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It is well-known that phosphinic acids do not undergo direct esterifications with alcohols under thermal
conditions. However, the esterifications take place under microwave (MW) irradiation due to the
beneficial effect of MW. As a comparison, maximum 12—-15% conversions were observed on traditional
heating. It was proved experimentally that the MW-assisted esterifications are not reversible under the
conditions applied that may be the consequence of the hydrophobic medium established by the long chain
alcohol/phosphinic ester. Neither the thermodynamic, nor the kinetic data obtained by high level quantum
chemical calculations justify the direct esterification of phosphinic acids under thermal conditions. The
thermodynamic data show that there is no driving force for the reactions under discussion. As a
consequence of the relatively high values of activation enthalpy (102-161 kJ mol™"), these esterifications
are controlled kinetically. Comparing the energetics of the esterification of phosphinic acids and the
preparative results obtained under MW conditions, one can see the potential of the MW technique in the
synthesis of phosphinates. During our study, a series of new cyclic phosphinates with lipophilic alkyl

groups was synthesized.

1. Introduction

As phosphinic acids do not undergo direct esterification with
hydroxy-compounds, phosphinates are usually prepared by the
reaction of phosphinic chlorides with alcohols and phenols
(Scheme 1)."

Although this method has drawbacks from the point of view
of “green” chemistry and costs, it is widely applied in industry.
The hydrochloric acid liberated is removed by a tertiary amine or
alkali hydroxide. The phosphinic chlorides may be obtained
from phosphoryl chloride (POCl;) by two successive substi-
tutions. It is also possible to make available the starting phosphi-
nic chlorides from phosphinic acids by reaction with inorganic

NEt;
12 3 ArH 12 3
Y'Y2P©O)Cl + YOH ——— > Y'Y2P(O)OY
— HCI
1 2

Y1, Y2, Y2 = alkyl or aryl

Scheme 1 General procedure for the synthesis of phosphinates.
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chlorides, such as thionyl chloride, phosphorus pentachloride or
phosgene/triphosgene. In a one-pot accomplishment, the phos-
phinic chloride is prepared “in situ” from the corresponding acid
by thionyl chloride and the intermediate so-formed reacts
immediately with the alcohol present in the mixture.’

It is also possible to synthesize phosphinates by the alkylation
of phosphinic acids. In this case, either alkyl halides, or unsatu-
rated reactants, such as olefins or acetylenes are used. Applying
an alkyl halide, the phosphinic acid should first be converted to
an alkali salt,*> or the alkylation should be carried out under
phase transfer catalytic conditions.® The addition of an acid to an
unsaturated species may be carried out in the presence of
catalysts.”

An additional possibility for the synthesis of phosphinates
involves the use of coupling reagents, such as carbodiimides,* '
uronium,'" and phosphonium derivatives.'' The esterification of
phosphinic acids is also possible by special methods applying
orthoacetates,'? chloroformates,'® orthosilicates'*'® and trialkyl
phosphites.'”'®

Direct esterification was only described for the dithio deriva-
tive of phenylphosphinic acid. In reaction with phenol, the corre-
sponding phenylphosphinothioate was obtained."’

The phosphinic chloride — phosphinate conversion is also a
good choice for the synthesis of cyclic P-esters. For example,
1-alkoxy-3-phospholene oxides (6) were synthesized from the
1-hydroxy-3-phospholene oxides 4, via 1-chloro-3-phospholene
oxides 5. Phosphinic acids 4 were obtained by the hydrolysis of
the McCormack cycloadducts 3 (Scheme 2).*° The 1-alkoxy-3-
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Scheme 2 Possibilities for the synthesis of cyclic phosphinates.

phospholene oxides (6) could also be obtained directly from the
tribromophospholium salts (3) by alcoholysis.?' >

We were successful in utilizing the microwave (MW) tech-
nique in the synthesis of phosphinates either in direct esterifica-
tion, or in phase transfer catalyzed alkylating esterification. On
the one hand, a series of cyclic phosphinic acids (7), such as
1-hydroxy-3-phospholene  oxides,  1-hydroxy-phospholane
oxides and 1-hydroxy-1,2,3,4,5,6-hexahydrophosphinine oxides
were subjected to direct esterification in reaction with alcohols
under MW conditions at or above 180 °C. The corresponding
phosphinates (8) were obtained in 45-60% preparative yields
(Scheme 3/Route A).***> The MW-assisted alkylating esterifica-
tions of cyclic phosphinic acids using alkyl halides provided a
good alternative (Scheme 3/Route B).?>-¢

The MW-assisted esterifications were made possible by the
beneficial effect of MW. The search for reactions that take place
only under MW conditions is under focus these days.*’

We have found that MW irradiation allowed transformations
that otherwise were impossible under thermal conditions.”® In
other instances, MW irradiation resulted in an increase in the
rate”* and selectivity,’*>" or served as a substitute for the
catalyst.>>3

In this paper, we wish to describe our new findings on the
MWe-assisted direct esterifications of phosphinic acids. The
possibility of reversibility has been studied and quantum chemi-
cal calculations were carried out to clarify the thermodynamic

MW
~200 °C

@ R'OH
P. ~100 °C Q
07 “oH TEBAC 0” “or!
7 R'Br 8

KoCO3

R'=Bu, Pr, Et

2 2
O-5" "o
R2=H, Me

Scheme 3 Esterification of cyclic phosphinic acids.

and kinetic background of the different type of esterifications.
Beside the above objectives, the most suitable alcohols were
selected for the direct esterification of phosphinic acids.

