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Abstract: The hydrolysis of dicthy! benzoylphosphonate (1) in aqueous acid solutions was found to be pscudo first order in the
substrate, by monitoring the 7 — 7* band. Products of hydrolysis were stoichiometric amounts of benzoic acid and dicthy! hy-
drogenphosphonate. Correction was made for the absorption of benzoic acid. The reaction ratc was rctarded as the pH of the
medium was lowered by adding hydrochloric acid (pH 2-4). The product of the pseudo-first-order ratc constant and H;O%
ion concentration in solution was found to be reasonably constant [(1.2 £0.1) X 107¥ mols~! L~']. Analysis of thc 3'P NMR,
UV, and Raman spectral data of solutions ol 1 revealed the formation of stable hydrates of 1, formed by a fast process. At very
tow pH (~1 N HCl), cleavage of the phosphonyl group occurred. A mechanism has been proposed in which 1T could exist in
equilibrium with the two hydrates, a phosphonyl hydrate and a carbonyl hydrate. The C-P bond cleavage could occur by the
attack of 2 or 3 equiv of H.O on 1 in the rate-determining step, followed by an intramolecular proton abstraction by the phos-
phony! oxygen atom in a fast step. The stable intermediate species proposed were reasonable precursors for the products re-

sulting from phosphonvl ester clecavage. 3'P NMR signals for the above products were observed in highly acidic solutions of

ester 1. The experimental activation parameters [AH¥ = 20 + 2 kcal/mol, AS¥ = —32 % 7 cu (for 3 equiv of water in the rate-
determining step)] and the solvent isotopic cffect ky,0/kp,0 = 1.6 as measured in solution were in conformity with the pro-

posed mechanism.

Introduction

Considerable interest in the general structure and behavior
of dialkyl acylphosphonates exists in the recent literature? since
these reactive compounds are of use in a number of prepara-
tions involving nucleophilic substitution at carbonyl carbon
and at phosphorus, some of which involved C-P bond cleav-
age.’ Acylphosphonates also have considerable toxicity, al-
though the mode of biological activity is not fully understood.**
Moreover, preliminary studies*® on diethyl benzoylphospho-
nate (1) showed possible immunostimulation in cancer therapy
in mice. Hence a detailed study on the behavior of 1 in aqueous
media was undertaken. Acylphosphonates undergo rapid
base-catalyzed hydrolysis, whereas the acid-catalyzed reaction
is considerably slower.?? Kinetic studies on general-base-cat-
alyzed C-P bond cleavage of acylphosphonates, including ester
1, by phosphate salts in water-dioxane medium have been
recorded and a tentative mechanism has been postulated.5¢
However, for reasons which we shall delineate in this paper,
the conclusions®¢ reached do not explain some of our obser-
vations. Initial nucleophilic attack by water on the carbonyl
group followed by a general-base-catalyzed removal of proton
as shown, with concerted C-P bond cleavage, was suggested
to be involved in the rate-determining step (Figure 1).7¢ Re-
ported™® kinetic data involved monitoring the less sensitive n
— 7% band for 1 (A 367 nm). Some of the half-lives determined
were approximately 5 s and it was not clear what special
techniques were adopted for these measurements. Also ester
1 has been observed to undergo photochemical trimerization
on irradiation (n — 7* band) with photons of wavelength
greater than 320 nm.” We have noted that a solution of 1 in
dioxane orina |:l water-dioxane mixture slowly decayed by
about 7% in 24 h, an observation not cited previously.®® In view
of all of the above facts, studies were undertaken of the un-
catalyzed, spontaneous hydrolysis of 1 in aqueous medium as
well as of the acid-catalyzed process without buffer.

Experimental Section

Materials, All chemicals used were of reagent grade unless other-
wisc specified. Ester 1 was prepared in the laboratory by a known
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method? and was vacuum distilled before use [bp 116-118 °C
(0.15-0.2 mm), n?4p 1.5080, lit.¥2 141 °C (2.5 mm), n? 1.5065].

p-X-CeHaC(O)-P(0)(OC:Hs)2
1, X = H: 1a, X = Cl; 1b, X = CH;

