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CHAPTER 1
HISTORICAL
Acylphosphonates

Acylphosphonates are phosphorus esters in which two strongly elec-
tron-withdrawing groups (carbonyl and phosphonyl groups) are direétly

attached to each other as infi. In these systems, unlike the carbon

O O

1

C—‘—P(OR)Z

analogs44-(the o—dicarbonyl compounds), the dihedral angle between the
carbonyl and the phosphonyl groups is believed to be approximately 90°

5126 Acylphosphonates also have consider-

in the most stable conformer.2
able toxicity although the mode of biological activity is not fully
58 .. , 94 .
understood. Preliminary studies on diethyl benzoylphosphonate (;g)
- (X = H, R = Et) showed possible immunostimulation in cancer therapy in
mice.
Since 1972, when the literature on acylphosphonates was reviewed

by Clark,25 a large number of papers on this family have been published.

The first section of this review will cover the literature published



from 1972 to 1977, although a few earlier papers, not included by
2 . . .
Clark > but pertinent to this work, will be cited.
The Michaelis-Arbuzov rearrangement is still the most widely used

method for the synthesis of these esters. A Russian review on the

0 o?
RUCl + :P(OR'), —_—P IJJ—P(OR')z + R'Cl

. . 72 .
Arbuzov reaction and its development has been published. An inter-
. 59 . . )
esting example reported very recently for application of the Arbuzov

reaction is the preparation of a novel ester shown in the following

reaction.
(OCN) 2'15(0Et) . o (OCN) ,P (0)(CC1,) C(0) P(O)(OR)
, 20-75°
+ —» +
cl 3cc (0)P(0) (OR)2 EtCl

The R represents an alkyl group. Many other examples exist in the

literature.
Reactions

Acylphosphonates are an extremely reactive class of phosphorus
esters. For example, fast nucleophilic substitution occurs which in-
volves C-P bond cleavage. To illustrate the latter, hydrolytic reac-
tions of acylphosphonates were first investigated by Ackerman and co-

workers in 1956.l The R represented a long chain alkyl group while R'

93°C
' . !
RC (0) P(O)(OR )2 + H20 —__’Dioxane RC02H +. HP (O)(OR )2



was Et (C2H5), n-Bu (n-C Hg), and others. No mechanism was discussed,

4

however.

Nucleophilic attack of NH. on diethyl acylphosphonates was re-

3
ported84 to yield (85-90%) the correspondihg amide and diethyl hydrogen-

phosphonate Qg). Reaction of EtOH with die£hy1 acylphosphonates,

RC(0)P(O)(OEt),  + iiH3 ————-———> RC(O)NH, + HP(O)(OEt),
2 ‘ 2

—~

R = Me (CH;), Et (C,H.), n-Pr (n-C H,) or Ph (C/H)

3
RC(O)P(OXOEt)z, in the presence of a bésic catalyst or under the influ-
ence of heat, was observed'?o to yieldlg and ester 4 in which R = Me,

i-Bu and Ph, etc.; the fqllowing mechanism was suggeSted:
il
(Et0),P—C—R
2: .

: ’ N
EtOH H OEt

b

(EtO)ZF’(O)H + RC O, Et

3 4

~

\ . . 70 ,
Interestingly, an unusual side reaction was noted in the case where

R = Me. Starting with equimolar proportions of ethanol and diethyl

¥



‘IT

5v=—0

(E'rO)2 P— C—Me (E10)2

(E10), POOH
| 0
3 |

(E10), P— CHMe

acetylphosphonate, the Russian workers70 were able to isolate ester‘g,
supposedly produced from phosphonate-phosphate rearrangement of the
intermediate 5. .

Several nucleophilic-type reactions involving dimethyl benzolyphos-

phonate and secondary amines in the presence of MgBr_, and with bromo-

. . . . . 82
magnesium derivatives of several amines have been also described. The

2

reactions are classified under two categories: (a) a direct benzoyla-
tion reaction in which the dimethylphosphite group was lost and (b)
reactions in which a stable, substituted dialkyl o-hydroxybenzylphos-
phonate was formed.

Synthesis of a-aminophosphonic acids has been accomplished by two

4,13,15

different groups of workers starting from the acylphosphonates.



The methods involve reduction of the corresponding oxime with Al-Hg in

H O—EtOHl3'15

2 or with H2/Raney--Ni4 followed by hydrolysis of the phos-

phonyl ester group via aqueous hydrochloric acid.

Amides of tervalent phosphorous acids are known to give 1:1 addi-
tion products with acylphosphonates. For example, diethyl phenyl- and
diethyl acetylphosphoramidites, on heating with diethyl acetyl- or
diethyl benzoylphosphonate, gave the corresbonding phosphorimidate ;9.71

The structures of the products were confirmed from a study of the IR,

31 . , .
H NMR and P NMR spectra of the reaction mixture and also by chemical

0
I
—P

O —O0

+
RC(O)P(O)OE ), —» (EtO)ZFlD——— (OEH),

2 R'HN
+

(Ef0)2 P—NHR'
7

-~

(Ol—:t)2

m
o]
no
U+
Od—— w O — \® T—
@l

O

(OE1)

O—OXI

)

R = Me, Ph; R = Ph, CH3C(0)



degradation. The suggested mechanism included initial attack by the
phosphorus atom inlzlon the carbonyl group in‘g to give a dipolar ionmg
which, on rearrangemenﬁ, could give the second dipolar ion 9. 1In 9,
migration of the proton on nitrogen (i.e., H on the NH group) to the
electron—deficient cérbon atom could occur to give product ;9. The
authors71 aiso postulated that the phosphorus atom inlz could directly
attack the electron-deficient oxygen atom of the caibonyl group in’3 to
give 2
Reaction of acylphosphonates with diethyl phosphorisocyanatidite

(11) has been reportedeo’6l
L2) n

to give a mixture of the three isomers ;g,
lg, and 14 as evidenced by the TLC anal?sis and IR spectral data. 1In
the proposed mechanism, formation of abdipolar ion by the initial
attack of l} on the aéylphosphonate was suggested to be involved. This
step could be followed by ring closure as shown on page 7.

Reaction of azo compounds with acylphosphonates has been a subject
of recent interest. Arbuzov3 reported that diazomethane reacted with
diethyl acetylphosphonate to yield mainly diethyl 1,2-epoxy~2-propyl-
phosphonate (;é). Reactioh of diazomethane with}lg has been re-

corded3’62 to give phenacylphosphonate (;g) in high yield (90%).62

0
I | 0
Me — C— P(O)OEH),

' P{O)(OEY)
HC N2 | A 5 2

o~



(Et0),PNCO
I

(E'ro
R—

N

e
I

E10),0P
12

—~

P(0O) (OEf)z

R C(0) P_(o)(oa')2

2
(Et0) E' N=C=0
t —N=0=
or 2' "J or
0—2¢
[ R
(E10), (0P
E P Nee
10), ‘ i
2T Mo
0—cC
| Nr
(E’rO 2(O)P
E1O—P—N_ Et0,P=N
 coey G Ne
0o—c<{ o—c<
| SR SR
[Et0), (OP - (Et0), (0P

I3

14

=0



ether -~

PhC(O)P(ONOEtE» + CH2N2 0°C PhC(O)CHzP(OMOEtb
ia 16
~ Vand

The mechanism is believed to proceed via an intermediate dipolar ion

17a followed by migration of the dimethoxyphosphonyl group to the elec-
— : .

