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CHAPTER I 

HISTORICAL 

Acylphosphonates 

Acylphosphonates are phosphorus esters in which two strongly elec-

tron-withdrawing groups (carbonyl and phosphonyl groups) are directly 

attached to each other as in 1. In these systems, unlike the carbon ,..., 

0 0 
It i 
C-P(0Rl2 

X 

I ,., 

analogs44 ·(the a-dicarbonyl compounds), the dihedral angle between the 

carbonyl and the phosphonyl groups is believed to be approximately 90° 

. 25 26 
~n the most stable conformer. ' Acylphosphonates also have consider-

able toxicity although the mode of biological activity is not fully 

understood. 58 Preliminary studies 94 on diethyl benzoylphosphonate (~) 

(X = H, R = Et) showed possible immunostimulation in cancer therapy in 

mice. 

Since 1972, when the literature on acylphosphonates was reviewed 

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

The first section of this review will cover the literature published 

1 



from 1972 to 1977, although a few earlier papers, not included by 

25 0 ho k 0 11 b 0 d Clark but pert1nent to t 1s wor , w1 e c1te . 

The Michaelis-Arbuzov rearrangement is still the most widely used 

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

+ :P (OR') 3 + R'Cl 

Arbuzov reaction and its development has been published. 72 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) 2P (OEt) (OCN) 2P (O)(CC12 ) C (0) P (0) (OR) 2 

+ + 

c1 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. 1 The R represented a long chain alkyl group while R' 

RC (0) P (O)(OR ') 2 + H20 
Dioxane 

RC02H + HP (O)(OR ') 2 

2 



3 

was Et (C2 II5 ), n-Bu (.!2_-C4 II9 ), and others. No mechanism was discussed, 

howover. 

.. 
Nucleophilic attack of NH3 on diethyl acylphosphonates was re-

84 
ported to yield (85-90%) the corresponding amide and diethyl hydrogen-

phosphonate (3). Reaction of EtOH with diethyl acylphosphonates, -
.. 

RC (0) P (O)(OEt)2 + NH3 

2 ....... 

------11 ... ~ RC(O)NH2 + HP(O){OEt)2 

3 ,._, 

RC(O)P(O)(OEt) 2 , in the presence of a basic catalyst or under the influ-

70 
ence of heat, was observed to yield 3 and ester 4 in which R = Me, 

,..., ,y 

i-Bu and Ph, etc.; the following mechanism was suggested: 

0 0 
II II 

(Et 0)2 P-C-R 

2 -
+ 

EtOH 

0 6" 
II I~ 

(Et0}2Ptr\ C-R 

I co+ y"" H OEt 

~ 
{Et0)2 P.(O)H 

3 

+ 

~ 

Interestingly, an unusual side reaction was noted70 in the case where 

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



0 0 

\1 !I 
(Et0)2 P- C- Me 

+ 

{Et0)2 P(O)H 

3 
r-' 

r- 0 OH 

I II I 
l(Et01 P C-. Me 

2 

5 
,-J 

0 

II 
(Et 0)2 P-·CHMe 

I 
O- P{0Et)2 

II 
0 

acetylphosphonate, the Russian workers70 were able to isolate ester 6, -
supposedly produced from phosphonate-phosphate rearrangement of the 

intermediate 5. 
,-..J 

4 

Several nucleophilic-type reactions involving dimethyl benzolyphos-

phonate and secondary amines in the presence of MgBr2 and with bromo­

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

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 a-hydroxybenzylphos-

phonate was formed. 

Synthesis of a-aminophosphonic acids has been accomplished by two 

4 13 15 . 
different groups of workers ' ' start1ng from the acylphosphonates. 