2. Results and discussion

2.1 The question of reversibility in the MW-assisted
esterification of phosphinic acids with alcohols

It is well-known that the direct esterification of carboxylic acids
involves an equilibrium (Scheme 4).

However, the question arises, if the MW-assisted reaction of
phosphinic acids with alcohols is reversible or not (Scheme 5)?

For this, the possibility of reversibility for the formation of
phosphinates was investigated in detail. The reactions of
3-methyl- and 3,4-dimethyl-1-hydroxy-3-phospholene 1-oxides
(1 and 2) with dodecanol or octanol served as the models
(Scheme 6).

In the first set of experiments, 1-hydroxy-3,4-dimethyl-3-
phospholene 1-oxide (1) was esterified with a 12-fold excess of
dodecanol. The excess of alcohol served as the solvent. Apply-
ing dodecanol (with a boiling point of 260 °C), the reaction tol-
erated the use of an open vessel at a temperature of 230 °C and
hence the water formed in the esterification could leave. The
reaction was also carried out in a closed vessel. After 2 h
irradiation, a quantitative conversion was achieved in both cases,
no matter if the reaction vessel was closed or open (Table 1/
Entries 1 and 2). In the latter case, the preparative yield of phos-
phinate 3a was 95%. It was also observed that the conversion
was quantitative even in the presence of five equivalents of water
added to the reaction mixture prior to irradiation in a closed
vessel (Table 1/Entry 3).

The reaction of 1-hydroxy-3-methyl-3-phospholene 1-oxide
(2) with a 14-fold excess of octanol was studied as the other

2 W

/ /

R—C\ + R'OH — R_C\ + Hzo
OH OR'

Scheme 4 Direct esterification of carboxylic acid.

1 1
R\P//O + ROH — o> R\P//O + Hy0
v “ﬁ— s 2
R? \OH . R? \OR‘

Scheme 5 The problem of reversibility for the esterification of phos-
phinic acids.

R! Me MW R! Me
— T, p,t —
+ ROH ———>»
P . —HQO
o “oH (~14 eq.) o//P\ORz
R! R!
Me | 1 Me | 3
H | 2 H |4

R2 = CyoHps (a), CaHi7 (b)

Scheme 6 MW-assisted direct esterification of 1-hydroxy-3-phospho-
lene 1-oxides.
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Table 1 MWe-assisted esterification of 3-phospholene 1-oxides with higher carbon chain alcohols under different conditions

Entry Starting materials T(°C) p (bar) t (h) H,O added Conversion” (%) Yield (%)
1 1+ C,H,s0H 230 0’ 2 — 100 (3a)

2 1+ C,H,s0H 230 ¢ 2 — 100 (3a) ~95

3 1+ C,H,s0H 230 0’ 2 5eq. 95 (3a)

4 2+ CgH,,OH 185 ¢ 2 — 43 (4b)

5 2+ CgH,,OH 185 0.7 2 — 44 (4b)

6 2 + CgH,;,0H 185 0.7 4 — 77 (4b) 65

7 2+ CgH,,OH 220 1.2° 2 — 100 (4b) 71

8 2 + CgH,;,0H 185 0.7° 2 5 eq. 50 (4b)

9 2+ CgH,,OH 220 1.2° 2 5eq. 95 (4b)

“On the basis of relative >'P NMR intensities. ® Closed reaction vessel. ¢ Open reaction vessel.

model. In this case, as the boiling point of the alcohol is 195 °C,
a temperature of 185 °C was selected to be able to work in an
open vessel. The esterification was not, however, too fast at
185 °C. A 2 h irradiation at 185 °C in an open vessel led to a
conversion of 43% (Table 1/Entry 4). After an irradiation for 2 h
and 4 h in a closed vessel, the conversion was 44% and 77%,
respectively (Table 1/Entries 5 and 6). Elevating the temperature
to 220 °C in a closed vessel, the formation of phosphinate 4b
was, however, quantitative after 2 h (Table 1/Entry 7). In this
case, the preparative yield of ester 4b was 71%. The addition of
5 eq. of water to the mixture prior to the irradiation had no
impact on the course of the reaction, as similar conversions were
observed, as in the absence of water (Table 1/Entry 8 vs. 5 and
Entry 9 vs. 7).

It was proved in separate experiments that the quantity of the
alcohols used can dissolve well the water formed.