Derivatives 1a and 1b were also similarly prepared [bp for 1a,
132-134°C (0.15-0.2 mm), n?¥p 1.5210, lit.7 159 °C (2 mm): and
for 1b, 128-130 °C (0.1-0.2 mm), n?%p 1.5125, lit.¥® 123-124 °C
(0.05 mm)]J. The esters showed only one spot when analyzed ona TLC
plate madc of 0.2-mm silica gel using a 1:9 acctonc-chloroform
mixture as the solvent system with 2 as the developer. IR and NMR
spectra werc identical with those of authentic samples. Ester T was
stored in a colored bottle in a desiccator over anhyvdrous CaCls. Ap-
proximately 5% decomposition was detected via a change in the optical
density (OD) readings over a period of 6 months. Dioxane used as
solvent for recording the UV spectra was of reagent grade and was
freshly distilled over lithium aluminum hydride and stored over Linde
molecular sicve 3A.% Hydrochloric acid solutions used were prepared
by successive aqueous dilutions of reagent grade. concentrated hy-
drochloric acid to vield a stock solution, the concentration of whicl
was checked periodically by titration with standardized sodium hy-
droxide. D20 used was Aldrich gold label quality containing 99.8 atom
% deuterium.

Procedure for Kinetie Studies. The concentration range used for
1 was 0.2-0.3 mM. A sample ol ester 1 (5 ul.) was withdrawn with
a microsyringe from a vial and was placed in a previously weighed
parafilm boat which was then weighed on a microbalance. This sample
was dissolved (over a period of 60 sy in 100 mL of distilled water or
in standard hydrochloric acid solutions, which were kept in a previ-
ously thermostated, stoppered Erlenmeyer flask. The temperature
of the bath and the UV cells was maintained within £0.1 °C ol the
specified temperature (Table 1) by using a Magniwhirl constant
temperature system. Aliquots of the reaction mixture were withdrawn
at specified time intervals and placed ina [-cm quartz UV cell, and
the OD (268 nm) was measured using a Cary UV recording spectro-
photometer. Modecl 14. The solvent was placed in an identical refer-
ence cell. Fresh samples of D20 were used for each run while moni-
toring the OD of 1 in D20 to estimate the solvent isotopic effect.

Treatment of Kinetic Data, Identification of Products in Aqueous
Solutions, The clectronic spectra of the reaction mixture after 10
half-lives was found to match exactly with the spectra of authentic
standard solutions of benzoic acid (2). which strongly suggests the
formation of stoichiometric amounts of 2 from the spontancous hy-
drolysis of 1 in aqueous solutions. The other product was identilicd
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Figure 1, Postulated structure for the transition state in the general- PR
basc-catalyzed hydrolysis of 1;scc ref 5 and 6.
by \” .y
as dicthy! hydrogenphosphonate (3) from 3'P NMR analysis of the ° H " " "
reaction mixture. In these cxperiments, the characteristic 3'P NMR . Y o o &
signal at +11.3 ppm (from 85% H3;POy4; 'Jpy = 720 Hz) for 3 was {101y \c/ . or | 4
cnhanced by the addition of an authentic sample of 3 (without solvent, Pw") \ | A~
3 has a reported 3'P NMR signal at 8.0 ppm with a 'Jpy = 687 o—H O\H PH o\H
HZ).IO 4 (n:=3) EOO“‘P=° (n= 2)
Mathematical Formulations, Let the symbols OD, C, and ¢ repre- (Intermediate) 4,
sent the corresponding optical density, molar concentration, and molar &
absorptivity, respectively. fast W
The general cquation of hydrolysis can be written as /,OJ—H\ K ]
C¢HsC(O)P(O)(OCHs)2 + HO <s»012ﬁ(\j (70 H—0
1 S H
— C¢HsCO3H + HP(0)(OC,Hs), P o é\
5
2 3 (Tra~nsition StaHLe)
From stoichiometry and mass balancc it can be shown that \L
_1OD)r], — e Ci)o
(), = N
6 — € (E10)aPOH t  PhCOpM.(HR0), 4
and the ratc equation from Scheme I would be given by (see Appen- ¢
dixes A and B) \” \N
—dC, _ kik o 5
—_dt _———k—l +/\’2 HO% 1 (2) (E1O)P{O}H PhC O H (P-11Hy0
(where n = 2 or 3) 3 2
or Thus, the reaction was followed to 90% completion via monitoring
—In (C}), = =In (Cy)o + kopea? 3) the band at 268 nm at which 1 and 2 absorb. Since T underwent decay
h in aqucous solution, ¢; was determined indirectly by following the
where initial rate to 8% of the reaction using various initial concentrations
Kobsd = (kikafk—y + k2)Cuy0 4) of 1 (ranging from 0.140t0 0.235 mM). Using a least-squares, lincar