5 

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

H20-EtOH13 ' 15 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 corresponding phosphorimidate 10. 71 -
The structures of the products were confirmed from a study of the IR, 

1 31 
H NMR and P NMR spectra of the reaction mixture and also by chemical 

RC(O)P(0)(0Et)2 

2 
~ 

+ 

(Et0)2 P-NHR' 

7 ,....., 

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

?- 0 
+ T 

(Et0)2,- T -P(0Et)2 

R'HN R 
8 
,--' 

l 0 
+ - i 

(Et0)2 P- 0 - C- P(OEt)2 

R'H~ 9 ~ 
,-.J 

~ 0 
(Et0)2P-0-~- ~0Et)2 

II I 
R'N R 

10 
----



6 

degradation. The suggested mechanism included initial attack by the 

phosphorus atom in 7 on the carbonyl group in 2 to give a dipolar ion 8 
. ,.,., ,..., .,..,., 

which, on rearrangement, could give the second dipolar ion z. In _.2, 

migration of the proton on nitrogen (i.e., H on the NH group) to the 

electron-deficient carbon atom could occur to give product 10. The 
---71' 

authors also postulated that the phosphorus atom in~ could directly 

attack the electron-deficient oxygen atom of the carbonyl group in 2 to ,...., 

give 9. --
Reaction of acylphosphonates with diethyl phospho.risocyanatidite 

60 61 (11) has been reported ' to give a mixture of the three isomers 12, - ,.._., 
~' and ~ as evidenced by the TLC analysis and IR spectral dat~. In 

the proposed mechanism, formation of a dipolar ion by the initial 

attack of 11 on the acylphosphonate 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. 3 
Arbuzov reported ~hat diazomethane reacted with 

diethyl acetylphosphonate to yield mainly diethyl 1,2-epoxy-2-propyl-

phosphonate (15). Reaction of diazomethane with la has been re-,_, ___., 

d d 3 ' 62 . h 1 h h (16) . h' h . ( ) 62 cor e to g1ve p enacy p osp onate 1n 1g y1eld 90% • ,......, 

0 

II 
Me- C- Pl0)(0Et)2 

+ 

0 

1\ 
Me-C-CH 

I 2 

P(O)(OEt)2 
15 

,....; 



+ 
(Et0)2P,N C=O ,, ""­
R-C-0 

I 
P(O)(OEt)2 

0 Et 
II I 

EtO-P- N 
I "c=o 
0-C/ 

1"-R 
(Et0)2(0)P 

12 ....... 

+ 

or 

0 

II . 
EtO-P-N 

R C(O)P(0)(0Et)2 

2 -

+ 
(EtO) P-N =C = 0 

21 _ _; 
0-C 

I "'-R 
(Et0)2(0)P 

7 

or 

I ~C(OEt) 
o-c/ 

1"-R 
(Et0)2 (O)P 

(Et0)2P= N" 
I C=O 
0-C/ 

13 

I"R 
(Et0)2(o)p 

14 
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PhC (0) P (O)(OEt)2 
ether ~ 

--0-o-:-c-· --7~ PhC (0) CH2P (O)(OEt)2 

16 
,..-.J 

The mechanism is believed to proceed via an intermediate dipolar ion 

17a followed by migration of the dimethoxyphosphonyl group to the elec­
~ 

17: a. X = H, R ,.., EtO; b. X = ~-Cl, R 

16 

Me; c. X = £-MeO, R = Me. 

tron deficient methylene carbon atom. 
19 

Kost and co-workers further 

investigated the ease of migration of the diethoxyphosphonyl group or 

dimethoxyphosphonyl group as compared with the phenyl and certain sub-

stituted aryl groups (~-c1c6H4 and £-MeOC6H4 ) in ):2· It was discovered 

that the dialkoxyphosphonyl group migrated preferentially even when 

compared to the £-anisyl group in the intermediate dipolar ion 17. ,......, 
. 40 

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

on dialkyl acylphosphonates not only produced the compounds containing 

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

methoxy compound 19. The structure elucidation of 19 has not appeared. 
;-J ,...., 

CH2N2 
---.. ~- R(R I 0) p (0) CH2C (0) C6H4R"-£ 

18 -
18 ,..__ 

CH N 
2 2~ R(R'O)P(O)CH=C(OMe)C6H4R"-£ 

19 ,......, 
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R: MeO Ph MeO Me 

R': Me Me Me Me 

R": H H Me H 

Cycloaduition of ~-substituted, 2-phenylazirines 20a-c with the ___.. 