One experiment was done, in which the esterification of phos-
phinic acid 2 was performed only in 5 equivalents of octanol. At
220 °C, the starting material was consumed after 3 h, but the
yield of phosphinate 4b was only 74% due to a small extent of
decomposition.

It was also investigated if phosphinic esters 3a and 4b
undergo hydrolysis under MW conditions. No reverse reaction
occurred after heating at 185 °C for 2 h, as the starting materials
(3a and 4b) were recovered in ~96% yields.

It can be seen that the MW-assisted direct esterification of
1-hydroxy-3-phospholene oxides (1 and 2) is not influenced,
whether the reactions are carried out in a closed or an open
vessel. In other words it does not count if the water formed
remains in the reaction mixture or is removed. Moreover, the
addition of extra water to the reaction mixture did not prevent,
and what is more, did not even influence the esterification. At
the same time, no reversion took place, when the phosphinates
(3a and 4b) were attempted to be hydrolysed under similar con-
ditions. These experiences suggest that the MW-assisted esterifi-
cations of the phosphinic acids (1 and 2) investigated are not
reversible macroscopically under the conditions applied. MW
irradiation favours only one direction that is the formation of
phosphinate. A possible explanation may be that under the rather
hydrophobic conditions established by the long alkyl chain alco-
hols/phosphinic esters, the equilibrium is on the side of the ester,
and hence the reverse reaction is slower than the forward
reaction.

According to comparative thermal experiments, phosphinates
3a and 4b were formed only in low conversions that were not

increased on a prolonged heating. Keeping hydroxy-phospholene
oxide 1 and dodecanol in an oil bath at 220 °C for 2 h, the con-
version to 3a was 15%. The esterification of phosphinic acid 2
with octanol took place in a conversion of 12% at 185 °C after
2 h. It is recalled that the similar esterification of phosphinic
acids 1 and 2 with butanol occurred in 11/13% conversions at
200 °C after a heating time of 2 h.?* From these results one can
conclude that although the effect of MW is clearly beneficial, the
acceleration compared to the thermal variations is not many
orders of magnitude. It is also important to note that traditional
heating may lead only to low conversions even after prolonged
reaction times.

Other 1-alkoxy-3-phospholene oxides, such as 3b and 4a
were also prepared using a ca. 13-fold excess of the alcohols in
closed vessels at 220 and 230 °C, respectively. The yields of
phosphinates 3b and 4a were almost quantitative.

All of the phosphinates prepared (3a,b, 4a,b) were character-
ised by *'P, '°C and "H NMR, as well as mass spectral data.
Alkoxy-phospholene oxides 4a and 4b were described in the lit-
erature, but no spectral characterisation was provided.>**> Phos-
phinate 4b was characterised only by a *'P NMR chemical shift
of 69.0.% That does not really match the p of 74.6 (CDCl3) we
obtained on a pure sample identified also by '>C and 'H NMR,
as well as mass spectral data.

Hydroxy-phospholane oxide 5 consisting of a 2 : 1 mixture of
two isomers and hydroxy-phospholene oxide 6 were also sub-
jected to MW-assisted esterification with octanol (Scheme 7).

Carrying out the reactions at 230 °C in closed vessels using a
ca. 13-fold excess of octanol, the work-up resulted in phosphi-
nates 7 and 8 in ca 72% yields. The octyloxy-phospholane
oxides (7 and 8) consisted of diastereomers. Product 7 comprised
three isomers, while phosphinate 8 was formed as a 50-50%
mixture of two diastereomers. The new octyloxyphospholane
oxides (7 and 8) were characterised by 31p, 13C and 'H NMR, as
well as by mass spectral data.

R! Me MW R! Me
230 °C/1.5 bar/4 h
+ CgH47OH >
@ “om o S0CgH17
R’ R'
Me | 5 Me | 7
H |6 H |8

Scheme 7 MW-assisted direct esterification of 1-hydroxy-phospholane
1-oxides.
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It is also seen that the choice of reactants in the direct esterifi-
cation of phosphinic acids involves alcohols with longer alkyl
chains, as in these cases, the pressure is not so high due to the
higher boiling points of these alcohols.

2.2 Thermodynamic background of the direct esterification of
phosphinic acids

First, as a comparison, the free energy (AG®) and enthalpy (AH")
values were calculated for the esterification of carboxylic acids
(acetic acid and benzoic acid) with simple alcohols including
methanol, butanol and dodecylalcohol under traditional con-
ditions. On the basis of the AH” values of —3.9-—5.0 kJ mol™!
obtained by B3LYP/6-31++G(d,p) calculations for 210 °C in the
gas phase, it can be said that these esterifications are slightly
favoured and lead to an equilibrium (Table 2/Entries 1-4). At the
same time, the reaction of dimethylphosphinic acid with the
same alcohols is not favoured at all, as suggested by the AG®
values of 6.3-7.1 kJ mol™" and AH° values of 0.03—1.0 kJ mol ™"
(Table 2/Entries 5—7). The same is true, but the situation is some-
what more unfavourable for the direct esterification of