POOR), —P 16

17: a. X =H, R=EtO; b. X=mCl, R=Me; c. X = p-MeO, R = Me.

tron deficient methylene carbon atom. ¥Kost and co—wor_kers19 further
investigated the ease of migration of the diethoxyphosphonyl group or
dimethoxyphdsphonyl group as compared with the phenyl and certain sub-

stituted arylgroups(grclc and ngeOC6H4) in’;z. It was discovered

64
that the dialkoxyphosphonyl group migrated preferentially even when

compared to the p-anisyl group in. the intermediate dipolar ion 17.
- 154 ] P

. . . 40 .
According to a group of Russian workers, the reaction of CH2N2

on dialkyl acylphosphonates not only prdduced the compounds containing

an inserted CH2 group (as in 18) as described earlier but also gave the

methoxy compound ;9. The structure elucidation of }3 has not appeared.

' CH,N '
1 w_ 2 2 ] ";
R(R'0)P(0)C(0)C H,R"-p ——==]P R(R'0)P(0)CH,C(0)CH,R"-p

18
p

22
18 ——————-’ R(R'0) P(0) CH=C (OMe)C_H, R"-p
19



R:  MeO Ph MeO Me
R': Me Me Me Me
R": H H Me H

Cycloaddition of gjsubstituted, gfphenylazirines 20a-c with the
C=0 group inh;g via irradiation (with a high pressure mercury lamp) of
a solution of the two reactants in cyclohexane has been described.

The product was identified as 3} based on spectral analysis.

i o) 0
Ph !
R [
N. la |
gﬁg ~
hv/Pyrex
cyclohexane
Fh Ph
/ P(OEt)2
N 0O

a: R=R'=Me, b: R=H, R'= Ph, c: R =H, R'= Me.



10

Takamizawaandco—workers89 developed a novel synthetic procedure
for obtaining 1,3,4-oxadiazin-5-one derivatives 33 from 1,3,4-oxadia-
‘zolium salts Zg by reaction of the latter with acylphosphonates in

presence of triethylamine. Although the final product does not contain

BR4
: +
| RCIOPOIORY, Eﬂ‘\lﬁ\o
EN »
\ <+

P
R .
23
22 =
R = H, o-MeO, p-Cl; R' = Ph, PhCHz, ETC1C6H4' ETMeC6H4' gfngrC6 4

p~MeOC _H ; R" = Me, Et.

674

the phosphorus moiety, an acyélic intermediate containing phosphorus
was reported. A'definite mechanism remains obscure,.nevertheiess.

A general method for the acylation of 2-methylthiazolines ;g by
reacﬁion with acylphosphonates in presence of l,5-diazabicyc10[5.4.0]—
undec-5-ene (DBU) has been discussed in the preparation of 32 different
compounds.86 Similar reactiéns of acylphosphonates with substituted

2-methyl benzimidazolium salts have also been observed.88



11

R
R— ™o R'CgH4COIPO)OEN),

e X

2

~

Tre <"

R = Me, CH,Ph, etc., R' = H, Me; and R" = H, p-F, p-Cl, p-Br, p-Me,

4 DBU
Rl
p-OMe m-Br, m-Me, o-Me, o-OMe.

Physical Properties and Molecular Structure

A variety of acylphosphonates RC(O)P(OXOR')z, in which R = alkyl
or aryl group and R' = Me, Et, i-Pr, etc., have been synthesized. More-

over, physical and spectral characteristics of these esters have been

analyzed both by the group in this laboratory12'14’15'l7’26 and by

54,56,74,81,92 1 12,14,17 _

On the basis of IR and “H NMR, nd

others.
UV12'56’81'92 spectral analysis on many dialkyl p-substituted aroylphos-

phonates }’(shown below), the following results and conclusions have

been evaluated for systems where X = H, p-F, p-Cl, p-Br, p-Me, p-t-Bu,

C(OIP(0)(OEH),
l

r~~

p-OMe; and R = Me, Et, i?r, n-Bu, and alkyl groups. These compounds

normally have two characteristics UV absorption bands: a) with
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A = 258-295 nm and log € = 4,05~-4.31 corresponding to a T
max max

transition and b) the second band with A = 373-385 nm and log € =
max max

1.91-2.18 corresponding to an m* transition. ‘Both 7>1* and n*n* bands
exhibit a bathochromic shift of 17 to 30 nm as compared to the corres-
.pondingvsubstituted benzaldehydes. A linear correlatibn exists between
Amax_for the m71* band and the Hammett o constant for the p-substituted
benzoylphosphonates’i'with the following substituents on the arene ring
(para): X = OMe, t-Bu, H, Cl and Br and R = Et92 and (para) X = H,_Me,

- 81 . .
F, Cl, Br, OMe and R = Et. A linear correlation between (AH - AX)/AH

and ¢ values for X(E) OMe, Me, H, Br and Cl has been reported.56 From
the Iﬁ spectra of several aroylphosphonates’£ (X = H, p-OMe, p-Cl, o-Cl,
p~t-Bu, and R ; Me; and X = ngMe, and R = Et, i-Pr, and EfBu),l7 the
C=0 absorption was found to be in a low range (1639-1672 cm_l) as
compared with that in the a-diketones (1710-1730 cm—l)l7 and the corres-
ponding aryl aldehydes (1695-1715 cm—l).17 The above observations would
suggest an alteration of the electronic ground state of the carbon-
oxygen bond. Model A shows orbital overlap to provide conjugation

between the C=0 and P>O groups.17 The filled nonbonding orbital of

oxygen of the phosphonyl groups could interact with w-orbital of the

Model A
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carbon atom of the carbonyl group. Assuming spz—hybridization on oxy-
gen of the phosphonyl group, overlap of the type illustrated has been
suggested to be maximum when PO bond is perpendicular to the plane
composed of aryl ring, carbon, and phosphorus atom.17

Interestingly, the results of an extended Huckel calculation per-

2 . . .
formed 6 on model structures of acylphosphonates like Model B (in which

Model B.

the substituent groups were replaced by hydrogen atoms) indicated
lowering of potential energy by 7 ev when d-orbitals of the phosphorus
atom were inciuded. This supports the postulation of 2 pm-3 dm type
interaction in acylphosphonétes. Furthermore, compufation of potential
~energy for the model system B asva function of the OPCO dihedral angle
showed a minimum, when the dihedral angle was about 90° even though the
difference in the potential energy between the conformer with angle
OPCO (8) = 0° or 180° and that conformer with angle 6 = 90° was only
of the order of 0.05-0.08 eV.

Calculation of dipole moments for conformations Eéi:g for various
dihedral angles 6 were performed on several diisopropyl aroylphospho-
nates.26 The following observations were madé from such calculaﬁions.

Different combinations of angle 6 and ester group orientations gave
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values of dipole moments comparable to the experimental values (see
Table I). The dependence of molecular dipole moment on the size of
angle 6 is apparently much more significant compared to the dependence
upon the ester group orientation. The best match of the experimental
data (uexp ranges from 2.53 D to 3;20 D for most of the aroylphospho-
nates) was obtained26 by considering different conformers all of which
had a dihedral angle of approximately 90°.26 Examination of 1H NMR and
3lP NMR spectra of several disopropyl aroylphosphonates at variable
temperatures indicated the presence of several rotatibnal isomers also
in solution.26 Caution is needed for extrapolation of these data to

the diethyl or dimethyl analogs, however, because these alkyl groups

are smaller.