C=O group in la via irradiation (with a high pressure mercury lamp) of 
,.-...-

a solution of the two reactants in cyclohexane has been described. 39 

The product was identified as 21 based on spectral analysis .. ---

R 
Ph 0 0 

R' II T 
+ Ph-c-· - P(0Et)2 

20 
Ia ,......, 

,...--.; 

hv/Pyrex 
cyclohexane 

Ph Ph 

~r---+-- P(0Et}2 

N 0 

X 
21 ,..._, 

a: R = R 1 = Me; b: R = H, R' = Phl c: R = H, R' = Me. 



Takamizawa and co-workers89 developed a novel synthetic procedure 

for obtaining 1,3,4-oxadiazin-5-one derivatives 22 from 1,3,4-oxadia­,_, 

zolium salts 23 by reaction of the latter with acytphosphonates in ,....., 

10 

presence of triethylamine. Although the final product does not contain 

E:rb 
Bf4 

+ 
R1C(O)P(O)(OR1~2 Et~~ 

.... 
N-

R 
R 

22 
23 
,.--_,. 

,......___, 

the phosphorus moiety, an acyclic intermediate containing phosphorus 

was reported. A definite mechanism remains obscure, nevertheless. 

A general method for the acylation of 2-methylthiazolines 24 by ,__ 

reaction with acylphosphonates in presence of 1,5-diazabicyclo[5.4.0]-

undec-5-ene(DBU) has been discussed in the preparation of 32 different 

86 
compounds. Similar reactions of acylphosphonates with substituted 

2-methyl benzimidazolium salts have also been observed. 88 
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II 

R C6H4C(O)P{0)(0Et)2 

~ 
DBU 

R II 

R'~=CH-c---lc)'\R L£ g Y::!__/ 
R = Me, CH2Ph, etc., R' = H, Me; and R" = H, £_-F, £_-Cl, £_-Br, £_-Me, 

£_-OMe ~-Br, ~-Me, ~Me, o-OMe. 

Physical Properties and Molecular Structure 

A variety of acylphosphonates RC(O)P(OXOR') 2 , in which R =alkyl 

or aryl group and R' =Me, Et, ~-Pr, etc., have been synthesized. More-

over, physical and spectral characteristics of these esters have been 

l db th b th . thJ.'s lab t 12,14,15,17,26 db ana yze o y e group J.n ora ory an y 

h 54,56,74,81,92 
ot ers. 

. l 12 14 17 
On the basJ.s of IR and H NMR, ' ' and 

12,56,81,92 l 
UV spectra analysis on many dialkyl £_-substituted aroylphos-

phonates l (shown below), the following results and conclusions have 
,.v 

been evaluated for systems where X = H, ~F, £_-Cl, £_-Br, £_-Me, £_-!-Bu, 

~C(O)P(0)(0Etl2 
,.L 

£_-OMe; and R = Me, Et, ~Pr, ~-Bu, and alkyl groups. These compounds 

normally have two characteristics UV absorption bands: a) with 



12 

A = 258-295 nm and log E = 4.05-4.31 corresponding to an~* 
max max 

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

1.91-2.18 corresponding to an r&n* transition. Both n+n* and ~n* bands 

exhibit a bathochromic shift of 17 to 30 nm as compared to the corres-

pending substituted benzaldehydes. A linear correlation exists between 

A for the ~n* band and the Hammett o constant for the ~-substituted 
max 

benzoylphosphonates l with the following substituents on the arene ring -
(para) : 

92 
X = OMe, !-Bu, H, Cl and Br and R = Et · and (para) X 

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

56 
and o values for X(£)= OMe, Me, H, Brand Cl has been reported. 

H, Me, 

A )/A 
X H 

From 

the IR spectra of several aroylphosphonates l (X = ~' £-OMe, £-Cl, ~-Cl, ,...., 

~t-Bu, and R = Me; and X 
17 

~-OMe, and R = Et, i-Pr, and ~-Bu) , the 

-1 
C=O absorption was found to be in a low range (1639-1672 em ) as 

compared with that in the a-diketones (1710-1730 cm-1 ) 17 and the corres-

-1 17 
pending aryl aldehydes (1695-1715 em ) . 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 

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

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

RO" 

Model A 
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carbon atom of the carbonyl group. Assuming sp2-hybridization on oxy-

gen of the phosphonyl group, overlap of the type illustrated has been 

suggested to be maximum when P+O bond is perpendicular to the plane 

17 
composed of aryl ring, carbon, and phosphorus atom. 