Table I, Pseudo-First-Order Rate Constants for the Hydrolysis of 1 in Aquecous and Acid Media

(C1)o. mM C°ua, mM temp

((C)o caled) (pH £ 0.03)® +0.1°C Kobsd X 108, 571 R2¢
0.235 .06 25.0 [.18 0.999
(0.233) (3.00)
0.233 0.795 25.0 1.57 0.999
(0.234) (3.13)
0.231 0.530 25.0 2.37 0.999
(0.231) (3.32)
0.235 0.265 25.0 431 0.999
(0.227) (3.60)
0.235 0.106 25.0 10.84 0.993
(0.220) (3.94)
0.235 0.265 20.0 2.15 0.999
(0.209) (3.60)
0.233 0.265 27.5 5.46 0.994
(0.218) (3.60)
0.235 0.265 32.5 9.30 0.999
(0.224) (3.60)
0.239 0.265 35.0 12.26 0.998%
(0.207) (3.60)
0.246 ¢ 25.0 32.1 0.987
(0.182) (4.4)
0.231 ¢ 30.0 44.0 0.986
(0.191) (4.4)
0.231 ¢ 325 63.4 0.993
(0.191) (4.4)
0.233 ¢ 355 97.0 0.997
(0.203) (4.4)

% Values in parentheses indicatc those calculated from the lcast-squares line. # Values in parentheses arc the experimental results. © R?
is the least-squares correlation coefficient defined by R? = [ x¥Y — T xT ¥/m]Y/[Zx? = (Zx)¥nl[Z Y2 — (ZY)?/n] where x = 1 and ¥
= —In (. 4 Value extrapolated from experimentally determined rate constant, 11.65 X 10~5s~1 at 25.7 °C. ¢ No external acid added, the
approximated average of the experimental pH 4.4,
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Table I, Experimental Values of ¢ (M~ cm~1) at A 268 nm in Aqueous and Hydrochloric Acid Solutions for 1 and 2

concn of hydrochloric acid, mM

compd water 0.106 0.265 0.530 0.795 1.06
1 4350 5230 5530 5500 5410
2 800 810 880 875 855
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Figure 2. (@), pseudo-first-order plot for hydrolysis of 1 in H,O at 25 &
0.1 °C,(Ci)o =0.235 mM; (0), pH as a function of 1ime.

fit between —In [(OD) ], and ¢ for a pseudo-first-order behavior, the
[OD]o could be evaluated for ecach reaction mixture of known initial
concentration. From the above procedure of lincar extrapolation, the
correlation coefficient R2? was found to be around 0,99 in most cases.
This observation along with the fact that ¢; = 6¢, (see Table 1) in-
dicated that OD arising from the stoichiometric amount of 2 formed
from 1 was negligible (calculated to be within [-2% of the OD con-
tributed by 1) for the above period (8%) of the reaction time. Applying
a least-squares, linear fit between (C))o and (OD, ), for each such
reaction mixture, e was evaluated from

(OD1)o = &i(Ci)o (5)

These values of (OD;)o were found to obey the Beer-Lambert law.

Values of ¢; were determined!!? separately and experimentally for
2 in aqueous and acid solutions at different concentrations of hydro-
chloric acid, since the electronic spectra of benzoic acid has been re-
ported to be affecied by pH.'2 The experimental values of ¢; and ¢
at A 268 nm used in the present work can be found in Table I1,110

Pseudo-first-order eq 3 gave the best fit for the experimental data
for reaction followed up to 90% completion. Table | summarizes the
values of kypsq for 90% reaction calculated!'c fromeq 3 and . Ap-
propriate rate equations corresponding to zero, sccond, or third order
with respect to 1 did not produce a linear curve for the experimental
data employed.

Instrumental Methods. Measurement of the pH of samples was
achicved using a Corning Model 12 research pH meter with a Corning
glass-reference, calomel combination clectrode (Corning catalog no.
476021) and employing standard buffers for calibration.!3 Laser
Raman spectra'* were recorded using a Model 52, argon laser as a
source, with a detector (Jarrell-Ash 20-100 dual monochromator) and
with Hammer photon counting accessories (with a photon count rate
of 2 X 103 s~" and slits of width 3 cm~! each). 3'P NMR spectra were
recorded on a Varian XL-100(15) spcctrometer operating at 40.5
MHz and equipped with Nicolet TT-100 pulse Fourier transformer
accessory and using 85% H3POy as cxternal standard. 3'P NMR
spectra were obtained in the FT mode. The chemical shifts reported
are from 85% H3PO, as the standard. Positive values represent shifts
downfield from the standard.