TABLE I

CALCULATED DIPOLE MOMENTS (DEBYE UNITS) FOR
DIISOPROPYL AROYLPHOSPHONATESZS

Dihedral Conformation Conformation Conformation Con_formationa
Angle (0) 25a 25b 25¢ 25d

0.0 - 3.56 5.15 6.78 5.08

45.0 3.37 4.47 6.31 4.70

90.0 2.88 3.15 5.02 . 3.64
135.0 2.29 1.50 3.24 2.09
180 1.99 _ 1.19 2.10 0.82

a . . .
Free rotation of isopropyl groups is assumed.
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A gfoup of Russian workers54 calculated the conformer population
ratios in certain acylphosphonates based on the experimentally measured
dipole moments and values were calculated from the group moments
(collected from the literature). A specific geometric model described
below was employed. The authors aésumed a OPCO dihedral angle of 6=0°

for syn 26a and 6 = 180° for anti conformer 26c.

b4 4 4
0 0 R 0o ol 0
N/ Ly N Y
g + X < ‘ + X T » X
7 /AR
260 26b 26¢.
§ = 0° 6 = 90° 6 = 180°
R = OEt, R' = Rf'—céH4, and R" = H, p-Cl, p-Br, p-NO,, p-OMe, m-Cl, m-Br,
and o-Cl.

Considering as a specific example compound la, a calculated value deter-

mined was usyn = 4.51 D and uanti = 0.50 D compared to uexp = 2.76 D.

From the above values of dipole moments, the conformer ratio could be
calculated to be 63% trans- and 37% syn-conformer. For the conforma-

tion 26b in which the dihedral angle 6 = 90°, u

for la should have a
cal —~

value between 0.50 D (u .) and 4.51 D (u ). On the basis of dipole
anti syn
moment studies on lg and other p-substituted acylphosphonates, the
5 . .
Russian authors 4 postulated the existence of a flat arrangement of the
C(0)-P(0) group rather than an orthogonal arrangement. However, no NMR
or any other type of analysis was pérformed to verify this hypothesis.

Examination of both lH and 31P NMR spectra of la-c (compounds used in
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X
C(O)P(O)(OET)Z
lag
}3., X = H; }E, X=_1_>_—Cl; }S, X = p-Me -

this work) showed only the éxpeqted signals indicating that the process
of exchange between rotational isomers was fast at room temperature on
the NMR time scale and that the signals were the result of averaging
with possibly several conformers.

An observation of the IR speétra fpr dimethyl acetylphosphonate
and diethyl acetylphosphonate (with and without solvent) revealed a
doublet for the C=0 stretching frequency (1700, 1710 cn}_l).74 The
ratio of the intensities of the components of the doublets was found to
change with solvent.polarity and with temperature. No such doublet was
observéd in the case of la. From these results, it was tentatively con-
cluded that in both dimethyl and diethyl acetylphosphonates a dynamic
equilibrium existéd between at least two rotational isomers74 at room

31

, 1 -
temperature. From a comparison of IR, H, P NMR, and UV spectral

data of a few acylphosphonates, acylphosphinates and acylphosphine
oxides, similar conclusions were reached, namely, that the C=0 group
probably participates in bonding with the 3-d orbitals of the phosphorus

6
atom as represented by Model C 3.

R—C ===P(0)OR),

[
]
!

O——.

Model C
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Polarographic studies on reduction of dialkyl aroylphosphonates

16,79 The elec-

have been reported by two different groups of workers.
tron transfer process appears to proceed via acceptance of the first

electron by the carbonyl group and, in the case of diethyl benzoylphos-

phonate, a p value of +4.7 for the E1/2 was observed.16

Hydrolytic Reaction and Kinetic Studies

Ackerman and co—workersl noted that the acylphosphonates shown
below underwent hydrolysis in dioxane-water mixture. They determined
that the réte of hydrolysis; when measured by the total acidity of the
solution as a function of time at 93°C, depended upon both the size of
the acyl group and the size of the ester function attached to the phos-
phonyl group. The rate of hydrolysis was also observed to be slowed

as the size of R and R' increased. No kinetic data or mechanism was
RC(0)P(0)(OR'),

put forth, however. Fifteen years later, a detailed kinetic study
56 . .
appeared focused upon the general base-catalyzed hydrolysis reaction

of the following three p-substituted aroylphosphonates (la-c).

X C(O)P(O)(OE1)5 X COH

la-c 27Ta-c

N —

Hy0 HP (0)(OE),
3

~

a. X=H; b. X=2¢C1l; and c. X = Me
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The reaction rates were measured by monitoring the disappearance of the
n+>1* band (near 367 nm) of solution of ester la-c in dioxane-phosphate
buffer (HPOZ/HZPO;) medium. The results and conclusions are summarized
below. |

The reaction was found to be pseudo first-order in £§:9 in the pH
range {(5-8) studied. Also, general base-catalysis [catalyzed by the
HPO (present in solution as a pa;t of the buffer)] was observed, i.e.,

4

the pseudo first order-rate constant at constant pH was found to depend

upon the concentration of HPO4

Rate constants were noted to increase
as pH was raised—typical of a base-catalyzed reaction{ Rate constants
were also found to increase with the dielectric constant of the medium
(by varying the dioxane-buffer ratio from v/v 1:1 to 1:5). The deterf
mined AH* and Ast values were 12.4 kcalmol_l and -35 eu, ;espectively,
for the hydrolysis Of.;é at pH = 5 in v/v of 1:3 dioxane-buffer medium.
A Hammett correlation was noted for the substituents used and p was re-
" ported as +2.20 at pH = 5.0 in v/v 1l:3 dioxane-buffer medium. Two
alternative mechanisms were proposed on the basis of the above results
(Scheme 156 and Scheme II2). In scheme I, the base participates as a
nucleophilic catalyst. In the alternative mechanism according to
Scheme I;, the reaction is considered a general base-catalyzed reaction
in which Hzo molecules directly participate in forming the transition
state 2& in a termolecular rate-determining (r.d.)lstep. As a means of
testihg the two mechanisms, reaction rates were measured2 (as reported
in a subsequent paper)2 in two different buffers (imidazole and phos-
phate) which had nearly the same basicity (pka = 6.95 and 7.21, re-
spectively, at 25°C) but quite different nucleophilic properties.2
The reported values of k = and kIm were : 8.0 x 10_‘2 L mol_l sec—l

HPO4
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and 7.2 x lO—2 L mol“l sec~l, respectively, at 20°C. This result is

suggestive of Scheme II being operative. However, Scheme II would
predict a high solvent isotopic effect from the rate determining

step. The reported value for the solvent isotopic effect was k o= /
4
kDPO= = 1.5 at pH. = 7 at 20°C and in v/v 1l:4 dioxane buffer medium.
4

The low solvent isotopic effect and the kinetic results re-

HP

2,56 .
ported '3 for the base-catalyzed hydrolysis of }3 could be better
explained by a modified structure for the transition state. In the
modified mechanism, ;g is assumed to form an unstable cyclic intermedi-

ate 23 with one molecule of HZO and one molecule of the base in the r.d.