Interestingly, the results of an extended Huckel calculation per-

26 
formed on model structures of acylphosphonates like Model B (in which 

0 0 

~ l 
c --P----H 

I "H 
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 included. This s·upports the postulation of 2 plT-3 dlf type 

interaction in acylphosphonates. Furthermore, computation of potential 

energy for the model system B as a function of the OPCO dihedral angle 

showed a minimum, when the dihedral angle was about goo even though the 

difference in the potential energy between the conformer with angle 

OPCO (8) = 0° or 180° and that conformer with angle 8 = goo was only 

of the order of 0.05-0.08 eV. 

Calculation of dipole moments for conformations 25a-d for various ,____, 

dihedral angles 8 were performed on several diisopropyl aroylphospho-

26 
nates. The following observations were made from such calculations. 

Different combinations of angle 8 and ester group orientations gave 



Conformation 25a Conformation 25b 
~ ' ,__,. 

Conformation 25c Conformation 25d .,..-.-

Conformations 25a-d for Diisopropyl Aroylphosphonate -

14 
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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 8 is apparently much more significant compared to the dependence 

upon the ester group orientation. The best match of the experimental 

data (~ ranges from 2.53 D to 3.20 D for most of the aroylphospho-
exp 

nates) was obtained26 by considering different conformers all of which 

had a dihedral angle of approximately 90°. 26 Examination of 1 H NMR and 

31P NMR spectra of several disopropyl aroylphosphonates at variable 

temperatures indicated the presence of several rotational 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. 

Dihedral 
Angle ( 8) 

0.0 

45.0 

90.0 

135.0 

180 

TABLE I 

CALCULATED DIPOLE MOMENTS (DEBYE UNITS) FOR 
DIISOPROPYL AROYLPHOSPHONATEs25 

Conformation Conformation Conformation Conformation 
25a 25b 25c 25d -- ,___ __. -

3.56 5.15 6.78 5.08 

3.37 4.47 6.31 4.70 

2.88 3.15 5.02 3.64 

2.29 1.50 3.24 2.09 

1.99 1.19 2.10 0.82 

a 
Free rotation of isopropyl groups is assumed. 

a 
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54 1 . A group of Russian workers calculated the conformer popu at~on 

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 assumed a OPCO dihedral angle of 8=0° 

for syn 26a and 8 = 180° for anti conformer 26c. 

X 

26a 26b 26c - ---- ,.,--.... 

6 6 = 90° 6 = 180° 

R = OEt, R' 

and o-Cl. 

Considering as a specific example compound ~· a calculated value deter-

mined was Jl syn 4.51 D and Jlanti = 0.50 D compared to Jlexp = 2.76 D. 

From the above values of dipole moments, the conformer ratio could be 

calculated to be 63% trans- and 37% syn-confo"rmer. For the conforma-

tion 26b in which the dihedral angle e = 90°, ]1. 1 for la should have a ,_ . ca .,..._ 

value between 0.50 D (Jl t.) and 4.51 D (Jl ). On the basis of dipole an 1. syn 

moment studies on ~ and other £-Substituted acylphosphonates, the 

Russian authors54 postulated the existence of a flat arrangement of the 

C(O)-P(O) group rather than an orthogonal arrangement. However, no NMR 

or any other type of analysis was performed to verify this hypothesis. 

l 31 
Examination of both H and P NMR spectra of la-c (compounds used in ......-



la, X H; 
~ 

X 

@-c{O)P(0)(0Et)2 
la-c ,.....__, 

lb, X 
'"'-' 

E_-Cl; lc, 
.......... 