Table 2 Free energy and enthalpy values calculated for the
esterification of carboxylic acids, phosphinic acids and phosphonic acids
by the B3LYP/6-31++G(d,p) method for 210 °C in the gas phase

/O /O
4 v
Y=C  + ROH == Y—C{ + HO
OH OR
Entry Y R AG® (kJ mol™") AH° (kJ mol™")
1 Me Me 0.8 -5.0
2 Me Bu 2.1 -39
3 Me C|2H25 2.3 —-4.0
4 Ph Me 1.0 —4.9
L L
Y2R + ROH > YR+ H0
OH OR
Entry Y R AG® (kJ mol™) AH° (kJ mol™")
5 Me Me 6.3 1.0
6 Me Bu 6.1 0.9
7 Me C12H25 7.1 0.03
8 Ph Me 13.5 1.7
Ph_ F>//o Ph_ O
+ ROH —#»=  SFZ  + M0
v~ oH Yy~ “oR
Entry Y R AG® (kJ mol™") AH® (kJ mol™")
9 H Me 7.3 1.2
10 H Bu 8.4 0.3
11 H CioHys 7.3 0.07
12 OH Me 8.0¢ 2.4

“ For monoesterification
Me

Me
Z—; + ROH —#> Z_; + H,0
o7 “oH o7 “or
Entry R AG® (kJ mol™") AH° (kJ mol™")
13 Me 14.1 4.0
14 Bu 12.8 33
15 C1oHys 15.6 32

diphenylphosphinic acid with methanol. The AG® of 13.5 kJ
mol™" and the AH® of 1.7 kJ mol™" does not mean a driving
force for the thermal esterification (Table 2/Entry 8). As can be
seen, the reaction of phenyl-H-phosphinic acid with alcohols is
not favoured either. This is shown by the AG® values of
7.3-8.4 kJ mol™" and AG® values of 0.07—-1.2 kJ mol™" (Table 2/
Entries 9—-11). For the monoesterification of phenylphosphonic
acid, the unreactivity is expressed by a AG® and AH’ value of
8.0 kJ mol™" and 2.4 kJ mol™"', respectively (Table 2/Entry 12).
Going to cyclic phosphinic acids, the reaction of 3-methyl-3-
phospholene oxide with alcohols is characterised by AG® values
of 12.8-15.6 kJ mol™" and AH’ values of 3.2-4.0 kJ mol™'
(Table 2/Entries 13—15).

The thermodynamic data show that, in the cases studied, there
is no driving force for the direct esterification of phosphinic
acids. As shown by the AH° values, the reactions investigated
are almost “thermoneutral”. Judging from the values of AGY, it
is also seen that the direct esterifications of phosphinic
acids should theoretically be reversible. The reason for the non-
reversibility experienced may lie hidden in the hydrophobic
medium established by the long alkyl chain of the alcohols used,
as was discussed above. Hence, there is no contradiction
between the theory and practice. It can be expected that mainly
kinetic factors are responsible for the unreactivity under thermal
conditions.

2.3 Kinetic background of the direct esterification of
phosphinic acids

It was shown that the thermodynamics of the direct esterification
is significantly different for carboxylic acids and phosphinic
acids. We wished to study the kinetics of these two types of
esterifications. For this, the energy content of the first transition
state determining the formation of the carboxylic acid alcohol
adduct or phosphinic acid alcohol adduct was calculated by the
PM6 and the B3LYP/6-31++G(d,p) methods in the gas phase
and in solvent using an alcohol. Interestingly, both for the ester-
ification of carboxylic acids and phosphinic acids, the first tran-
sition state (TS) comes from the attack of the alcohol (eg.
methanol) on the protonated C=O or P=O function of the
esters, where the hydrogen atom of methanol is half-way
between the oxygen atom of the alkoxy group and that of the
hydroxy group (see structures A and B).

OH " [ OH *
Me—C---OH| | p---OH
MeO-~—H MeO-~-H
A B

PMG6 calculations support the intermediacy of the adduct itself
formed by the addition of methanol on the C=O or P=0 func-
tion of the protonated acid. According to DFT calculations, these
primary adducts are not stable and TSs A or B are formed
directly. The TSs are similar as in radical H-atom shift reactions,
where the activation energies are approximately the sum of the
ring strain energy and the activation energy of the bimolecular
H-shift reaction.***” The formation of TSs A or B is followed
by the elimination of water. This mechanism is in some respects
novel and is the subject of a detailed study to be published under
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Table 3 Activation energy and enthalpy values calculated for the
esterification of carboxylic acids, phosphinic acids and phosphonic acids
by the B3LYP/6-31++G(d,p) method at 210 °C in the gas phase