Error Analysis, A maximum deviation of 6% was observed in the
rate constants (K,ueq) determined from 40 independent runs. The
values reported included the average of three or more independent runs
at cach concentration with a deviation of a maximum of £5%. Only
two independent runs were made in those cases where the rate con-
stants differed by £2% or less. In those cases where no external acid

0 | 1

| :
0 80 160 240

TIME (min)x<10”’
Figure 3. Pscudo-first-order plot for hydrolysis of 1 in aqueous HCl at 25

+ 0.1 °C, ()0 = 0.235 mM:; C°ycr (mM) (4) 0.106, (©) 0.265, (@)
0.530. (©) 0.795, (@) 1.060.

was added, the deviations in kypeq were found to be higher as compared
with the observed deviation in k,psq in acid solutions. Similarly the
agreement between the calculated (Cy)p and experimental (Cy)o was
much better for runs made in acid solution (Table I). For runs made
in water, calculated (C))o were always less than the experimental
(C1)o by at least 15%. R? in all cases was close to unity. The dis-
crepancics observed in aqueous solutions in the absence of acid could
be attributed to the higher initial rate observed during the first 5%
of the reaction (Figure 2) and the subsequent pH drop in the same
region. After the initial period, a buffcring region (may be due to
self-protonation of substrate) was noticed. In an acid solution the pH
was found to be steady (£0.03) and no initial rate was observed
(Figure 3). Itisclear fromeq | and 3 that k ypsq would not depend on
€;. However, computation of a reliable rate constant required an ac-
curate value of ¢;, which was casier to evaluate. An estimated maxi-
mum error of 5% in the determination of (C,)o or €3 would only give
rise to an crror of 4% in the final rate constant. The inherent error for
the product of Cy,0 and kgpya (see Discussion section) would be [2%,
the sum of the experimental uncertainties observed for kypsg and
Ch0™*.

Results

Kinetic Data, The spontaneous uncatalyzed hydrolysis of
1 in aqueous solution was examined by monitoring the = — = *
transition band at A 268 nm, this band being more sensitive
than the n — #* band3¢ (Table 1). Also, since 1 was very
slightly soluble in water (0.2 g/L),%" the n — =* band could
not be used for following changes in OD for such small con-
centration (0.2-0.3 mM) employed for reasons stated previ-
ously. The effect of UV radiation during the measurement was
checked in view of the reported’ trimerization of 1 and was
found to be negligible in aqueous solution in the concentration
range studied, Quantitative formation of benzoic acid (2) from
1 was observed at completion of the reaction by UV analysis
and using standard solutions of 2,

The rates of hydrolysis of 1 in hydrochloric acid (pH 3-4)
were measured with a view to screen for any catalytic effect
by H3O%, if an Axc! or an Aac2'® type of mechanism was
operating with the P(O)(OC;Hs)~ moiety as leaving group.
The rates of hydrolysis of 1 in acid solutions were found to
decrease sharply with increasing concentration of acid [d log
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Figure 4, Log kgpyq (pseudo-first-order rate constant for the hydrolysis
of Tin aqueous HCI) vs. pH plot at 25 £ 0.1 °C.

kovsa/d(pH) = 1.0, Figure 4]. The product of the pseudo-
first-order rate constant and Cy,0% was found to be reasonably
constant [(1.2 £ 0.1) X 10=8 s~ mol L™'] over the range of
acid concentrations used (up to pH 3) (Table 1). The value for
the product kgpsg Cri;0™ in 5.0 and 10.0 mM HCI (pH 2.33
and 2.04) solutions was found to be much higher (35 and 75%,
respectively) (Figure 4). In these acid solutions (pH 2.04 and
2.33) simultaneous dealkylation (hydrolysis) of the phosphonyl
ester groups in 1 and 3 could occur. Even at pH 3, 5% deal-
kylation was observed after 4 half-lives of 1 in the hydrolysis
(see Spectral Data). Also, there is a known rate enhancement
for the acid hydrolysis of 3 as the acid concentration in-
creases.'® This observation imposed a limit of acid concen-
tration for effecting exclusive C-P bond cleavage without side
reactions.

An Arrhenius plot for the rate constant kg CH;0™ can be
found in Figure 5. A value for AH¥ was found to be 20 + 2 kcal
mol~' and the limiting values of AS¥ were estimated to be —44
+ 7euforn=2and =52 + 7euforn = 3 (seeeq 2).

