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Reaction of Phosphonated Acetals.
2,2-Dialkoxyethylphosphonates

By Mordehai Halmann,* David Vofsi, and Shaul Yanai, The Weizmann Institute of Science, Rehovot, lsrael

Acid-catalysed Hydrolysis of Dialkyl

The kinetics of the acid-catalysed hydrolysis of diethyl 2,2-diethoxyethylphosphonate (I), of diethyl 2,2-dimethoxy-
ethylphosphonate (II), and of dimethyl 2,2-dimethoxyethylphosphonate (III) haye been studied in agueous dioxan
solution containing different acid catalysts. Plots of log k; against 4, had slopes of 0.98; plots of (log &; + H,)
against log ag,o had slopes w = —0.1. The deuterium solvent isotope effect kp/kg for compound (II) in 1m-
sulphuric acid at 30° was 2.8. According to the hypotheses of Zucker-Hammett and of Bunnett, the results
obtained are in agreement with an A-1 mechanism. The measured second-order rate constants at 25° were:
ky 3.7 x 10-41 mol s for compound (I) and 1.7 x 10-%1 mol s~ for compounds (II) and (IIT). Low values of the
energy (15—17 kcal mol-1) and entropy (=25 to —27 cal mol-1 K-1) of activation were observed. The substitu-
ents at the central carbon atom show the expected polar effects, without any measurable steric effects. The
observed values of the energy and entropy of activation are correlated with the polarity of the phosphoryl group.
An effect of intramolecular catalytic influence is introduced. The products of hydrolysis were identified as the

corresponding aldehydes; that of compounds (II) and (III) is the novel dimethyl formylmethyl phosphonate.

THE hydrolysis of acetals has been extensively studied.
There is general acceptance that the reaction proceeds
by an A-1 mechanism,! although special cases have been
reported,? in which an A4-2 reaction is predominant.
The presence of the phosphoryl group, P* —» O~, can
be anticipated to result in a polar withdrawing effect.
Determination of the Taft substituent constant ¢* by
measurement of the pK, of acetic acid substituted by a
diethoxyphosphono-group showed that this group has
moderately electron-attracting properties (o* 0.78).3
No other effects, especially steric, have been reported.

Acid-catalysed hydrolysis of open-chain acetals,
RIR2C(OC,Hj;),, where R! and R? are non-conjugated,
simple groups, showed that steric effects are of secondary
importance by comparison with polar and resonance
effects.? However, the probability was not completely
excluded that the presence of bulky groups near the
central carbon atom may influence the reaction pathway.
Special interest in these systems is aroused by the
possible participation of the phosphoryl group in the
structure of the transition state. In the present work,
the acid-catalysed hydrolysis of a series of dialkyl
2,2-dialkoxyethylphosphonates (I)—(III) was deter-
mined in order to elucidate the relative importance of
the polar, inductive, and steric effects of the dialkoxy-
phosphonate group on the hydrolysis of acetals. Com-
pound (I) has been previously reported;® compounds
(IT) and (III) were newly synthesized by an analogous
procedure.

(R10),P(0O)CH,CH(OR?),
(I) R! = R?% = C,H;
(II) R = C,H;, R? = CHj
(IIT) R = R%2 = CH,

EXPERIMENTAL

N.m.r. spectra were taken on a Varian A-60 instrument
for solutions in CDCl; with tetramethylsilane as internal
standard.

Diethyl 2,2-Diethoxyethylphosphonate (I).—Compound (I)