P P
Me—C{  + ROH — Me—C{  + Hz0
OH OR
Entry R AG* (kI mol™") AH? (kJ mol™")
1 Me 158.4 75.0
Bu 139.2 492
L L
YR+ ROH —5> YR+ H0
OH OR
Entry Y R AG" (kJ mol™) AH? (kJ mol™")
3 Me Me 234.0 140.1
4 Me Bu 212.1 130.8
5 Ph Me 242.7 161.4
6 Ph ipr 2412 157.8
Me Me
Z_; + ROH —%> z_; + Hy0
o “oH o “or
Entry R AG* (kI mol™") AH? (kJ mol™")
7 Me 202.3 114.6
8 Bu 184.0 101.7

a separate cover. The relative energies and enthalpies of acti-
vation (AG” and AH", respectively) obtained by the above men-
tioned methods for the first TS of the esterification of acetic acid,
dimethyl- and diphenylphosphinic acid, as well as 1-hydroxy-3-
methyl-phospholene 1-oxide with different alcohols are listed in
Table 3. It can be seen that the esterification of carboxylic acids
with alcohols goes with an enthalpy of activation of 75.0/49.2 kJ
mol ™" according to DFT calculations (Table 3/Entries 1 and 2).
At the same time, the AH" values for the esterification of phos-
phinic acids are much higher and are in the range of
130.8-161.4 kJ mol™' (Table 3/Entries 3-6). For the esterifica-
tion of 1-hydroxy-3-methyl-3-phospholene oxide the AH" is
114.6/101.7 kJ mol™" (Table 3/Entries 7 and 8).

The activation entropies for the reactions MeCO,H + MeOH
and Me,P(O)OH + MeOH are 91.2 and 69.5 J K™' mol™,
respectively. The difference of ca. 20 J K™' mol™' means that
(on the basis of the Eyring equation kT4 kT/h (RT/p°) exp(AS"/R)
[where « is the transmission coefficient, ¥ is the quantum coeffi-
cient and A includes the reaction degeneration; all the three were
considered to be equally one] the preexponential factor is ten
times smaller for the reaction Me,P(O)OH + MeOH, than for the
esterification of acetic acid. The relative difference in the expo-
nential part for the reactions of MeCO,H + MeOH and Me,P(O)
OH + MeOH (where the activation enthalpy difference is 65.1 kJ
mol™") is ca. 1077, This means that the rate constant for the
Me,P(O)OH + MeOH reaction must be ca. 1071077 times
smaller at 483.16 K, than for the esterification of acetic acid.

The first TSs obtained by the above methods for the MeCO,H
+ MeOH, Me,P(O)OH + MeOH and Ph,P(O)OH + MeOH reac-
tions are shown in Fig. 1-3, respectively. The aforementioned
situation with the intermediate position of the hydrogen atom to

be transferred can be seen well. The geometry of the TSs are
very similar in the reactions studied. According to DFT calcu-
lations, the distance of MeO---H in ring TSs A and B (Y = Me)
is 1.26 A and 1.11 A, respectively. Similarly, the H---OH dis-
tances are 1.23 A (A) and 1.33 A (B, Y = Me). For A, the
HO---C and C---OMe distances are 1.53 A and 1.49 A, respect-
ively, while for B (Y=Me), the HO---P and P---OMe distances
are 1.85 A and 1.84 A, respectively. The bond angles around the
central carbon (A) and phosphorus atom (B, Y=Me) are in the
range of 88.5-114.8° and 70.3—155.2°, respectively.

Fig. 1 TS for the acid catalyzed esterification of MeCO,H and MeOH
calculated by the B3LYP/6-31++G(d,p) method in methanol. Selected
geometries (bond distances, bond angles and torsion angles) are given in
A and deg. C-C 1.499, C-O(1)H 1.345, C-O(2)H 1.492, C-OMe
1.461, C-C-O(1)H 112.71, C-C-O(2)H 112.02, C-C-OMe 112.61,
MeO-C-O(1)H 114.83, MeO-C-O(2)H 88.49, HO(1)-C-O(2)H
114.04.

Fig. 2 TS for the acid catalyzed esterification of Me,PO,H and MeOH
calculated by the B3LYP/6-31++G(d,p) method in the gas phase.
Selected geometries (bond distances, bond angles and torsion angles)
are given in A and deg. P-C(1) 1.813, P-C(2) 1.815., P-O(1)H 1.843,
P-O(2)H 1.656, P-OMe 1.843, C(1)-P-O(1)H 109.78, C(1)-P-O(2)H
101.58, C(1)-P-OMe 96.98, C(2)-P-O(1)H 128.76, C(2)-P-O(2)H
92.95, C(2)-P-OMe 91.88, MeO-P-O(1)H 70.26, MeO-P-O(2)H
155.15, HO(1)-P-O(2)H 87.87.