Spectral Data, 3'P NMR spectral analysis of a solution of
1 (0.0235 M) in dioxane-hydrochloric acid solution (0.9 N in
HCI, containing 16% D,O for locking), when observed at
different intervals of time (fromtg+ 0.75 h, 19+ 9.75 h, 1o +
16.75 h, 19 + 143,25, 359, and 1438.5 h) gave signals corre-
sponding to products 11 (triplet —2.3 ppm from 85% H3POy)
and 15 (singlet —2.9 ppm from 85% H3PQy). These signals
were produced from 1 and, in addition, 3'P signals appeared
corresponding to 19 [doublet of triplets +6.5 ppm ('Jpy = 680
Hz)], 20 [doublet + 4.0 ppm ('Jpy = 670 Hz)], and 21
[(triplet + 3.7 ppm) (}Jpp = 100 HZz)].'7 An authentic sample
of 3 (0.2 M) gave identical signals due to 19, 20, and 21
(deuterated analogue of 20) and also minor signals due to
deuterium analogues of 3 and 19, confirmed by decoupling
experiments, when the spectra were observed at different in-
tervals of time (from g+ S min to 1o + 360 h). In Scheme 11,
intermediates 11 and 15 can also undergo cleavage of the C-P
bond like 1 — 3 to give the corresponding phosphonic acids 19
and 20. However, these steps might expectedly be slower owing
to the greater stability of 11 and 15 (perhaps because of the H
bonding) compared to 1.

Under the conditions of our experiment in aqueous HCI (pH
3-4.4), no phosphonyl ester cleavage of 1 (or of 3 that formed)
was observed in aqueous and acid solutions for a period of 4
half-lives. However, a moderately concentrated solution of 3
(0.4 M) in 1.06 mM HCI at room temperature gave 3'P signals
corresponding to 19and 20 [+6.7 ('Jpy; = 660 Hz) and +4.2
ppm ('Jpy = 665 Hz), respectively] in addition to the parent
signal for 3 [+11.3 ppm ('Jpy = 720 Hz)] when the mixture
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Figure 5, Arrhenius plot for the hydrolysis of Tin aqueous HC! (@) at pH
3.6 + 0.03: ¢4 represents data points calculated from data for hydrolysis
of 1in water and the experimentally observed average pH 4.4, AH* = 20
+ 2 kcal/mol, AS¥ =44 £ 7 (n = 2), — 52 £ 7 eu (n = 3) using the
expression k = kopsaCy0+/CMh,0 for the true rate constant. For the
method used in the evaluation of standard deviation in AH* ind AS* sec
ref 32

was analyzed after 28 h. From peak area ratios of 3:19:20, it
was estimated that 65% of the total hydrolysis of the phos-
phonyl ester groups had occurred.'®< 3'P NMR analysis of
1in 1.06 mM hydrochloric acid (pH ~3) observed after IS h
of signal accumulation gave the following signals. A doublet
of quintets centered at +11.3 ppm ('Jpy = 720 Hz) was
identified as from 3. Addition of an authentic sample of 3 gave
peak enhancement in the spectrum. Two more 3'P NMR sig-
nals (quintets at —0.3 and +17.9 ppm) appeared and were
apparently due to intermediates 7 and 8.'® The spectra were
observed atty + 0.25h,tg+ 27.5h,and g + S2 h after IS h
of signal accumulation in each case. When the spectrum was
observed immediately after dissolution of 1in 1.06 mM HCI,
only the intermediate signals (—0.3 ppm and +17.9 ppm) could
be seen after pulsing for 1 h. The signal area ratios for the
corresponding signals, evaluated from the above spectra, were
3:(7 + 8)19 = 1:1.8:0 (35% reaction), 3;(7 + 8):19 = 1:0.22:0
(85% reaction), 3:(7 + 8):19 = 1:0.12:0.06 (90% reaction). The
area ratio of the two intermediate signals 8 and 7 was found
to be constant (1.19 £ 0.02) within the experimental error
throughout the course of the reaction. Similar signals were also
observed in the 3'P NMR spectra of a suspension of 1 (17 mg)
in 3 mL of water after 1S h of signal accumulation. The parent
signal of 1 could be observed at —1.9 ppm in aqueous solutions
only when a large excess of 1 was added to the above suspen-
sion. 3'P NMR signals from 19 (+6.6 ppm, 'Jpy = 660 Hz)
could be detected (5% as estimated from peak area ratios) only
after 4 half-lives in a solution of 1 in 1.06 mM hydrochloric
acid after signal accumulation for 15 h.