1 E. H. Cordes and H. G. Bull, Chem. Rev., 1974, 74, 581.

2 T. H. Fife, J. Amer. Chem. Soc., 1967, 89, 3228.

3 R. W. Taft, J. Amer. Chem. Soc., 1953, 75, 4231; D. J.
Martin and C. E. Griffin, J. Org. Chem., 1965, 30, 4034.

4 M. M. Kreevoy and R. W. Taft, jun., J. Amer. Chem. Soc.,
1955, 77, 5590.

was synthesized by the Arbuzov reaction between freshly
distilled chloroacetaldehyde diethyl acetal (85.5 g, 0.557
mol) and triethyl phosphite (93.6 g, 0.563 mol), as in the
previously reported procedure, which however used bromo-
acetaldehyde diethyl acetal.® The course of the reaction
was followed by withdrawing samples (0.05 ml each) and
titration of triethyl phosphite by an iodine solution in
carbon tetrachloride.® After 50 h <29, triethyl phosphite
remained; the reaction mixture was distilled in a vacuum,
b.p. 86—90 °C at 0.3 Torr, yielding a liquid (110.2 g,
78.6%),81.23[12H,dt (asaq), J 7THz 4CH,], 2.18(2H, dd,
Je—u 18, Jom,~cu 6 Hz, PCH,C), 3.6 [4 H, octet(2q), J 7T Hz,
CH(OCH,CH,),], 4.1 [4H, 2 quintets, J 7Hz, P(OCH,CHy),],
and 4.9 [1 H, dt, J 6 Hz, CCH(OEt),].

Diethyl 2,2-Dimethoxyethylphosphonate (I1I).—Compound
(I1) (38.99,) was similarly prepared, using triethyl phosphite
and chloroacetaldehyde dimethyl acetal, but with refluxing
for 5 days, b.p. 93—94° at 1.5 Torr, § 1.32 (6 H, t, J 7 Hz,
2 CHs), 2.2 (2 H, dd, ]P—H 18, ]CH,—CH 6 HZ, PCHZC), 3.38
[6 H, s, C(OCH,),], 4.17 [4 H, 2 quintets, J 7 Hz,
P(OCH,CH,),], and 4.92 [1 H, dt, J 6 Hz, CCH(OMe),].

Dimethyl  2,2-Dimethoxyethylphosphonate (I1I).—Com-
pound (III) (219) was prepared, using trimethyl phosphite
and chloroacetaldehyde dimethyl acetal, but with refluxing
for 7 days, b.p. 73—78 °C at 2 Torr, § 2.2 (2 H, dd, Jp-g 18,
Jom,—orm 6 Hz, PCH,C), 3.35 [6 H, s, C(OCH,),], 3.78 [6 H,
s, J 18 Hz, P(OCH,),}, 4.92 [1 H, dt, J 6 Hz, CCH(OCH,),].

Diethyl Formylmethylphosphonate.—To compound (I)
(45 g, 0.177 mol) was added 2.5N8-HCl (5 ml) and the
solution was refluxed under nitrogen for 2 h. The product
(24 g, 759%) was vacuum-distilled, b.p. 85—90 °C at 0.2
Torr (lit.,% 100—103 °C at 0.8 Torr), ny 1.432 0 (lit.,5
ny2 1.435 5), 3 1.3 (6 H, t, J 7 Hz, 2CH,), 3.1 (2 H, dd,
Je-um 21, Jom,—~cr 3.5 Hz, PCH,C), 4.2 [4 H, d quintet,
] 7Hz, P(OCHcha)z], and 9.68 (1 H, dt, JP-—H 3.5, JCH,—OH
1.5 Hz, CHO), 2,4-dinitrophenylhydrazone (Found: N,
15.65; P, 8.5. Calc. for C;,H,NO,P: N, 1555; P,
8.6%), m.p. 108—109 °C (lit.,5# 111—112 °C), A, 298 nm
(e 851 mol™ cm™).

Dimethyl Formylmethylphosphonate—To compound (III)
(26.5 g, 0.134 mol) was added 2.58-HCI (6 ml) and this was
followed by treatment as above to give the formyl devivative
(15 g, 73%), b.p. 68—69 °C at 0.15 Torr, n 2 1.441 5,

5 (a) A.I. Razumov and V. V. Moskva, Zhur. obschchei Khim.,
1964, 34 (8), 2589; (b) W. Nagata, T. Wakabayashi, and Y.
Hayase, Org. Synth., 1973, 58, 44.

