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Two step acidic hydrolysis of dialkyl arylphosphonates
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The HCl-catalyzed hydrolysis of dialkyl arylphosphonates
monitored by 3'P NMR spectroscopy has revealed two con-
secutive steps characterized by pseudo first order rate constants
k; and k,. A reactivity order for the two steps and for the
overall two step hydrolysis has been derived depending on
the alkoxy and aryl substituents. Besides the A , .2 mechanism,
the A ,,1 route has been substantiated for the Pr'O substituent.

K o k
Ar—P-OR e | Ar—poH| SR A p-OH
il H,0 il H,0 i
OR OR OH

Keywords: arylphosphonates, esters, hydrolysis, phosphonic acids, rate constants, reactivity, mechanism.

The hydrolysis of phosphinic, phosphonic and phosphoric acid
esters (P-esters), being somewhat analogous to that of carboxy-
lates, is of definite synthetic importance.'> Mostly, the acid-
catalyzed hydrolysis carried out in aqueous hydrochloric acid at the
boiling point is the method of choice. Typically, the hydrolyses
have not been optimized in terms of the amount of hydrochloric
acid and the reaction time.*-® For example, the ‘hydrolysis’ of diethyl
arylphosphonates was performed in six equivalents of conc. HC1
at the boiling point for 12 h to afford the corresponding arylphos-
phonic acids in yields of 71-93%.” It is also possible to perform
hydrolyses using aqueous NaOH or KOH,%° enzymatic hydrolysis
is another option.'® A special method for the hydrolysis is the
fission of the P-O-C with trimethylsilyl bromide.'!-1?

Here, we report a study of the two step hydrolysis of a series of
dialkyl arylphosphonates under acidic conditions. The effect of
substituents on the rate of the two elemental reaction steps has
also been evaluated.

Dialkyl arylphosphonates 1a—f were hydrolyzed using conc.
HCI1 (3 mmol) and water (0.5 ml) per 1 mmol of the substrate
(Scheme 1). The hydrolyses were performed under reflux and
monitored by 3'P NMR spectroscopy and LC-MS, as has been carried
out for phosphinates. '3 After specified periods, aliquots were evapo-
rated and the residues were analyzed by 3'P NMR and LC-MS."

The experimental results are summarized in Table 1, while the
concentration profiles for the hydrolysis of phosphonates 1a—f
are demonstrated in Figure 1 and Figures S1-S3 (see Online
Supplementary Materials). According to expectations, the relative
amount of the starting phosphonates 1a—f decreased, while that

' General procedure for the hydrolysis of dialkyl arylphosphonates 1a—f.
A mixture of phosphonate (3.8 mmol, 1a: 0.75 g, 1b: 0.80 g, 1¢: 0.90 g,
1d: 1.3 g, 1e: 0.90 g, 1f: 0.95 g), conc. HCI (1.0 ml, 12.0 mmol) and water
(2.0 ml) was stirred at reflux for 45 min to 17.5 h. Evaporation of the organic
phase in vacuo and recrystallization from methanol afforded a solid residue
that was analyzed by 3'P NMR spectroscopy and LC-MS. To monitor the
hydrolyses, aliquots were taken and simply evaporated. The 3'P NMR and
mass spectral data for phosphonates 1a—f, phosphonic monoesters 2a—f,
and phosphonic acids 3a—c¢ are summarized in Table S1 (see Online
Supplementary Materials).
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of the phosphonic acids 3a—c gradually increased. The concentra-
tion of the intermediate monoesters 2a—f went through a maximum.
The different instances were characterized by the time related to
the maximum concentration of intermediate 2, namely [ and
the time required for complete hydrolysis 7.om,, as well as by
pseudo first order rate constants k; and k,, related to steps 1 = 2 and
2 - 3, respectively.