Raman spectra of 1 in the liquid state, in DO, and in a
D;O-hydrochloric acid suspension'? were recorded. The C=0
stretching frequency was observed at 1662 cm™' for a neat
sample of 1 which corresponds to the value observed in the IR
spectrum. A reproducible shift of 4 cm™! toward a smaller
wavenumber was observed for the C=0 stretching frequency
in both D,O and the D,O-HCl suspensions of 1 as compared
with the value for 1 neat.
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Discussion

The constancy of the product of the pseudo-first-order rate
constant and Cy;0* cannot be reasonably explained, in our
opinion, by a general-base-catalyzed mechanism involving OH
as the general base in a rate-determining step at pH ~3.0.
Since the concentration of OH is calculated to be of the order
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Figure 6, Postulated intermediate in the hydration of 1.3-dichloroacetone:
see ref 21. R = CH,CL
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of 10~ M in such solutions, no significant contribution from
this anion on the rate is likely, unless Koy > kg’ in the fol-
lowing equation of the general form.*"

kovsd = ko + konCon + kpCa (6)
(ko = rate constant for reaction of H.O)

Assuming that a low concentration of OH is the only base that
could exist in the acid solutions (kgCg = 0), calculated values
of k¢’ and kg from our experimental results (from a least-
squares analysis using data from Table 1) were k' = ky/Cii,0
=216 X 10"% s~ Lmol~'and kon = 1.1 X 10°s~! L mol™!
at 25 °C. Thus, initially one might argue that OH could play
a vital role in acid hydrolysis. However, such a low value for
ko /kon would suggest a negligible catalytic effect due to H,O
from this analysis. Obviously this is unreasonable. An alter-
native mechanism which could explain the effect of pH on & .
might involve a fast equilibrium prior to the rate-determining
step (Scheme 111). The rate equations derived from Scheme
111 are identical in their mathematical forms with those derived
from Scheme | (see Appendixes A and B). In certain carbon
systems, some analogy could be found for our work. For ex-
ample, Bell and co-workers?! have shown that 3 equiv of water
is involved in the rate-determining step in the reversible hy-
dration of 1 3-dichloroacetone. Formation of an intermediate
of the following structure was suggested (Figure 6). The strong
electron-withdrawing chlorine atom on the e carbon was im-
portant for the formation of a stable hydrate. The reported
equilibrium constant at 25 °C was 10.0 in favor of the hy-
drate.”* Solvent isotopic effects for some of the analogous re-
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actions involving hydration of carbonyl groups can be seen in
Table 111.23:2* Thus, the low isotopic effect & y,0/kp.o = 1.5
reported® for the phosphate-catalyzed hydrolysis of 1 in
water-dioxane mixture might be explained more accurately
by a modified structure for the transition state formed in the
rate-determining step, as shown in Figure 7 in contrast to the
structure shown in Figure 1. The primary effect due to de-
protonation at point (a) would be reduced by the apparent
inverse effect due to O-H bond formation at point (b). Con-
ceptually, the structure in Figure 7 could give rise to an H-
bonded intermediate, such as 23, followed by a fast intramo-
lecular proton abstraction by the phosphonyl oxygen atom as
shown in Scheme V.

In aqueous solution in the absence of a catalyst, formation
of the intermediate could involve at least 2 equiv of water. In
comparison with other carbonyl-containing systems?'-*
(Figure 6), structure 4 in Scheme | would be a reasonable in-
termediate for the spontaneous hydrolysis of 1 in water in the
absence of a catalyst. In 4, free rotation of the C-P bond could
occur followed by fast abstraction of a proton in an intramo-
lecular fashion as shown (via the P(O) group in §). This process
may logically involve electron shifts resulting in C-P bond
cleavage in a concerted step. Such a process of proton ab-

Table IIT, Solvent Isotopic Effect on Related Systems

straction would be more probable, since the rate of C-P bond
rotation would be much higher than the rate of collision be-
tween 4 and OH ions in such solutions of low concentration.
The product diethyl hydrogen phosphite could quickly equil-
ibrate to the stable phosphonate form.® Similarly. the other
product would be solvated benzoic acid (hydrogen bonded with
water molecules), which would be in equilibrium with free
benzoic acid and water.2'® Furthermore. the benzoic acid and
diethyl hydrogenphosphonate could also exist as a 1:1 adduct.”’
In our work, the gross solvent isotopic effect for the hydrolysis
of 1 carried out in H-O and DO was experimentally measured
and k 1,0/ kp,0 was found to be 1.6 at 25 °C. The low isotopic
effect is expected for a transition state involving strong hy-
drogen bonding between participants and is a situation in which
the zero poini energy could be conserved.?s