Fig. 3 TS for the acid catalyzed esterification of Ph,PO,H and MeOH
calculated by the B3LYP/6-31++G(d,p) method. Selected geometries
(bond distances, bond angles and torsion angles) are given in A and deg.
P-C(1) 1.842, P-C(2) 1.802, P-O(1)H 1.859, P-O(2)H 1.651, P-OMe
1.837, C(1)-P-O(1)H 152.90, C(1)-P-O(2)H 9591, C(1)-P-OMe
92.48, C(2)-P-O(1)H 96.10, C(2)-P-O(2)H 111.12, C(2)-P-OMe
107.14, MeO-P-O(1)H 70.71, MeO-P-O(2)H 135.26, HO(1)-P-O(2)H
82.87.

This journal is © The Royal Society of Chemistry 2012
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AH (kJ mol™")
A A A A
MeC{  +MeOH === MeC{  +H0 MeoF{  +MeOH —#> MeoF(  +H0
OH OMe OH OMe
l AH* = 140
_ AH*=75

| AHO=50 AHO=1.0
S SN UM S e

reaction coordinate

Fig. 4 Enthalpy profile for the esterification of acetic acid and
dimethylphosphinic acid (see also Tables 2 and 3).

The high AH" values of 101.7-161.4 kJ mol™" suggest that, in
contrast to the esterification of carboxylic acids (where the AH"
is 49.2-75.0 kJ mol™"), the phosphinic acids cannot be expected
to undergo direct esterification under thermal conditions. The
fact that the esterification of phosphinic acids does take place
under MW irradiation is the consequence of the beneficial effect
of MW. Our experience confirms the high potential of the MW
technique making, on this occasion, possible a thermally reluc-
tant (practically impossible) reaction. The nature of this phenom-
enon is studied further. It is also clear that the MW-assisted
esterification of phosphinic acids is kinetically controlled.

As a comparison, the enthalpy — reaction coordinate relation-
ship is shown in Fig. 4 for the esterification of acetic acid and
for the similar reaction of dimethylphosphinic acid. In both
cases, methanol is the reagent.

2.4 Conclusions

New results on the novel MW-assisted direct esterification of
phosphinic acids are described. Suitable model reactions com-
prising alcohols with longer alkyl chain and higher boiling point
were explored that can be accomplished in quantitative yields.
Comparative thermal experiments provided the phosphinates in
only 10-15% conversions even after prolonged reaction times.
DFT calculations suggested that the esterifications are almost
“thermoneutral” and go through a high activation barrier justify-
ing the unreactivity of phosphinic acids in direct esterification
under thermal conditions. The fact that the phosphinic acids still
undergo esterification under MW conditions refers to the poten-
tial of the MW technique. On the basis of the free energy values
calculated, the direct esterification of phosphinic acids should be
reversible. The reason for the macroscopic non-reversibility
observed in our experiments lies hidden in the hydrophobic con-
ditions brought about by the long alkyl chain alcohol used as the
solvent and the long chain phosphinic ester formed.

3. Experimental
3.1 General

The 3'P, 1°C, '"H NMR spectra were taken on a Bruker DRX-500
spectrometer operating at 202.4, 125.7 and 500 MHz, respect-
ively. The couplings are given in Hz. Mass spectrometry was
performed on a ZAB-2SEQ instrument.

GC was carried out on an HP5890 series 2 GC-FID chromato-
graph, using a 15 m x 0.18 mm Restek, Rtx-5 column with a
film layer of 0.20 um. The temperature of the column was
initially held at 40 °C for 1 min, followed by programming at
25 °C min~" up to 300 °C, and a final period at 300 °C (isother-
mal) for 10 min. The temperature of the injector was 290 °C,
and of the FID detector 300 °C. The carrier gas was Ho.

The esterifications were carried out in a CEM Discover micro-
wave reactor equipped with a stirrer and a pressure controller
using 60—160 W irradiation.

3.2 General procedure for the MW-assisted direct esterification
of cyclic phosphinic acids by octanol and dodecanol

A mixture of 0.10 g of the phosphinic acid (0.68 mmol of 1,
0.76 mmol of 2, 0.68 mmol of 5, or 0.75 mmol of 6) and 1.8 mL
(11.4 mmol) of octanol or 2.0 mL (8.9 mmol) of dodecanol was
measured in a sealed tube and irradiated in the MW reactor
equipped with a pressure controller at temperatures and for the
times shown below. (The pressure developed was in the range of
1-2 bar.) Then the excess of alcohol was removed under reduced
pressure, and the residue so obtained purified by flash column
chromatography using silica gel and 3% methanol in chloroform
as the eluant to afford phosphinates as oils in a purity of ~98%
according to GC. The following products were thus prepared:

3.2.1 1-Dodecyloxy-3,4-dimethyl-3-phospholene 1-oxide (3a).
230 °C, 2 h; Yield: 95%; *'P NMR (CDCls) & 68.6; '°C NMR
(CDCly) 6 14.1 (CH,CH3), 16.5 (*J = 15.9, C3—CH3), 22.7
(CH»), 25.6 (CH,), 29.21 (CH>), 29.35 (CH,), 29.52 (CH,),
29.57 (CH,), 29.64 (2xCH,), 30.7 (J = 6.0, OCH,CH,), 31.9
(CH,), 35.7 ({7 =90.8, C,), 64.9 (*.J = 6.7, OCH,), 127.5 (*J =
12.9, C5); '"H NMR (CDCl5) 6 0.88 (t, J = 6.9, 3H, CH,CH5),
1.23-1.38 (m, 18H, CH,), 1.65-1.73 (m, 2H, CH,), 1.73 (s, 6H,
C5-CHj), 2.37-2.50 (m, 4H, PCH,), 3.99-4.03 (m, 2H, OCH.);
[M + H] founa = 315.2453, C,3H340,P requires 315.2453.