0 H
(EtO)zl\ ' H‘O\ /.
c
PR No— o7 \o

step. This is followed by a fast intramolecular proton abstraction
(see Scheme VI, page 68 in Discussion section).
According to Scheme I, for the hydrolysis of lg in phosphate buffer

(Na salt) in aqueous medium [where HPO, (Na salt) would act

HPO4 / H2PO 4

4

as a general base], the intermediate benzoylphosphate ;g would be a
relatively stable species. The half life for the hydrolysis of ;9 (to

benzoic acid and phosphate salt) in aqueous buffer at pH.= 7.4 at 37°C

' . 24,7 .
was reported elsewhere as 270 min. ' > The electronic spectra of }9

and benzoic acid (27a) in identical aqueous phosphate buffer media have
P

also been reported75 to be different. The absorbance of 3Q was
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about 75% higher than from 27a in the A region (260-290 nm). There-
—~ max
fore, examination of the UV spectra for a solution of }3 in aqueous
phosphate buffer might show an .absorbance corresponding to the inter-
| ' e .75

mediateljg. Absorbance of }9 would be predictably higher as compared
with the absorbance for an equivalent amount of 27a. The exact nature
of the spectra would depend upon the relative rates of the steps la>30
and §9+gz§. However, irrespective of the relative rates for the steps
1la>30 and 30»27a, the overall rate of the reaction la*27a cannot be

— A —~~~ g ~ PN

greater than the rate of the reaction 29+§Z§ if ;g is the only inter-
mediate as envisioned in Scheme I. Consequently, one might observe a
decay pattern in the UV spectra similar to that of';g, for a buffered
(with HPOT / H.POT) aqueous solution of la with ca. t < 270 min (half

4 274 ) —~ - 1/2
life for ;9) at pH = 7 at 25°C. The UV spectra of an aqueous solution
of ig in phosphate buffer [(C)O = 1.32 mM] at pH = 7 at 25°C were
examined [in the region 250-300 nm covering the A for both 27a and
: max Vel
30, i.e., 273 nm and 275 nm, respectively] from tO + 5 min to tO + 12 hr
P~
~at different time intervals. No change occurred in the spectra during
the period of 12 hr and the spectra were identical with those taken of
authentic solutions of benzoic acid under identical conditions. More-
over, spectra of benzoic acid solutions were not affected by the pres-
ence of equimolar quantities of diethyl hydrogenphosphonate.£3). The
above results clearly indicate instantaneous (< 5 min) formation of
benzoic acid (213) from lg in aqueous phosphate buffer (pH = 7) which
does not support Scheme I.
Since Scheme II incorporates the attack of one molecule of water on

1 in the r.d. step, it would seem pertinent to examine the literature
~

regarding attack of water on certain carbonyl compounds which form
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hydrates and participate in similar reactions. It is generally

believe'd6’7’8"31

that hydration of reactive ketones or aldehydes involve
2-3 equivalents of water. 1In one case in the reversible hydration of
1,3-dichloroacetone, the actual order of the reaction has been measured8
and found to be three with respect to water. The data was validated in
solutions containing water in dioxane and water in acetonitrile over a

wide range of water concentrations. Formation of an intermediate of

the following type was suggested8 to occur in the r.d. step. In the

H H

R = CHZCl

catalyzed hydration of 1,3-dichloroacetone (catalyzed by

benzoic acid or triethylamine), the catalyst molecule could replace one

or two molecules of water, respectively, in forming the intermediate.l’8
Another reaction which is parallel to the work to be outlined in

this thesis is the hydrolysis of (uncatalyzed and imidazole catalyzed)

of gfbenzoyl imidazole. From a detailed analysis57 of the kinetics

for the above reaction, the observed pseudo first—érder rate constants

were fitted to a six parameter equation. The following transition

states were proposed57'69 for that phase of the reaction which is

independent of the buffer. If the best features of both transition
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H
96— H H Q““H”‘“"O‘*”“H
‘{ ‘ | ' . 5+
Ar“-C"‘ _"O"”H"°“O———-—H Ar_____ —""'OH
5+ ‘
Im Im
34a 34b

lotinned o~
states 34a and 34b are combihed, an intermediate in'the hydrolysis of

la (in the absence of buffer) can be eﬁvisioned as 35a (Scheme III).
—~ —~

Structure EEE is reminiscent of that postulated for the hydratioh of
1,3—dichloroacetoné.8 Scheme III would be a reasonable pathway for the
hydrolysis Of,ii in water. ‘As a test for the validity of Scheme III,
reaction rates for hydrolysis of gg’would have to.be measured in the
total absence of any buffer salt.

It is interesting to note that the hydrolysis of acylphosphonates
in aqueous sodium hydroxide is infinitely more rapid compared to the

9 . .
17,91 However, no kinetic data have been reported. A

reaction in acid.
brief review on various possible methods for a systematic kinetic study
for the hydrolysis of‘lg'in aquéous solution will now be considered.

Since the product of hydrol?sis is a carboxylic and, the total aéid
concentration could be monitored as a function of time torfollow the
réaction kinetics. ~However, since the solubility of’ig in.water is ex-
tremely small (0.2 g per liter at 25°C),22 conventionai acidimetry would
not be sensitive enough in aqueous solution of la.

As an alternative, an aqueous solution of?lg could possibly be

analyzed by GLC as a function of time since analytical procedure for

analysis of diethyl hydrogenphosphonate 3 (which would also be another
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product of the reaction) has been described.77 However, techniques of
GLC analysis may not be applicable in the case of hydrolysis of

0,93

. . . 7 :
la > 3 + 27a since side reactions could occur on the column at
P S g

elevated temperature.

Polarographic analysis on solutions of lg has been reportedl6'79
and could be used as an analytical tool for following the kinetics of
hydrolysis of }3. However, polarographic methods of enalysis would
require the presence‘of supperting electrolytes and the presence of
supporting electrolytes could affect the rate of'hydrolysis by acting
as a general base.z'56

Examination of 3lP NMR signals in solution/would potentially give
very valuable information regarding the nature of the intermediatee.
.The method itself, however, may not be applicable for obtaining accurate
rate data for hydrolysis of lg. The solubiiity of }3-1n water is ex-
tremely low but the high natural abundance of 31P would probably permi£
the spectra to be obtained only in the F.T. mode34,with pulsing for
several hr. Therefore, the signals observed would correspond to the
average concentration of the species over the period of pulsing.

Analysis from UV absorbance measurements appears to be the superior
method for measuring reaction rates in aqueous solutions ef lg. The
data on Table II and III (see also Discussioh section) clearly indicate
that the 7m>1* band for ;3 at xmax = 268 nm is sensitive ehough (log € =
3.64) for monitoring the changes in concentrations of the absorbing
species in aqueous solutions of }5. The alternative n*n* band is not

sensitive enough for the low concentrations (of the order of 1 mM) to

be obtainable in aqueous medium.