In aqueous solution in the absence of a catalyst, formation
of an intermediate involving only | equiv of water followed by
a fast intramolecular proton abstraction by the phosphonyl
oxygen (as in Schemes [, 111, or 1'V) could not be ruled out.
However, such a process is not likely, since it would be difficult
to explain the observation of a general-base-catalyzed process
reported elsewhere for this reaction.t

If a general-base-catalyzed mechanism is assumed operative
with no participation of the P=0 group in acid solution, much
experimental data is difficult to defend. For example. ester 1
tras a high dipole moment (2.76 D)=% and would be expected
to be protonated at P==Q (>P=0 — > P*—OH) in aqueous
solutions.

1P NMR data and the formation of stable species 11, 15,
19, 20, and 21 in very high acid solution strongly suggested
direct participation of the P=O group in acid solutions. In
agreement with these observations was the Raman spectral
data. The latter was also suggestive of a rapid initial structural
modification (such as involving H bonding of the C=0 group)
when 1 was placed in aqucous and acid solutions. Unfortu-
nately, the P=0O stretching frequency could not be observed,
since this region (1255 cm™') was masked by the broad ab-
sorption due to D-O in the Raman spectrum.

Definite participation of the P=0 group in phosphonates
in forming hydrogen bonds in protic solvents and in association
with carboxylic acids has been demonstrated in related systems
via *'P NMR studies.?” Intermediates involving a hydrogen-
bonded phosphonyl group?? have been proposed for acid hy-
drolysis of certain phosphonated acetals and similar systems.
Certain phosphonates, including diethyl hydrogenphosphonate,
have also been reported'® to undergo dealkylation in strong
acid solutions at room temperature following an initial pro-
tonation of the P=0 group. Interestingly, from *'P NMR
work on dialkyl hydrogenphosphonates in fluorosulfuric acid
at —60 °C, Olah and co-workers*” observed large deshielding
effects on phosphorus upon protonation. It was concluded that
in the protonated phosphonium species the positive charge was
largely shifted from phosphorus to the oxygen atom. Such a

reaction medium catalyst A,o/kn,0 ref
hydrolysis of 1 dioxanc-water [PO4~ DPO,*~ [.5d 6
v/v(1:4)
hydrolysis of p-nitrobenzoylimidazole H,0-D,O ImH-ImD 5570 23
(2.0
0.60
(0.94)
mutarotation of glucose H,0-D,0O none 38 24
(3.16)
hydration of 1,3-dichloroacetone dioxane none 3.97 2tb
H,0-D,0 HCI 1.23

“ kipog-/ kppoe- at pH 7.0 ko0 /K 1ins0, ¢ K 2i150)/ K 2190y i1 the generalized equation k1,0 = Ay + A2 [LLO7] where L = [T or D. Numbers

in parentheses are revised values.
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situation could occur with 1 in acid and may be the cause of
the occurrence of a 3'P NMR signal at lower field as is pos-
tulated for 7 or 8 in Scheme 111.

The two additional 3'P NMR signals (—0.3 and +17.9 ppm
from 85% H;PQj,) observed in acid solutions of 1 at pH 3 were
certainly suggestive of some structural transformation, such
as hydration of 1, in solution by a comparatively fast process.
Unfortunately, no structurally related, known intermediates
could be found in the literature for comparison of 3'P signals
or any other property.

The following modified form of rate eq 7 could be derived
from Scheme 111 (see Appendix A).

_dG G kikaCho(Cr + Cy)
dt (k- + k?)ch(l+K/cq)CH30+
Thus, if an aqueous solution of 1 is considered to be an
equilibrium mixture of 7 and 8, the observed rate of decay in

terms of the total concentrations (C7 + Cs) would be given
by

(7

d(C;+ C
—_(’—78——8—)=kobxd(c7 + Cy) (8)
t
where from eq 7 we have
kik,Crmy,
kobsd = — — (9)

(k—l + kZ)ch(l + K/cq)CHgo+
and after factoring out pH and water dependence
kik-
(k-1 + k)Koy(1 + K'oy)
Equation 7 would predict a rate law of first order in 7 and
8 and also a dependence of kopsg On Cy0™. The overall rate

constant would be related to kg by eq 1. That is, from eq
9 and 10. we find

K opsd = KobsdCr30+/CHs0 (I

The total concentration of the substrate species (C7 + Cy)
would be related to the experimental OD by eq 12 (see Ap-
pendix B).

