
accomplished at ca. 200–220�C over 4–8 h in sealed tubes.6 It
was a question of whether the esterification takes place, and if
so, whether the monothiophosphinates 14/15, or the phosphinates
16 are formed. It was found that the reaction had occurred in all
cases with conversions of ca. 51%. The work-up procedure, com-
prising the removal of the volatile components followed by purifi-
cation by chromatography, led to the monothiophosphinates 14/15
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in yields of 36–40%. No phosphinates 16 were formed (Scheme 3).
The unreacted phosphinic acids 12 and 13 were recovered. Thi-
ophosphinates 14a,b and 15 were identified by 31P, 13C and 1H
NMR spectroscopy, as well from mass spectral data.7–9

On conventional heating at 200�C for 6 h, the conversions of the
reactions of phosphinic acid 12 with the thiols were below 10%.

The 1-thioalkoxy-3-phospholene 1-oxides 14 and 15 can also be
synthesized by the conventional approach via the 1-chloro-3-
phospholene 1-oxides10 prepared in a separate step from the cor-
responding phosphinic acids 12 and 13. However, it is a disadvan-
tage that, in this case, the thioesterification involves two steps.

On the one hand, our experiments on direct esterifications
unambiguously justified the AAC2 mechanism during the reaction
of phosphinic acids and thiols. Accordingly, the thiol is phosphiny-
lated by the cyclic phosphinic acid, meaning that the phosphinic
acid is not alkylated by the thiol in an SN2 or SN1 mechanism. It fol-
lows that the phosphinylation (acylation) mechanism, which is
obviously valid also for the reaction of phosphinic acids with alco-
hols, is supported by experimental proof. The incorporation of a

sulfur atom instead of oxygen into the product somewhat resem-
bles isotopic labeling.

On the other hand, the question arises as to why the conver-
sions in the reactions of phosphinic acids 12 and 13 with thiols
are incomplete? To answer this, B3LYP/6-31++G(d,p) calculations
were carried out on the reaction of 1-hydroxy-3-methyl-3-phos-
pholene 1-oxide (12) with thiobutanol, and as a comparison, also
on the reaction of the same hydroxy-phospholene (12) with buta-
nol. We wished to map the energetics of these reactions. The struc-
tures of the two respective TSs (17 and 18) together with selected
geometries are shown in Figures 1 and 2.

It can be seen, that the O–>S exchange in the four-membered TS
17/18 is associated with a bond elongation of 28%, while the O–P–X
(X = O and S) angle in the four-membered ring changes only
slightly (71.7 vs 74.4 deg.) The energy diagrams for the 12 ? 14a
and 12 ? 1-butoxy-3-methyl-3-phospholene 1-oxide (19) trans-
formations are shown in Figures 3 and 4, respectively.

It can be seen that the direct esterification of 1-hydroxy-3-
phospholene oxide (12) with 1-butanethiol involves a significantly
higher enthalpy of activation, than that with butanol (DH# = 145.4
vs 101.7 kJ mol�1). It is also significant that while the reaction with
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Scheme 3. MW-assisted direct esterification of 1-hydroxy-3-phospholene 1-oxides
with thiols.
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Scheme 2. Possible reaction paths for the formation of phosphinates.
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Scheme 1. Mechanism for the MW-assisted direct esterification of phosphinic
acids.
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