TABLE II

ULTRAVIOLET ABSORPTION DATA FOR DIETHYL BENZOYLPHOSPHONATE (;3) AND FOR BENZOIC ACID (27a)
. P

Literaturea
A (nm) A (nm)
max max
(Log ) (Log €)
Compound Solvent n>mn* > * n>m* M7 *
la Hexane 379 ' 258 378 _ 257
b b (1.89) (4.02)
(1.91) (4.10) 379 258
(1.92) : (4.05)
la Dioxane 377 o281 377 261
- : (1.95) (4.11) ' (1.82) (4.33)
la < 1:1v/v : 367 265 367 265
Water-dioxane - (1.85) (3.97) (1.85) (3.88)
la Water d 268 c - -
- (3.64)
la - Aqueous d 268 c - A -
-~ HC1l (0.53mM) (3.74) ‘
27a Water 273 273
- (2.93) (2.93)

a b . . . .
See references 50 and 56. “~Slow decay with time was observed. cValues obtained by extrapolation.
Concentration in saturated agueous solution was so small that the n>n* band was not sensitive

enough for an accurate determination of A and €.

8¢
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TABLE III

EXPERIMENTAL VALUES OF MOLAR ABSORPTIVITY (€) IN AQUEOUS
AND HYDROCHLORIC ACID SOLUTIONS OF la AND 27a
o~ P~

Solvent ' (ela) 637a
—~ . t20 - —~

Water 4350 * 140 800 * 20
aqg. Hydrochloric acid (0.106 mM) 5230 + 25 B 810 * 10
aq. Hydrochloric acid (0.265 ﬁm) 5425 & 25 815 + 10
aqg. Hydrochloric acid (0.530 mM) 5530 + 35 880 * 50
aq. Hydrochlori; acid (0.795 mM) 5560 + 25 ‘ 875 + 10
aq; Hydroéhloric acid (1.06 mM) 5410 * 10 855 + 5
aqg. Hydrochloric acid (5.0 mM) 5350 = 20 840 + 10
aq. Hydrochloric acid (10.0 mM) ' 5355 + 25 880 + 10
Temp = 25 % 0.1°C A = 268 nm
*M—l cm—1 = mol L_l cm—l. %Yalues reported are from the least squares

slope computed from the experimental values of concentration (C) and
absorbance (A) without including the origin point (0,0) in the computa-
tion. The slopes were also determined by including the origin (0,0) in
the computation. The deviation in € reported in this Table repre~
sents the difference between the evaluated slopes. The average devia-
tion for €97, evaluated from the experimentally measured absorbance was
found to be 4%. This average value has been used for the computation
of the error in kobs in a model calculation illustrated on page 181.
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The technique of high pressure liquid chrométography (HPLC)
coupled witﬂ a sensitive detecting device such as fluorescence spectro-
scopy38 could possibly be a valuable tooi in-analeing the reaction for
intermediates and for obtaining rate data. Even if the intermediates
were difficulty isolable, detection of its presence would be qualita-

tively useful.

Possible Ramifications of Biological Activity of

Ester la in Aqueous Solutions

A general review on phosphates and phosphonates of biochemical
inteiest is available.52 In preliminary experiments,94 L-1210 Leukemia
ascites tumor cells were treated with compound ;3, and then injected
into C57BL6 mice over a three week immunization period. One week later,
the mice were chéllenged with viable L-1210 cells. The group which had
been immﬁnized withvthe chemically treated cells had an extended survi-
val time of about 2 fold over controls, plus there were two survivors.

The actual experiments were conducted as follows. Interperitoneal

fluid was withdrawn from black, male mice (BDF strain) which had been

1
infected with the L—l2i0 tumor for 7 (seven) days. - This fluid contained
ascites tumor cells which were filtered and two groups of mice were
examined. The ascites cells from one group were treated with a solution
of la of concentration 10_3M (aqueous ethanol-0.1% ethanol maximum) for
24 hours with stirring. A similar experiment was conducted with a 10_4M
solutign of }3.' These suspensions of.the ascites tumor cells were rein-
jected back into two new groups of 10 mice each of the séme type as

cited above. The injections were done twice per week over a three week

period (0.1 ml per injection at 3 x'lO6 cells per ml). A two-week
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waiting period followed and then a challenge of 104‘viable L~1210 cells
(suspensions in phosphate-buffered salihe) was injected into the peri-
toneal cavity. Compared to the control (ﬁo injections of tumor cells
or of solutions of }3), the group of mice with ascites cells previously
treated with 10—3M of‘ig lived for 14.5 days while the group which had
been treated with lO—4M of ;3 lived 16.7 days (mean survival time com-
pared to a mean survival time of 11.5 days for the control group of
mice). The one grgup which lived i6.7 days had two survivors which
lived anothei 37 days before a new challenge of 5 x 107 viable ascites
tumor cells (suspension as‘before) were injécted at one time. Compared
to two other mice which were used as contrqls (no p;eQious immunization
or any type of injections), these two survivors livéd another 10 days

: kthe two control mice lived only 5 days).

On the basis of the available information from the litera-

58,87,88,89
14

‘ture various modes of biological action of la in solution
o~

are conceivable, such as by direct attack of lg,on the thiazole (from

thiamine) system or imidazole system58'87’88

present in a biological
medium. Biological studies of the half ester-salt, sodium methyl
acetylphosphonate, revealed it to be a competetive inhibitor of pyruvate
58
dehydrogenase, for example.
The possibility exists of chelation of metal ions by the action of

Li in solution and is particularly reasonable in a system such as

follows:
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This has not been experimentally checked, however. The observation
that ;g almost instantaneously undergoes C-P bond éleavage in aqueous
solution in tﬁe presence of phosphate buffer at pH = 7 to give benzoié
acid g%zi) and diethyl hydrogenphosphonate &22 is suggestive that ;5
may act as a powerful acylation agent in vivo.

It has been reported99 in the literature that diphenyl hydrogen-
phosphonate (38) is a very effective catalyst for the synthesis of
polypeptides from the constituent amino acids in presence of pyridine.
Under very mild reaction conditions (30-40°C, 0.5-12 hr), synthesis of
optically pure esters of amino acids has been reported in good yields
(70-80%) with no side reactions;99 Similar reactions could be initiated
by 3, produced from la in vivo.

The following mechanism has been proposed for the reaction of ;g
by three alternative paths where R' is an amino acid residue. Similar
reactions can be envisioned involving/é/although EtO is a much inferior

leaving group compared to PhO .
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CHAPTER II
'RESULTS AND DISCUSSION

The spontaneous uncatalyzed hydrolysis of ;3 in aqueous solution

PhC(0)P(0)(OEt), + H,0 —————Jp PhCO,H + HP(O)(UEL),

la 27a 3
~ —~~ —

and in presence of externally added hydrochloric acid has been examined
by monitoring the m>m* transition band at A = 268 nm, this band being
more sensitive than the n->w* bandz’56 (Table II, Figure I). Also since
}g was very slightly soluble in water (0.2 g/L),22 the n>n* band could
not be used, in our opinion, for monitoring changes in absorbance for
such small concentrations (0.2-0.3 mM) employed for reasons stated in
the Historical. The effect of UV radiation during the measurement was
checked in view of the reported93 trimerization of lg and was found to
be negligible in aqueous solution in the concentration range studied.
Quantitative formation of benzoic acid 213 from la was observed at
completion of the reaction by UV analysis and using standard solutions
of 329 (Figure 2). The other product was identified as diethyl hydro-
genphosphonate ﬁi) from 31P NMR spectral analysis (Table IV).