6§ D. N. Bernhart, in ‘ Treatise on Analytical Chemistry

Part II,” eds. I. M. Kolthoff and P. J. Elving, Interscience, New
York, 1966, vol. 13, p. 325.
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$2.25 (2 H, dd, Jp—g 19, Jom,—cu 6 Hz, PCH,C), 3.78 [6 H,
d, J 12 Hz, P(OCH,),], and 9.75 (1 H, dt, Je—g 3.5, Jom,—cn
1 Hz, CHO), 2,4-dinitrophenylhydrazone (Found: N, 16.8;
P, 9.25. C,H;N,O,P requires N, 16.9; P, 9.3%), m.p.
178—179°, A___ 265 nm (¢ 65 1 mol'! cm™).
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Ficure 1 Plot of log (E, — E) against time for compound

(IT) in aqueous 4%, dioxan with 0.98mM-HCIO, at 35 °C

The i.r. spectra of the acetals and aldehydes synthesized
show characteristic bands for P=O, P-O-alkyl, CH(OR),,
and CHO vibrations identical with those given by ref. 5.

Kinetic Measurements.—Kinetic measurements were per-
formed at several concentrations of hydrochloric and
perchloric acid. Portions (2.0 ml) of a 109, (v/v) solution
of the acetals in dioxan were diluted to 50.0 ml by an
aqueous solution of the acid. The progress of the reaction
was followed spectrophotometrically (Zeiss PM QII or
Gilford 250 instruments), in 2 cm optical path quartz cells
by observing the carbonyl group absorption of the aldehyde
formed, either at 298 nm for compounds (I) and (II) or at
265 nm for compound (III). The temperature of the cell
mounting block was thermostatted by water circulation to
within -}-0.1 °C. The rate constant was evaluated from
the slope of log (E, — E) versus time by the least squares
method, or by the Guggenheim-Mangelsdorf method,? using
paired values of the absorbance E separated by a constant
time interval, Af. A typical result is shown in Figure 1.
Least-squares treatments were also used in order to find
the energies and entropies of activation from the plot of
log % versus 1/T.8

Solvent isotope effects in the hydrolysis were measured
using 1M-sulphuric acid dissolved in 99.79, D,O (Carl Roth).

RESULTS AND DISCUSSION

To study the nature of the hydrolysis of dialkyl
2,2-dialkoxyethylphosphonates the reaction was carried
out at different acid concentrations and temperatures.
Table 1 presents the first-order rate constants at 25 °C.
The observed data indicate good correlation with the
Hammett acidity function, —H,, with a slope of
0.98 4 0.06. Accordingly, as shown in the sixth column

7 E. A. Guggenheim, Phil. Mag., 1926, 2, 538; P. C. Mangels-
dorf, J. Appl. Phys., 1959, 80, 442.

¢ J. F. Bunnett, in ‘ Techniques of Organic Chemistry,’ ed. A.
Weissberger, Interscience, New York, 1961, vol. 8, p. 200.
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of Table 1, log &, + H, has a constant value, within the
limits of the experimental accuracy.® In an alternative
representation of acid-catalysed hydrolysis, as proposed
by Bunnett, the slopes w of plots of (log %, + H,) against

TABLE 1

Rate constants for the hydrolysis of acetals (I)—(IIlI) in
aqueous 49, dioxan at 25° as a function of acid con-
centration and the Hammett acidity function H, @

Com- Conc. 104,/ log &, + 10%,/
pound Acid (M) st —H, Hy, 1lmol1s™
(I) HCl1 0.9 3.7 0.12 —3.55
(I) HC1 1.83 12.4 0.465  —3.37 4
(I) HC1 2.74  20.6 0.815  —3.50
(I) HCIO, 0.98 4.8 0.155  —3.47
(I) HCIO, 1.49 9.25 0395 —3.43
(I) HCIO, 198 15.6 0.6356  —3.44 3.7
(I) HCIO, 2.23 188 0.7560  —3.48
((I) HC%O., 2.62 218 0.925  —3.59
IT) HCIO, 0.5 0.95
(IT) HCIO, 0.98 1.5 0.155  —3.98
(1I) HCIO, 1.49 3.5 0.395 —3.85 1.7
(IT) HCIO, 1.98 4.2 0.635  —4.01
(IT) HCIO, 2.62 8.9 0.925  —3.97
(IIT) HCIO, 0.98 1.8 0.155  —3.90
(III) HCIO, 1.49 3.4 0.395  —3.86
(III) HCIO, 1.98 4.0 0.635  —4.03
(IIT) HCIO, 2.62 7.5 0.925  —4.04

8 In accordance with values determined in ref. 9.

the logarithm of water activity are taken as a mechanistic
criterion.® For the hydrolysis of acetals in perchloric
acid typical w values were reported to be zero to —2.10
Plots of (log %, + H,) against log ag,o are shown in
Figure 2 for the three acetals examined. A straight line
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Ficure 2 Plot of (log k, + H,) against log ag,o for compounds
(I) (+), (II) (A), and (III) (@) in different perchloric acid
concentrations at 25 °C

through these points has a slope nearly zero or slightly
negative (—0.08 to —0.12).