17 

X => E_-Me 

this work) showed only the expected 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 spectra for dimethyl acetylphosphonate 

and diethyl acetylphosphonate (with and without solvent) revealed a 

doublet for the C~O stretching frequency (1700, 1710 cm-1 ). 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 

observed in the case of~· From these results, it w.as tentatively con-

eluded that in both dimethyl and diethyl acetylphosphonates a dynamic 

equilibrium existed between at least two rotational isomers74 at room 

temperature. 
1 31 

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=O group 

probably participates in bonding with the 3-d orbitals of the phosphorus 

63 
atom as represented by Model C • 

R'- F --:P(O)(OR)2 

0 

Model C 
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Polarographic studies on reduction of dialkyl aroylphosphonates 

. 16,79 
have been reported by two different groups of workers. The elec-

tron transfer process appears to proceed via acceptance of the first 

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

. 16 
phonate, a p value of +4.7 for the E112 was observed. 

Hydrolytic Reaction and Kinetic Studies 

l 
Ackerman and co-workers noted that the acylphosphonates shown 

below underwent hydrolysis in dioxane-water mixture. They determined 

that the rate 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 1 )2 

put forth, however. Fifteen years later, a detailed kinetic study 

56 
appeared focused upon the general base-catalyzed hydrolysis reaction 

of the following three £-substituted aroylphosphonates (la-c). --
x-@-c(O)P(O)(OEt)2 

la-c --.._,. 

+ 

a. X = H; b. X Cl; and c. X = Me 

+ 

H P ( O)(OE t)2 
3 ,_-
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The reaction rates were measured by monitoring the disappearance of the 

n~* band (near 367 nm) of solution of ester la-c in dioxane-phosphate ____. 

buffer (HPO~/H2P04) medium. The results and conclusions are summarized 

below. 

The reaction was found to be pseudo first-order in la-c in the pH --
range (5-8) studied. Also, general base-catalysis [catalyzed by the 

HPO~ (present in solution as a part of the buffer)] was observed, i.e., 

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

upon the concentration of HP04. 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 deter­

mined ~Hf and ~s+ values were 12.4 kcalmol-l and -35 eu, respectively, 
( 

for the hydrolysis of la 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 1:3 dioxane-buffer medium. Two 

alternative mechanisms were proposed on the basis of the above results 

56 2 
(Scheme I and Scheme II ) . In scheme I, the base participates as a 

nucleophilic catalyst. In the alternative mechanism according to 

Scheme II, the reaction is considered a general base-catalyzed reaction 

in which H2o molecules directly participate in forming the transition 

state 31 in a termolecular rate-determining (r.d.) step. As a means of ,.._ 

. h h . ' 2 ( test1ng t e two mec an1sms, react1on rates were measured as reported 

2 
in a subsequent paper) in two different buffers (imidazole and phos-

phate) which had nearly the same basicity (pk = 6.95 and 7.21, re­
a 

spectively, at 25°C) but quite different nucleophilic properties. 2 

The reported values of kHPo= and kim were : 
4 

-2 -1 -1 
8.0 x 10 L mol sec ' 



SCHEME I 

. H r 
P-X-C6H4E- P(OEt)2 

1 .,... 
+ 

B 

---~ 
slow 

28 

}ast 
R e-x-C6 H4~ + 

8 

29 ..--.-

e-x-c6H4co2H + OH 

27 
,.-...J 

20 

ft 'f /OH 
---. c6 H5C-O-~\ + NaP(O){OEt)2 

ONa 

30 
~ 

-----~~ C6H5co2H + NaH2P04 
27a ,_., 

where 8-= OHorHP04; and 1.a. X=H,b.X::Cf.c.X=Me. 
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ScHEME II 

Jl 
X~~-- ~-r(OEt)2 
Y0 be+ . 

/ ...... , o-
--H H-- -B 

31 ,......, 

fast 

27 -



-2 -1 -1 
and 7.2 x 10 L mol sec , 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= I 
HP 4 

= 1.5 at pH = 7 at 20°C and in vlv 1:4 dioxane buffer medium. 

The low solvent isotopic effect and the kinetic results re-

2 56 
ported ' for the base-catalyzed hydrolysis of la could be better 

~ 

explained by a modified structure for the transition state. In the 

22 

modified mechanism, la is assumed to form an unstable cyclic intermedi-,..., 

ate ~ with one molecule of H2o and one molecule of the base in the r.d. 