3.2.2 1-Octyloxy-3,4-dimethyl-3-phospholene 1-oxide (3b).
230 °C, 2 h; Yield: 73%; *'P NMR (CDCly) & 69.2; '3C NMR
(CDCl;) & 14.0 (CH,CH3), 16.5 CJ = 15.8, C3~CH3), 22.5
(CH,), 25.5 (CH,), 29.1 (2xCH,), 30.6 (*J = 6.0, OCH,CH,),
31.7 (CHy), 35.7 ('J = 90.8, C,), 64.8 (*J = 6.7, OCH,), 127.4
(J = 12.8, C3); 'H NMR (CDCl3) 6 0.87 (t, J = 7.0, 3H,
CH,CHs), 1.25-1.35 (m, 10H, CH,), 1.64-1.68 (m, 2H, CH,),
1.71 (s, 6H, C3—CHjs), 2.36-2.49 (m, 4H, PCH,), 3.97-4.02 (m,
2H, OCH,); [M + H] funa = 259.1829, Ci4H,50,P requires
259.1827.

3.2.3 1-Dodecyloxy-3-methyl-3-phospholene 1-oxide (4a).
230 °C, 2 h; Yield: 95%; *'P NMR (CDCL) & 74.8; '*C NMR
(CDCl3) 6 14.0 (CH,CH3), 20.7 (*J = 12.9, C5—CH3), 22.6
(CH,), 25.5 (CH,), 29.11 (CH,), 29.26 (CH,), 29.42 (CH,),
29.47 (CH,), 29.54 (2xCH,), 30.5 (3J = 6.0, OCH,CH,), 30.7
('J =883, C,*), 31.8 (CH,), 33.4 ('J =922, Cs*), 64.9 (*J =
6.7, OCH,), 120.3 (3] = 10.8, Cy), 136.2 (*J = 16.8, C3), *may
be reversed; 'H NMR (CDCl3) 6 0.86 (t, J= 7.0, 3H, CH,CH,),
1.22-1.31 (m, 18H, CH,), 1.61-1.72 (m, 2H, CH,), 1.78 (s, 3H,
C3—CHjs), 2.24-2.51 (m, 4H, PCH,), 3.96-4.05 (m, 2H, OCH,),
551 (d, J = 358, 1H, CH); [M + H]'fua = 301.2298,
C17H340,P requires 301.2296.
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3.2.4 1-Octyloxy-3-methyl-3-phospholene  1-oxide  (4b).
220 °C, 2 h; Yield: 71%; *'P NMR (CDCls) 6 74.6; '>°C NMR
(CDCly) 6 14.0 (CH,CH3), 20.7 (*J = 13.0, C3~CH3), 22.6
(CH,), 25.5 (CH,), 29.1 (2xCH,), 30.6 (*J = 5.8, OCH,CH,),
30.7 ('J=187.9, C,*), 31.7 (CH»), 33.4 ('{J=90.7, Cs*), 64.9 (°J
= 6.7, OCH,), 1203 (*J = 10.8, Cy), 1362 (*J = 16.9, C5),
*may be reversed; '"H NMR (CDCl3) 6 0.85 (t, J = 6.9, 3H,
CH,CHs3), 1.25-1.36 (m, 10H, CH,), 1.61-1.70 (m, 2H, CH,),
1.77 (s, 3H, C3—CH;), 2.31-2.46 (m, 4H, PCH,), 3.96-4.03
(m, 2H, OCH,), 5.50 (d, J = 35.9, 1H, CH); [M + H] tunq =
245.1671, C;3H,60,P requires 245.1670.

3.2.5 1-Octyloxy-3,4-dimethyl-3-phospholane 1-oxide (7).
230 °C, 4 h; Yield: 70%; *'P NMR (CDCls) & 72.4 (60%), 78.3
(20%) and 79.0 (20%); [M + H] founa = 261.1985, C,4H3,0,P
requires 261.1983.