The second-order rate constant for the hydrolysis of
compound (II) at 30 °Cis 1.99 x 10% 1 moll st Re-
placing the water by an equal volume of D,0 (99.79%,)

? M. M. Kreevoy and R. W. Taft, jun., J. Amer. Chem. Soc.,
1955, 77, 3146.

10 J. F. Bunnett, J. Amer. Chem. Soc., 1961, 83 (a) p. 4956;
(b) p. 4968; (c) p. 4973; (d) p. 4978.
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increases the rate to 5.54 X 102 1 mol™? s1. The ratio
ky/kg is thus 2.8, in the range normally found in A4-1
acetal hydrolysis reactions.!

Extrapolation of the plot of %, as a function of the
acid concentrations to zero acid concentration indicates
that there is no significant uncatalysed reaction of the
neutral molecule. All the above evidence points to an
A-1 reaction, the first step including a fast protonation
of the substrate, followed by a slow, rate-determining
step, leading to the oxonium ion, and concluded by a fast
reaction with water to give the products.

Kreevoy and Taft,® analysing the acid-catalysed
hydrolysis of a series of 24 acetals, found that, when
resonance effects are excluded, the log rate constants
show a linear dependence on the polarity and hyper-
conjugation effects of the substituents [equation (1)

log (kfkg) = (So¥)o* + (An)h &)

where % is the second-order rate constant for the general
acetal RIR2C(OC,Hj),, %, is the rate constant for the
standard of comparison, (CH,),C(OC,H;),, Ze* is the
sum of the o* values for Rl and RZ, p*, a parameter
characteristic of the reaction series, is a measure of the
relative susceptibility to the polar effects of substituents,
(Am) is the difference between the number, #, of a-
hydrogen atoms in R! and R? and the corresponding
number of «-hydrogen atoms in the standard, i.e.
An =mun — 6, and % is an empirical constant (0.54 4
0.06) attributable to the stabilisation of the reaction
transition state by a single «-hydrogen atom 4]. Taking
the o* values for the H and the CH,P(O)(OC,Hj),
groups as 0.49 and 0.78, respectively,® we obtain for
compound (I) Z¢* =049 4 0.78 = 1.27. Applying
this Ze* to the linear plot of log (k/ky) — (An)h versus
So* (Figure 2 of ref. 4), we obtain a predicted value of
log (kkg) — (An)h = —4.46. From the slope of &
versus [H+] for compound (I) at low acid concentration we
find the second-order rate constant % = 3.7 X 107
1 mol? s, while for the reference compound, acetone
diethyl acetal, ky=7.52 x 102 1 mol? s1% Since
#n == 2 and hence An = —4, we get log (3.7 x 1074/7.52 X
10%) 4+ 0.54 X 4 = —4.16. This observed value differs
by only 0.3 log units from the above predicted value of
—4.46. Such a deviation is small enough not to require
any significant contribution by steric effects.

It is generally accepted that the hydrolysis of an
acetal is characterized by activation energies of ca. 25
kcal mol1.12  The activation energies obtained from our
observed rate constants (see Figure 3) are remarkably
low, in the range of ca. 15 kcal mol™ (Table 2).