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 la in phosphate buffer 
~ 

HPO~ I H2Po4 (Na salt) in aqueous medium [where HPO~ (Na salt) would act 

as a general base], the intermediate benzoylphosphate ~would be a 

relatively stable species. The half life for the hydrolysis of 30 (to ,..., 
benzoic acid and phosphate salt) in aqueous buffer at pH= 7.4 at 37°C 

was reported elsewhere as 270 min. 24 , 75 The electronic spectra of 30 ,.._-

and benzoic acid (27a) in identical aqueous phosphate buffer media have ___. 
75 

also been reported to be different. The absorbance of 19 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 la in aqueous -..-

phosphate buffer might show an absorbance corresponding to the inter­

mediate 29· Absorbance of J9 would be predictably higher75 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 30+27a. However, irrespective of the relative rates for the steps 
~---

la~30 and 30+27a, the overall rate of the reaction la~27a cannot be ,- ,.._, ~ ~ ,....._, .,...._, 

greater than the rate of the reaction 30+27a if 30 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 30, for a buffered ,.....-

(with HPO~/H2P04) aqueous solution of 3:,e with ca. t 112 :S 270 min (half 

life for 30) at pH = 7 at 25°C. The UV spectra of an aqueous solution ,_, . 

of lain phosphate buffer [(C) = 1.32 mM] at pH= 7 at 25°C were 
- 0 

examined [in the region 250-300 nm covering the A for both 27a and 
max ,--

30, i.e., 273 nm and 275 nm, respectively] from t + 5 min tot + 12 hr 
- 0 0 

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 (27a) from la 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 

. 6, 7, 8, 31 h . f . k h . bel1eved · that ydrat1on o react1ve etones or alde ydes 1nvolve 

2-3 equivalents of water. In 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 

8 
the following type was suggested to occur in the r.d. step. In the 

H H 
~ H-rl 0· 

/ 
R2C 

r \ 0-H· ·0 

" 33 H .,...__ 

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.7,' 8 

Another reaction which is parallel to the work to be outlined in 

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

of ~-benzoyl imidazole. From a detailed analysis57 of the kinetics 

for the above reaction, the observed pseudo first-order rate constants 

were fitted to a six parameter equation. The following transition 

57,69 
states were proposed for that phase of the reaction which is 

independent of the buffer. If the best features of both transition 
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r rr H 0- - - H- - o--H 

I 
Ar-c- --o---H---0-H Ar-I o+ 

lm 

34a ,..------

L 
I 
lm 

o­
-OH 

34b ,--._.... 

o+ 

states ~and }4b are combined, an intermediate in the hydrolysis of 

la (in the absence of buffer) can be envisioned as 35a (Scheme III). 
,....._- ~ 

Structure 35a is reminiscent of that postulated for the hydration of 
/""--/ 

1,3-dichloroacetone. 8 Scheme III would be a reasonable pathway for the 

hydrolysis of la in water. As a test for the validity of Scheme III, 
~ 

reaction rates for hydrolysis of la 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 

. . 'd 17,91 
react~on ~n ac~ • However, no kinetic data have been reported. A 

brief review on various possible methods for a systematic kinetic study 

for the hydrolysis of la in aqueous solution will now be considered. 
,...._/ 

Since the product of hydrolysis is a carboxylic and, the total acid 

concentration could be monitored as a function of time to follow the 

reaction kinetics. However, since the solubility of la in water is ex-,.._. 

tremely small (0.2 g per liter at 25°C) , 22 conventional acidimetry would 

not be sensitive enough in aqueous solution of la. 

As an alternative, an aqueous solution of la 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 



ScHEME III 

0 ~ H 
l 0--·· .. -H-6 

(Et0)2 p~ I l 
.,~c\ 1 

(a. 

Ar o-H--0 

35 ( n: 3) 
(Intemediate) 

fast t k2 

( Et0)2 PO H 

31 -
~~ 

( Et0)2P(O) H 

3 _, 

\ 
H 

+ 

Ar; C6 H5; b. Ar = 

26 

or 

ArC02H.(.H20) n _1 

~~ 
Arco2H (n-1)H20 

27 -
p-CIC6H4; c .. Ar = p-MeC6H4;) 
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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 

. 70 93 . 
la ~ 3 + 27a since side reactions ' could occur on the column at ,...._ ,....._, ---
elevated temperature. 