/The rates of hydrolysis of ig in hydrochloric acid (pH 2-4) were
measured with a view to screen for any catalytic effect by H O+, if an

3

AAcl or an A 3 type of mechanism was operating with the P(O)(OEt)2

AC2

moiety as leaving group. Hydrochloric acid solutions were not buffered,

34



Figure 1. UV Spectra of Diethyl Benzoylphosphonate (;g)
in Different Solvents.
(---) dioxane
(***) v/v 1l:1 water-dioxane

(-+-*) aqueous hydrochloric acid pH * 2.04
to + 4 hr

(——) water pH * 4.5, to + 3 min (see Table II).
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Figure 2. UV Spectra of an Aqueous Solution (0.235 mM) of
Diethyl Benzoylphosphonate (;g) at Different
Time Intervals and an Agueous Solution
(0.237 mM) of Benzoic Acid (;Zg) at 27°cC.
1) ca. 0.25 half life
2) ca. 0.70 half life
3) ca. 1.8 half life
4) ca. 10 half life

5) (e) benzoic acid
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TABLE IV

3lp NMR SPECTRAL DATA

. Pulse
Time (to+ ) P _ b I
Composition : - me:Zis Signals (ppm = 0.1) from 85% H3PO, and JPH + 10 Hz Plate
Day Hr Min ACO
Solution of';§ in c.d
Dioxane, 5 40 -1.72"" I
= . 0.2M }
(Cl ), = ca M (1a)
solution of la 145 | 200 -1.2° II(A)
. = 0.0235 M !
(C;g)o 0 .e | (}9)
o = - 1
Chcp = 09N 9 45 200 -1.2° -2.39
Solvent™ (v/v 1:1) (9.75) . (la) (43a)
HCl-Dioxane + D3O ! +6.5h (680 Hz)
! (45)
! c g '
16 ;45 200 -1.2 -2.3 II(B)
(16.75)! (1a). (43a)
B —~ —~

+6.5h (680 Hz)
(45)
(45;

6¢



TABLE IV (Continued)

. Pulse
Time (t0+ ) p - b I .
Composition ara Signals (ppm £ 0.1) from 85% H3POy and " J +* 10 Hz Plate
Day Hr Min meters PH
ACQ
. c g i .
Solution of la ' 1 5 - 160 -1.21 -2.3 -2.9 II(C)
(c, ) =ca. 0.07 M| (29.0) (la) (43a) (51a)
la'o == 72 . =2 pis: 228
o = .
Chcy = 9-9 N , +6.5% (680 Hz) +4.00 "% (680 Hz)
Solvent = (v/v 1:1) (25) (Eg)
HCl-Dioxane + Dy0 0.0 (weak) - +16.3 (weak)
(39a) ? : (40a)?
Solution of la 5| 23 fi5 200 — | -2.39 -2.9" III(A)
(C. ) = 0.0235 M| [(143.25) - ‘ (43a) (51a)
/1\::1 (o] e ! e ~
o = ! : . 3
Chep = 2-2 N ; ; , +6.5" (680 Hz)  +4.07'¥(670 Hz)
Solvent - (v/v 1l:1) ! (45) (52)
) . o~ Vo d
HCl-Dioxane + D50 ‘ . ’ +3.7l (100 Hz)
(52D)
14 23 - 200 _— -2.39 -2.9" III(B)
(359.0) (43a) (51a)
P~ o~
+4.09"% (670 Hz)
(52)
P~
+3.77 (100 Hz)
(52D)
T

ov



TABLE IV (Continued)

Tine (¢ + )| pio b I
Composition - a ' Signals (ppm £:0.1) from 85% H3PO, and ~J +* 10 Hz Plate
Day| Hr Min meters : v PH
AcQ
solution of la  |59] 22 |30 200 | --- ——- -2.9" III(C)
(C;.) = 0.0235 M (1439.5) i (51a)
. la'o ! o~
ce’’ = 0.9 N° | .k
HC1 : j -— +4.0°'7 (670 Hz)
Solvent -(v/v 1:1) ! (;2)
| _
HCl-Dioxane + D50 ; 43 71 (100 Hz)
(52D)
Solution of 3 in | - - 5 a0 | +11.25™"" (720 H2) v
D,0, and Trace F (3)
of HCl ! -
(c}v)o=93. 0.2 M
Solution of 3 | 140 |
(C;) =ca. 0.2 M : oo . h
oo - - 5 +9.97 (710 Hz) +6.49 (680 Hz) V(A)
HC1=0.9 N, (3) (45) :
Solvent- ( 1:1 '
olvent=(v/v 1:1) 1351 _ |_ 80 +4.07  (680Hz)| V(B)
HCl-Dioxane + D50 j(360.0) (52)
; +3.7% (100 Hz)
s (52D)
o~

187



TABLE IV (Continued)

Time (£+ ) izizf b ‘ I ' -
Composition - meters® Signals (ppm * 0.1) from 85% H3PO, and JPH * 10 Hz Plate
Day Hr Min
ACQ
Solution of 3 - 4 |- 64 +10.15™ (710 Hz) +6.59" (680 Hz) +3.977 (670 Hz) | VI(A)
(C,) =ca. 0.45 M (3) (45) (52) VII(A)
370”2 =2 22 22
ce . =0.9N o o
HC1 ’ +9.32° (109 Hz) +6.32° (102 Hz)
Solvent - (v/v 1:1) (3D) (45D)
, 3D 45D
HCl-Dioxane + D50
. _ . T
solution of 3 in |1 4 |- 644 +11.26" (720 Hz) +6.74" (660 Hz) +4.257 (665 mz)| VI(B)
1.06 mM Aqueous (28) (3) (45) (52) |
(c§)0==gg, 0.45 M |
: : : ;
solution of 3 - 4 120 48 +10.15" +6.59" +3.97" 'VII(B)
(c,) =ca. 0.45 M | (4.33) (3) (45) (52) |
é{ o -— e i —~ o~ o~
o = ! .
Cacy = 29N | 9.32° (109 Hz) 6.32° (102 Hz)
Solvent - (v/v 1:1)] (3D) (45D)
{ o~ P
HCl-Dioxane + DO | ‘

Broad !H decoupled |
Spectra ' ‘

v



TABLE IV (Continued)

+11.3" (720 Hz)
(3)
o~

. Pulse
Time (t0+ ) Para- b I
Composition — meters Signals (ppm * 0.1) from 85% H3POy and JPH * 10 Hz ' Plate
. A !
Day Hr Min ACO
i . 1 L

Solution of la 1 6 - -1.34 -2.35 | VII(C)

(Cla)o=_<_:_a__. 0.07M “(30) . 160 (ﬁl-é) (§_;'L/) ;
e (Predominant) (Predominant)
ce = 0.9 N i
HCl ) i !
Solvent - (v/v 1:1) +10.15" +6.59 +3.97 ;
HCl-Dioxane + D30 GD (éé) (25) E
(Weak) 1 ;
- Broad lH decoupled +6.32" (102 Hz)
Spectra (45D) .
+17.40" +16.3" 0.0" o
(40a)? (40a)? (39a)? ?
. r c c