For the major isomer (A): '*C NMR (CDCl) & 14.0
(CH,CH3), 18.8 (3J = 15.7, C+~CH5%), 19.0 (J = 14.7, C4-
CH;%), 22.5 (CH,CHjy), 25.5 (CH,), 29.1 (2xCH,), 30.6 (*J =
6.0, OCH,CH.>), 31.7 (CH,), 34.3 ('J = 88.5, C,"), 34.6 ('J =
88.1, Cs°), 38.59 (A = 10.8, C5"), 38.62 (3] = 10.8, C,°), 64.52
(J = 6.7, OCH,); 'H NMR (CDCl;) 6 0.84 (t, J = 6.7,
CH,CH;), 1.03-1.06 (m, C3~CH; and C,~CHj3), 3.88-4.00
(m, 2H, OCH,).

For the minor isomers (B-1 and B-2): >*C NMR (CDCL;) &
14.0 (CH,CH;), 15.7 3J = 9.2) and 16.0 (J = 9.3) C;-CH;,
22.5 (CH,CHj3), 25.5 (CH,), 29.1 (2xCH,), 30.5 (*J = 6.2) and
30.6 (*J = 6.0) OCH,CH,, 31.7 (CH,), 31.8 ("= 87.5) and 32.0
('J = 87.5) C,, 34.7 (*J = 12.1) and 34.8 (*J = 12.4) Cs, 64.46
(J = 6.5) and 64.68 (*J = 6.8) OCH,; "H NMR (CDCl;) & 0.84
(t, J = 6.7, CH,CH3), 0.93 (d, J = 6.7) and 0.99 (d, J = 6.7)
C5—CHs, 3.88-4.00 (m, 2H, OCH,).

3.2.6 1-Octyloxy-3-methyl-3-phospholane 1-oxide ().
230 °C, 4 h; Yield: 74%; *'P NMR (CDCls) & 79.61 (50%) and
79.66 (50%); *C NMR (CDCly) § 14.2 (CH,CHy), 21.4 (J =
14.7) and 21.5 (J = 12.3) C3~CHs, 22.7 (CH,CHjy), 25.5 ('J =
87.9) and 26.2 ('J = 87.4) Cs, 25.7 (CH,), 29.3 (2xCH,), 30.8
(3J = 6.0, OCH,CH,), 31.4 (*J = 9.7) and 31.6 (3J = 9.8) C,*,
31.9 (CH,), 32.0 (3J = 13.0) and 32.2 (°J = 13.0) C5*, 33.0 (‘\J =
89.6) and 33.3 ('J =89.2) C,, 64.8 (3] = 6.5, OCH,), *may be
reversed; '"H NMR (CDCl;) 6 0.87 (t, J = 7.0, 3H, CH,CH;),
1.07-1.12 (m, 3H, C;-CH;), 1.20-1.40 (m, 12H, CH,),
1.61-1.80 (m 2H, CH,), 1.87-2.10 (m, 5H, CH,, CH),
3.93-4.00 (m, 2H, OCH,); [M + H]'pua = 247.1828,
C13H250,P requires 247.1827.

3.2.7 Comparative thermal experiments. The comparative
thermal experiments were performed in a similar way, as the
MW experiments (see 3.2) placing the bombs in oil bathes
heated to the appropriate temperature. The residue obtained after
evaporation and flash column chromatography (as above) was
analysed by *'P NMR spectrometry. The conversion of 1 to 3a
was 15% after a heating at 220 °C for 2 h, while the conversion
of 2 to 4b was 12% after a treatment of 185 °C for 2 h.

3.2.8 Attempted hydrolysis of phosphinic esters 3a and 4b
under MW conditions. A mixture of 0.10 g of the phosphinic
esters (0.32 mmol of 3a, or 0.41 mmol of 4b) and 2.5 mL
of water was measured in a sealed tube and irradiated (as

above, see 3.2). Then the mixture was extracted by 3 x 8 mL of
dichloromethane, the combined extracts were dried (Na,SOy)
and evaporated to regenerate phosphinates 3a and 4b in 95%
and 98%, respectively (dp for 3a: 68.6 and Sp for 4b: 75.0
(CDCly)).

Thermal experiments led to the same results.

3.3 Quantum chemical calculations

All computations were carried out using the Gaussian03
program package (G03).*® The thermodynamic parameters were
calculated by the B3LYP/6-31++G(d,p) method in gas phase,
followed by frequency calculations at the same level of theory.
Thermodynamic functions U, H and G were computed at
483.13 K, using the quantum chemical rather than the conven-
tional, thermodynamic reference state.

The transition states were calculated by semi-empirical
quantum chemical method PM6>° in gas phase and with implicit
solvation method COSMO.*” In gas phase, the reactants and pro-
ducts had only positive force constants, in the transition state
only one negative force constant was found. The structures were
used as initial structure in the density functional calculations
B3LYP/6-31++G(d,p) in gas phase and in solution.*® In the sol-
vation PCM method was applied with Pauling radii. Dielectric
constants 32.6 with RSOLV = 2.53 (methanol), 19.9 with
RSOLV = 3.12 (isopropanol) were used.*!

The vibrational contribution to the partition functions (acti-
vation enthalpies and activation free energies) were calculated by
harmonic oscillator model. The scale factor of the zero point
vibrational energy was considered to be one.
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