16 79 
Polarographic analysis on solutions of la has been reported ' ,...., 

and could be used as an analytical tool for following the kinetics of 

hydrolysis of la. However, polarographic methods of analysis would ,.._ 

require the presence of supporting electrolytes and the presence of 

supporting electrolytes could affect the rate of hydrolysis by acting 

2 56 
as a general base. ' 

' ' f 31 MR ' l . l . ld ' 11 . Exam1nat1on o P N s1gna s 1n so ut1on wou potent1a y g1ve 

very valuable information regarding the nature of the intermediates • 

. The method itself, however, may not be applicable for obtaining accurate 

rate data for hydrolysis of la. The solubility of la in water is ex-
r-- ~ 

31 tremely low but the high natural abundance of P would probably permit 

h b b . d l . h 34 . h . t e spectra to e o ta1ne on y 1n t e F.T. mode w1t puls1ng 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 of la. The ,..._, 

data on Table II and III (see also Discussion section) clearly indicate 

that the ~~~* band for Ia at A ,.......- max 268 nm is sensitive enough (log e = 

3.64) for monitoring the changes in concentrations of the absorbing 

species in aqueous solutions of la. The alternative n~* band is not ,....._, 

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

be obtain~le in aqueous medium. 



Compound 

la -
la -
la 
---
la -
la ........, 

27a 
,-.J 

TABLE II 

ULTRAVIOLET ABSORPTION DATA FOR DIETHYL BENZOYLPHOSPHONATE (la) AND FOR BENZOIC ACID (27a) 

A 

Solvent n-+n* 

Hexane 379 

b 
(1.91) . 

Dioxane 377 
(1.95)b 

367 
(l.85)b 

l:l v/v 
Water-dioxane 

Water d 

Aqueous d 
HCl (0. 53mM) 

Water 273 
(2.93) 

(nm) 
max 
(Log E) 

,.-..J -

1f-+1f* 

258 

(4.lO)b 

261 
(4 .ll)b 

265 
(3.97)b 

268 
(3.64)c 

268 
(3.74)c 

n-+n* 

378 
(l. 89) 
379 
(1.92) 

377 
(l. 82) 

367 
(l. 85) 

273 
(2. 93) 

Literature a 
A (nm) 
max 
(Log E) 

1f-+TI* 

257 
(4.02) 
258 
(4.05) 

261 
(4. 33) 

265 
(3.88) 

a b c 
dsee references 50 and 56. Slow decay with time was observed. Values obtained by extrapolation. 
Concentration in saturated aqueous solution was so small that the n-+1r* band was not sensitive 

enough for an accurate determination of A and e. 



TABLE III 

EXPERIMENTAL VALUES OF MOLAR ABSORPTIVITY (£) IN AQUEOUS 
AND HYDROCHLORIC ACID SOLUTIONS OF la AND 27a ,....... ,......_, 

-1 -1 
£ (M em ) * for 

a 
Solvent (Ela) £27a 

_.....- t-+o ,..._, 

Water 4350 ± 140 800 ± 

aq. Hydrochloric acid (0.106 mM) 5230 ± 25 810 ± 

aq. Hydrochloric acid (0.265 mM) 5425 ± 25 815 ± 

aq. Hydrochloric acid (0.530 mM) 5530 ± 35 880 ± 

aq. Hydrochloric acid (0. 795 mM) 5500 ± 25 875 ± 

aq. Hydrochloric acid (1. 06 mM) 5410 ± 10 855 ± 

aq. Hydrochloric acid (5.0 mM) 5350 ± 20 840 ± 

aq. Hydrochloric acid (10.0 mM) 5355 ± 25 880 ± 

Temp = 25 ± O.l°C 1- = 268 nm 

29 

20 

10 

10 

50 

10 

5 

10 

10 

*M-1 ~1 -1 -1 a 
em = mol L em Values reported are from the least squares 

slope computed from the experimental values of concentration (C) and 
absorbance (A) without including the origi"n point (0,0) in the computa­
tion. The slopes were also determined by including the origin (0,0) in 
the computation. The deviation in £_2.1a reported in this Table .repre­
sents the difference between the evaTUated slopes. The average devia­
tion for Efol§. evaluated from the experimentally measured absorbance was 
found to be ~%. This average value has been used for the computation 
of the error in k b in a model calculation illustrated on page 181. 