Suspension of 1la; 15 3500 ~0.3 +17.9 ;VIII(A)
. ’“ (39a) (40a) i
7 —~= ;
17 mg in 3 mL of (Predominant) (Predominant) :
1.06 mM Hydro- n.s i
- ’ ;
chloric Acid® +11.3 (720 Hz) i

E@

1 3 130 | 3500° ~0.3° +17.9° | VITI(B)

(27.5)i (229) (40a) :

187




TABLE IV (Continued)

L Pulse
Time (to+ ) Para- b I
Composition Signals (ppm * 0.1) from 85% H3POy and J * 10 Hz Plate
Day| mHr IMin meters - “PH v
! ACQ
.
. | u c c
suspension of la; | 2 4 [ - 3500 -0.3 +17.9 VIII(C)
. (52) (39a) (40a)
17 mg in 3 mL of é (Weak) (Weak)
1.06 mM Hydro- | o h
. . P i +11.3" (720 Hz) 6.6 (660 Hz)
chloric Acid ! | (3) (éé)
(Predominant) (Weak)
. c c
Suspension of 5 216 +17.9 -0.3 IX(R)
Ester la 17 mg (40a) (39a)
in 3 mLq HpOP — -
X c c c
Suspension 65 36 +17.9 -0.3 -1.9 IX(B)
Described in IX A ‘ ’ (40a) (39a) (1a)
+ Large Excess (Predominant)
(ca. 100 mg) of
Ester lé
%
Suspension 1 15 36 +17.9° -0.3° -1.9° IX(C)
Described in IX A (1.25) (40a) (39a) (1la)
+ Large Excess (wéai) (WEEE) —

(ca. 300 mg) of
Ester /3‘}’

+11.3i (720 Hz)
(3)

. (Predominant)

4%



TABLE IV (Continued)

. Pulse
Time (to+ ) Para- b I
Composition ‘ meze:s Signals (ppm = 0.1) from 85% H3PO, and JPH * 10 Hz Plate
Day .Hr Min ACO
Solution of 1b 5 64 -1.92° X(a)
in Dioxane, (1b)
(C];P)o=c_a. 0.2 M
. c c c
Suspension of 1b 5 360 -1.92 +17.56 -0.65 X(B)
(ca. 17 mg in ' (1b) (40b) (39b)
3 mL of 1.00 mM - — = ”\’c
Hydrochloric 5 3200 -1.92 +17.56 -0.65 X(C)
Acid)P i (1b) (40b) (39b)
. —~ i — N
+11.35" (720 Hz)
; (;9
Solution of.ls 5 20 E -1.4° XI(A)
in Dioxane, i | (le)
: i ~
Ciglomca- 03 .
Suspension of 1c; | i 5| 32007 | -1.4° +18.12° 0.0° XI (B)
gg. 17 mg én i i (;S? (ﬁgg) Q}gg)
mk of 1.0 mM 11.53% (730 Hz)
Hydrochloric
. P (3)
Acid
(Weak)

37




TABLE IV (Continued)

%pulse parameters used were: Delay time (D5) between pulses = 15 sec and pulse width (P2) = 11.8 usec.

. e b . 4
ACQ denotes the number of acquisitions. § > 0 means downward from 85% H3PO4. cQulntet. For neat

liguid § = -2 * 1 upfield from 85% H3PO4, (see ref. 95). ®Total concentration of acid. fConcentration

of'Dzo added as internal lock was 16%. g'I‘riplet (arising from a first order coupling with 1H (3JPOCH )
2

which has a nuclear spin quantum number of %). hDoublet of triplet. lSinglet. jDoublet. For a

solution of Ey in water § = +5.4 ppm from 85% H3PO4 with IJPH = 683 Hz (see ref. 68). lTriplet (arising

from a first order coupling with 2D (IJPD) which has a nuclear spin quantum number of 1). Mpoublet of
quintet. “Without solvent, 3 has a reported § = 8.0 with IJPH = 687 Hz and there is a known downfield

shift in § and the coupling constant IJ has also been reported to increase in acidic solvents, (see ref.

p

PH

68 and 85). oTriplet of triplet. Proton external lock was used. 9peak area ratio 3:45:52 was

1:1.8:0.06 (65% reaction). rsignals_at +17.9 ppm (égg) and -0.3 ppm (;29) from 85% H3PO4 were symmetrical

and the peak area ratio was 1.17; peak area ratio for‘§5(39a + 40a) was 1:1.8 (35% reaction). SEnhance-
ment of the signal was observed by adding authentic sample 3. tPeak area ratiolgz(ggg + 40a) was 1:0.22
(82% reaction). uPeak area ratio 3:(39a + 40a):45 was 1:0.12:0.06 (90% reaction). vPeak area ratio

et o~ ~ ~~
40b/39b was 1.64 and the area ratio 3:(39b + 40b + 1lb) was 1:1.32 (43% reaction). wPeak area ratio
o~ N P~ ~ —~ A~ .
were 8-9 Hz in

JPOCH
all the appropriate compounds. See Scheme II for structures. Compounds 3D, 45D, and 52D are the corres-

400/39c was 0.31 and the area ratio 3:(39c + 40c + lc) was 1:8.04 (11% reaction).
7~~~ I~ NS o~ ~ R

ponding deuterated analogs of’g, ﬁé and ;3, respectively.

)7
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since addition of salt for buffering'action could possibly result in

2,56 In the presence of

a catalytic effect of anion of the added salt.
the added salt, any observed catalytic effect could also be the result
of either a general base-catalyzed reaction due to the buffer anion or

a specific acid-catalytic effect due to H30+. The two effects would be
difficult to differentiate.

Hydrolytic reaction of ig in water as well as in hydrochloric acid
solutions (pH = 2-4) was found to be pseudo first-order in the substrate
species. The pseudo first-order rate constants for the hydrolysis of
Eﬁ in aqueous and hydrochloric acid medium were evaluated by monitoring
the m>1* band. The optical absorption arising from the stoichiometric
amounts of 223 produced from‘lg was subtfacted from the experimentally
.measured absorbance (see Eq. 2, page 66). Figure 3 and 4 represent the
typical first order plots for the hydrolysis of ii in water and in
hydrochloric acid solutions (up to ca. 90% completion). Figure 3 also
summarizes the pH variation observed during the course of hydrolysis of
;3 in water in the absence of hydrochloric acid. (Please note the dif-
ference in the time scéle on the abscissa of Figures 3 and 4). Figure
5 indicates the concentration functions vs time plots corresponding to
zero, first, second and third order rate equations. The experimental
data are takenbfrom one of the typical runs carried out for the hydroly-
sis of 13 in aqueous hydrochloric acid at pH = 3.13 £ 0.03 and 25°C.

It is clear from Figure 5 that only the concentration function (¢l)
corresponding to pseudo first-order rate equation is ‘linear with time

whereas the concentration functions (¢0, ¢2 and ¢3) corresponding to

pseudo zero, second and third order reaction are not linear.



Figure 3. (@) Pseudo First-Order Plot for Hydrolysis of
Ester la in H,O at 25 £ 0.1l°C.
—~ 2
;g)o = 0.235 mM
(o) pH as a function of time.

(C
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Figure 4. Pseudo First-Order Plot for Hydrolysis of
Ester la in HCl at 25 % 0.1°C.