Apparently, in the two step hydrolysis, which proceeds via the
A,.2 mechanism, the formation of phosphonic acid 3a from
dimethyl ester 1a is faster than that from diethyl ester 1b (Table 1,
entries 1 and 2). It is a general experience that hydrolysis of
methyl esters of P-acids is faster than that of ethyl ones.'3 The acyl
substituent in the phenyl ring in diester 1f had only a slight
accelerating effect on the rate of hydrolysis to acid 3¢ (Zeomp Of
8.5 hvs. 9.5 h for R = Et), while the presence of methyl group in
compound 1e had a significant impact on the course of the reaction.
In the latter case, hydrolysis to acid 3b was complete within
17.5 h (Table 1, entries 6 and 5 vs. entry 2). Hydrolysis of diiso-
propyl ester 1c¢ was faster, and that of dibenzyl ester 1d was much
faster compared with the similar reaction for the dimethyl analogue
1a (Table 1, entries 3 and 4 vs. entry 1). Fission of somewhat
hindered P-O-Pr’ moiety may be enhanced by competing A 41
mechanism. Removal of the benzyl group in benzyl esters is known
to be easy. The 7., values for monoesters 2a—f mostly coinsided
with the gross reactivity, and fell in the range of 5 min to 3 h.
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Scheme 1 Reagents and conditions: i, HCI, H,O, A.
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Table 1 Experimental data for the acidic hydrolysis of dialkyl arylphospho-
nates la—f.

Final

Entry Reactant k/h! Zﬁﬁ ka/h™' tegmp/h product Yield (%)
1 1a 2.67 40 0.70 5.5 3a 95
2 1b 0.88 120 0.27¢ 9.5 3a 90
3 1c 2.08 35 1.33 4.5 3a 99
4 1d 23.8 5 9.36  0.75 3a 80
5 le 0.86 180 0.16 175 3b 87
6 1f 0.90 105 0.35 8.5 3c 86

¢ Independent experiment PhP(O)(OEt)(OH) - PhP(O)(OH), resulted in
ky=0.29 h™!,

The gross reactivity of arylphosphonates 1la—f in the 1 - 3
transformation changes as follows:

R/Y Bo/H >> Pri/H > Me/H > Et/MeC(O) > Ev/H >> Et/Me.

The reactivity of phosphonates 1a—f in the first (1 = 2) step of
the hydrolysis is the following:

R/Y Bn/H >> Me/H > Pri/H > E¢/MeC(O) ~ EvH ~ Et/Me.

It is noteworthy that the hydrolysis of the second ethoxy group
of phosphonate 1b could also be performed as a neat 2b'* - 3a
transformation under similar conditions (Figure S3). In this case,
ak, value of 0.29 h~! was obtained, which is in excellent agreement
with the value of 0.27 h™! obtained from the two step experiment
(see Table 1, entry 2). Considering alkyl phosphonates 1a—c, the
sterically hindered isopropyl ester 1¢ was the most reactive. As
suggested by the ratio of k,/k, = 2.08/1.33, the reactivities of both
Pr'O groups are closer than that of the alkoxy groups of ethyl ester
1b or methyl derivative 1a, characterized by the k,/k, ratios of
0.88/0.27 and 2.67/0.70, respectively. These results originate from
the predominance of the A,;1 mechanism over the A2 route for the
PriO derivative. In comparison with the unsubstituted analogue,
the 4-Me group had more significant impact on the hydrolysis rate
of the second EtO group than on that of the first EtO substituent
(ki/ky = 0.86/0.16 vs. k/k,=0.88/0.27).
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Figure 1 Concentration profiles for the components in the hydrolysis of
phenylphosphonates (a) 1a, (b) 1b, (¢) 1c¢ and (d) 1d under optimized
conditions. The R? values of goodness of fits are 0.995, 0.994, 0.979 and
0.934, respectively.

Regarding the second (2 = 3) step, the order of reactivity is
somewhat different to that of the first (1 = 2) step:

R/Y Bn/H >> Pr'/H > Me/H > E¢/MeC(O) ~ EvH > Et/Me.

At the same time, the gross reactivity coinsided with that
observed for the hydrolysis of the second P-O-R moiety of the
phosphonate. It means that the second step is the rate determining
one. Thus, this is the first case when the two step acidic hydrolysis
of phosphonates has been evaluated in detail and characterized
quantitatively.

In summary, the course and the substituent dependence for the
HCl-catalyzed two step hydrolysis of dialkyl arylphosphonates
has been evaluated, and the two steps have been characterized by
pseudo first order rate constants. It has been substantiated that in
the case of hydrolysis of the isopropyl ester, the A ;1 mechanism
predominates over the A,.2 route, and that the gross reactivity
follows the trend observed for the hydrolysis of the second
P-O-R moiety of dialkyl arylphosphonates.
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