k’obsd = ( l 0)

_{(ODy), — e2(Ci)o

(C7 + Cy), (/1 + Ko — 2 (12)

The observed rate constant & ,psq evaluated fromeq 7, 9, and
12 or from eq 3 and | would be the experimental pseudo-
first-order rate constant for either case where # = 2 or 3. Thus,
we cannot eliminate the possibility of formation of a hydrate
from 1 and water which involves 2 equiv of water as in 4, There
is evidence for 3 equiv of water participating in the hydration
of 1,3-dichloroacetone as cited previously.?' The high negative
entropy of activation (—44 £ 7eu forn =2 or =52 + 7 eu for
n = 3) for the overall reaction supports this hydration process.
Unfortunately, the hydration of 1 in I:1 water-dioxane was
too slow (only 10% change in the OD from the n — #* band
after 37 h) for an accurate determination of n (molecules of
water). If the second molecule of water were to act as a general
base without the oxygen of the C=0O group being involved
(leading to a linear transition state) as shown, one would expect

§-

o)
kt
Ph———C;'--f-—P(OEnz
&
VAR M
H H=---o(

H

a high primary isotopic effect. On the other hand, if the proton
of the water solvent matrix were to be linked to the carbonyl
oxygen to give a cyclic transition state leading to the inter-
mediate 4, the primary isotopic effect would be reduced.?* The
gross isotopic effect for the hydrolysis of 1 in water and D-O

was observed to be 1.6 at 25 °C as stated previously. Conse-
quently, the gross isotopic effect would be a total result due to
L;O*, LO~,and L,O where L = H or D and these factors are
not separable. Also other nonspecific effects due to differences
in viscosity of H>O and D,0 could add to the isotope value.?
Any positive mechanistic conclusions based on gross solvent
isotopic effect alone should be made with much caution.

Conclusions

On the basis of the experimental results obtained, we suggest
that the hydrolysis of 1 in aqueous or aqueous acid solutions
proceeds with the formation of a reactive intermediate 4 via
the attack of 1 by 2 or 3 equiv of water. Cleavage of the C-P

7 == 8

HBOV,/(A)

1
(B)\‘nHIO (n=2o0r3)

4 — 2 + 3 +

fio

H,0' + C,H.CO,-

(n—1)H,0

bond is postulated to occur by a fast unimolecular process in-
itiated by intramolecular proton abstraction by the phosphonyl
oxygen atom (Scheme | or 111). Benzoic acid (2) and diethyl
hydrogenphosphonate (3) are formed as major products in
water. In acid solutions, 1 is apparently converted into a rela-
tively stable species 7 and 8 in a rapid equilibrium process
which reacts more slowly. At very low pH (<1), 7and 8 may
further protonate to give a series of products via phosphonyl
ester cleavage from both 1 and 3 (as shown in Scheme 11).

Formation of the proposed stable phosphorus intermediate
7 and 8 (pH 2-4.4) not only explains the rate law and the effect
of pH on k gb.q (predicted by eq 7) but also accounts for the two
additional *' P signals (postulated for 7 and 8) observed in so-
lutions of 1 in hydrochloric acid (pH ~3).

Moreover, the conversion of 1 to 7 and 8 explains qualita-
tively the reduced value of ¢ observed in the UV spectrum of
1 in aqueous solution as compared with that found for 1 in
hexane or pure dioxane (see Appendix C). In addition, other
data which defend this situation include the shift of 4 cm™!
observed in the C=0 stretching frequency of 1 in the Raman
spectra of aqueous and acid solutions.
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Abstract: The triphase catalytic hydrolysis of |-bromoadamantane in a toluene-water system using 14 closcly related insoluble
graft copolymers has been studied. The enthalpies of activation computed from kinetic analysis of the first-order ratc constants
showed considerable varialion accompanied by a compensating fluctuation in the entropy values. In addition, the frec encrgy
of activation for all systems investigated was energetically more favorable than that of the uncatalyzed biphase system. These
results provide strong evidence for cosolvent behavior by the resins.

Introduction graft copolymer as a catalyst (Scheme 1).2 In the absence of

We have recently reported preliminary data for the triphase the polymer (biphase system), reaction occurred but at a much
hydrolysis of I-bromoadamantane employing an insoluble lower rate. The catalytic property of the resin was attributed
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