(C. ) = 0.235 mM

la‘o
C.7 (mM): (A) 0.106; (o) 0.265;
o1 : .106; .265;

(®) 0.530; (o) 0.795; (=) 1.060.
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Figure 5. Plot of Concentration Functions versus Time for
Zero, First, Second, and Third-Order fit for
the Hydrolysis of Ester la in Hydrochloric
Acid (pH = 3.13 * 0.03) at 25 * 0.1°C.

‘ -1 6
¢o = (C)t mol L x 10
2
¢l = (—8—Loge(C)t) % 10
, -1 2
¢2 = l/(C)t L mol x 10
¢3 = l/(C)i L2mol-2 X lO_6 [from data in

Tables XV and XX].
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Moreover, it is also clear from Figure 4 that the rates of hydroly-
sis of lglin acid solutions decreased sharply with increasing concentra-
tion éf acid [dloglokobs/d(pH) = 1.0 (Figure 6)]. 1In water in the
absence of any external acid, avhigher initial rate was observed during
the first 15-20% of the reaction (Figure 3) [for a discussion,kSee page

1. This could be due to the initial abrupt fall in pH observed
during this period of‘the reaction, after which a steady state was
attained (may be due to self protonation of the reactant). No such
higher initial rate was detected in acid solutions (Figure 4) in which
pH remained fairly steady (pH * 0.03). The product of the pseudo first-
ordef rate constant aﬁd CH30+ was found fo be reasonably constant |
8

[(L.2 + 0.1) x 10 = mol L_l sec—lj over the range of acid concentrations

used (up to pH = 3, see Table V and VI).

31P NMR spéctral analysis of solutions of lg.in the presence of a
large excess of hydrochloric acid (0.9 N) indicated formation of pro-
ducts arising from cleavage of phosphonyl ester group from both ls and
_ér(Table IV, Scheme IV). This observation imposed a limit of acid con-
centration (pH = 3) for effecting exclusive C-P bond éleavage without
side reactions. 1In Scheme IV (page 54), intermediates ﬁég and éig can
also undergo cleavage of C-P bond [like igfgl to give the corresponding
phosphonic acids‘ﬁg and 23. However, these steps would be slower due
to the greater possibility of H-bonding in 523 and 5la as compared to
is. 3lP NMR spectral analysis of a suspension (and solution) of }3 in
aqueous hydrochloric acid (pH = 3) indicated two distinct signals for
intermediates appearing at -0.3 ppm and 17.9 ppm from 85% H3PO4 [see

Table IV, Plates VIII(A), VIII(B) and VIII(C)]. The above signals have

been postulated to arise from a relatively stable péntavalent phosphorus



Figure 6. ILog ko (Pseudo First-Order Rate Constant for

bs
the Hydrolysis of Ester ;g in Aqueous HCl)
versus pH Plot at 25 * 0.1°C.
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PSEUDO FIRST-ORDER RATE CONSTANTS FOR THE .

TABLE V

HYDROLYSIS OF DIETHYL BENZOYLPHOSPHONATE

(la) IN AQUEOUS AND ACID MEDIA AT
TEMPERATURE OF 20-35.5°C AND

pH = 2.04-4.40

57

(c,.) mM ce mM Temp ‘

}\a/ © a HCL b kobs x 10° sec™! r2® Run
+ + 0.1°

((Cla)o)calc (pH * 0.03)° T * 0.1°C
0.235 10.00 30.0 0.380 0.998 1
(0.232) (2.04) (25.0) (0.214)
0.233 5.0 30.0 0.582. 0.998 2
(0.230) (2.33) (25.0) (0.333)
0.235 1.06 25.0 1.19 0.999 3
(0.233) (3.00)
0.233 0.795 25.0 1.57 0.999 4
(0.234) (3.13)
0.231 0.530 25.0 2.37 0.999 5
(0.231) (3.32)
0.235 0.265 25.0 4.31 0.999 6
(0.227) (3.60)
0.235 0.106 25.7 11.6 0.993 _ 7
(0.220) (3.94) (25.0) (10.8) :
0.186 0.50 25.0 2.67 0.998 8
(0.178) (3.34)
0.283 0.50 25.0 2.67 0.999 8
(0.269) (3.34)
0.246 HpO© 25.0 32.4 0.987 9
(0.182) (4.4)
0.231 D,0° 25.0 20.8 0.966 10
(0.187) (4.4)
0.235 0.265 20.0 2.15 0.999 11
(0.209) (3.60)
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TABLE V (Continued)

o
(€ ™ ot ™ Temp kK o ¥ 105 sec=! R®r2°®  Run
a + b + o
[(Cla)o)calc (pH % 0.03) T # 0.1°C

0.233 0.265 27.5 5.46 0.994 12
(0.218) (3.60)

0.235 0.265 32.5 9.30 0.999 13
(0.224) (3.60)

0.239 0.265 35.0 12.26 0.998 14
(0.207) (3.60)

0.231 Hy0" 30.0 44.0 0.986 15
(0.191) (4.4)

0.231 Hp0° 32.5 63.0 0.993 16
(0.191) (4.4)

0.233 Hp0° 35.5 97.0 0.997 17
(0.203) (4.4)

8Values in parentheses indicate those calculated from the least squares
line. bValues in parentheses are the experimental results. °R2 is the
least squares correlation coefficient defined by

RZ = [IxY - IxZ¥/n]l? / [2x% - (Ex)2/n] [1Y2 - (ZY)2Z/n]
where x = t and Y = —logé(C)t. dValue calculated for 25°C from the
Arrhenius equation using the experimental data obtained at higher
temperature (30°C for runs 1 and 2, and 25.7°C for run 7) and the
experimentally evaluated value of Aﬁt= 20 2 kcal mol~l. eNo external

acid added, the approximate average of the experimental pH = 4.4.
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TABLE VI

VALUES OF k C + FOR THE HYDROLYSIS OF
obs "H30

ESTER la IN AQUEOUS-HYDROCHLORIC
ACID SOLUTIONS AT 25°C AND
pH = 2.04-4.40

5 8
X X
(pH)average CH30+ kobs 10 6 + Logio kobs kobs CH30+ x 10
+0.03 (mM. ) sec™! (mol L'l'sec'l)
a b
2.04 9.120 0.214 0.3304 1.95
a b
2,33 4.677 0.333 0.5224 1.56
3.00 1.000 1.190 1.0755 1.19
3.13 0.7413 1.570 1.1959 1.16
3.32 0.4786 2.370 1.3747 - - 1.13
3.60 0.2512 4,310 1.6345 1.08
3.94 0.1148 10.74 2.0310 1.23
4.40 0.0398 32.10 2.5065 1.28
-1

k' = (1.18 + 0.07) x 10~8mol 1™t sec

obs kobsCH30+ -

aThese are values calculated for 25°C from experimental data at 30°C
using AH+ = 20 kcal mol~l. bThese values are much higher and were not
included in computing the average (see Discussion). The average value
of kébs calculated from the least square intercept in the Ed.:

= |l 3 . v =
1Og10kobs pH + 1oglokobs (derived from the Eg.: k (

obs kobsCH30+) was

found to be 1.15 x 10~8mol L’lsec“l;corresponding values of slope and
R? were: slope = 1.0006; R? = 0.996. Alternatively CH ot could be
3<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>