On theoretical grounds such a case has to be studied
from the point of view of the transition state linked to
the rate-determining step. Aksnes and Gramstad
pointed out the strong polar effect of the phosphoryl

11 T, H. Fife and L. Hagopian, J. Org. Chem., 1966, 31, 1772.

12 A, Skrabal, Z. phys. Chem., 1934, A169, 177; O. Ceder,
Arkiv Kemi, 1954, 6, 523.

18 G. Aksnes and T. Gramstad, Acta Chem. Scand., 1960, 14,
1485.

M G. Aksnes, Acta Chem. Scand., 1960, 14, 1515.
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group due to the p,~d, bonding.’® In a phosphonate
group, in which alkoxy-groups are directly linked to the
phosphorus atom, there is an increase in the polarity of
the P=0 bond due to the mesomeric effect (+M). By
showing that it is the phosphoryl group which partici-
pates in hydrogen bonding, Aksnes and Gramstad were
able to treat these effects quantitatively from the

(A)+
24
{B)
-2-8— [ ]
[ ]
T{, 321
5
g
—36 —
~4-0 ! 1 |
30 34

32
103 k™
Ficure 3 Plot of log k, against 1/T for compounds (I) (A)

and (II) (B)
TABLE 2

Thermodynamic functions calculated for the hydrolysis
of acetals (I) and (II) in 1m-acid

ASY/

104, /s E,|] cal
Com- A — kcal mol™
pound Acid 25° 33° 45° 50° 60° mol? K7
(I) HCl1 45 105 45 17 —26
(Iy HCIO, 4.8 11.8 224 43.7 149 —25
(II) HCIO, 15 33 9.6 16.5 149 —27

frequency shifts for the hydrogen bond complexes
between phenol and phosphoryl compounds.

Aksnes 14 also studied nucleophilic displacements of
phosphorus compounds, deducing that the polarity and
polarisability of these compounds results in significantly
decreased activation energies. Although the intra-
molecular catalysis by a carboxy- 15 and by a hydroxy-
group 16 has been realized in the hydrolysis of acetals, a
possible participation of a phosphoryl group was not
observed in previous studies. Figure 4 indicates the
stepwise formation of intermediates, resulting in a
lowering of the activation energy. The phosphoryl
group is located in a position which enables hydrogen
bonding with an alkoxy-group of the acetal. Due to its
high polarity the phosphonate group quickly picks up a

15 B. Capon, M. C. Smith, E. Anderson, R. H. Dahm, and G. H.
Sankey, J. Chem. Soc. (B), 1969, 1038; B. Capon, E. Anderson,
N. S. Anderson, R. H. Dahm, and M. C. Smith, i&id., 1971, 1963.

18 A, Kankaanperid, L. Oinonen, and M. Lahti, Acta Chem,
Scand., 1974, A28, 442.
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proton from the acidic medium, and then spreads out
its charge by hydrogen bond formation. The inter-
mediates (Inl) and (In2) are stabilised by six-membered
cyclic structures, analogous to a quinone ring.16

152
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o RO _,0-H-.

o Mool _*r.ﬁo—R2
5 R‘Io/ CH2 Cl

v R20H

£ /oo o 2 (2

R'0” CH;-CH

Reaction co-ordinate «—v

Ficure 4 Diagram of free energy against the reaction co-
ordinate for a specific-acid catalysed hydrolysis of phosphonated
acetals
Use of the entropies of activation as a further mechan-

istic criterion seems to fail in our case. A-1 Reactions

are presumed 7 to have entropies of activation near
zero or small positive values. The values calculated
for our experiments dropped to ca. —26 cal mol? K71,
which resembles typical values for 4-2 reactions. This
ambiguity may be solved by the proposed scheme shown
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in Figure 4. The formation of the six-membered cyclic
structures results in reduction of rotational and trans-
lational degrees of freedom.

In the hydrolysis of o-hydroxybenzaldehyde diethyl
acetal,’® where a similar intramolecular influence is
exercised by the hydroxy-group, ASt values of ca. —15
cal mol? K1 were found. For the polar phosphonated
acetals the high degree of orientation of the inter-
mediates (Inl) and (In2) increases the polarisability of
the medium, thus further decreasing the entropy of the
system.

By changing from compound (I) to (IT) and (III), the
rate of reaction (Table 2, Figure 2) is reduced by 45%,.
Since, within the limits of experimental error, the rates
for (IT) and (III) are equal, we may conclude that only
the character of R?, directly involved in the formation
of the oxocarbonium ion in the rate-determining step,
has any influence on the rate itself.
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17 1. L. Schaleger and F. A. Long, Adv. Phys. Org. Chem., 1963,
1, 27.