0 s . 



30 

The technique of high pressure liquid chromatography (HPLC) 

coupled with a sensitive detecting device such as fluorescence spectra-

38 scopy could possibly be a valuable tool in analyzing 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 

. . 'labl 52 
~nterest ~s ava~ e. In preliminary experiments, 94 L-1210 Leukemia 

ascites tumor cells were treated with compound la, and then injected 
,-.J 

into C57BL6 mice over a three week immunization period. One week later, 

the mice were challenged with viable L-1210 cells. The group which had 

been immunized with the 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 (BDF1 strain) which had been 

infected with the L-1210 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 

solution of la. ,..._, These suspensions of the ascites tumor cells were rein-

jected back into two new groups of 10 mice each of the same type as 

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

. 6 
period (0.1 ml per injection at 3 x 10 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 saline) was injected into the peri-

toneal cavity. Compared to the control (rio injections of tumor cells 

or of solutions of la), the group of mice with ascites cells previously 
~ 

treated with 10-3M of~ lived for 14.5 days while the group which had 

been treated with 10-4M of la 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 group which lived 16.7 days had two survivors which 

lived another 37 days before a new challenge of 5 x 107 viable ascites 

tumor cells (suspension as before) were injected at one time. Compared 

to two other mice which were used as controls (no previous immunization 

or any type of injections), these two survivors lived another 10 days 

(the two control mice lived only 5 days). 

On the basis of the available information from the litera-

58,87,88,89 
ture, various modes of biological action of la in solution 

are conceivable, such as by direct attack of la 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 

la in solution and is particularly reasonable in a system such as 
~ 

follows: 



32 

r 
p~ p' ,,OH 

c 0 c' o}M 
I M or I 

I HO-p 0 p/ 0 

I 
~ ''OEt J "'OEt 

I OEt 
L 

OEt 
I -n 1-- n 

n = 2 or 3 

This has not been experimentally checked, however. The observation 

that la .almost instantaneously undergoes C-P bond cleavage in aqueous ,...... 

solution in the presence of phosphate buffer at pH = 7 to give benzoic 

acid (27a) and diethyl hydrogenphosphonate (3) is suggestive that la -- - ,.._, 
may act as a powerful acylation agent in vivo. 

99 
It has been reported in the literature that diphenyl hydrogen-

phosphonate ()§) 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~ produced from )..9. in vivo. 

The following mechanism has been proposed for the reaction of 38 
r-.J 

by three alternative paths where R' is an amino acid residue. Similar 

reactions can be envisioned involving 3 although EtO is a much inferior ........-

leaving group compared to PhO • 
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ft 
HP(OPh)2 

38 
-.J 

+ 

II 

R'CNHR 
- II 

0 



CHAPTER II 

RESULTS AND DISCUSSION 

The spontaneous uncatalyzed hydrolysis of la in aqueous solution 

PhC (0) P (O)(OEt)2 

la ,....... 

+ 

,....... 

____ __,.._~ PhC02H 

27a 
~ 

+ HP (O)(OEt)2 

3 
""' 

and in presence of externally added hydrochloric acid has been examined 

by monitoring the ~+~* transition band at A = 268 nm, this band being 

more sensitive than then~* band2 ' 56 (Table II, Figure I). Also since 

22 
la was very slightly soluble in water (0.2 g/L), then+~* band could 

,..-..J 

not be used, in our opinion, for monitoring changes in absorbance for 

such small concentrations (0.2-0.3 roM) employed for reasons stated in 

the Historical. The effect of UV radiation during the measurement was 

93 
checked in view of the reported trimerization of la and was found to 

,-...J 

be negligible in aqueous solution in the concentration range studied. 

Quantitative formation of benzoic acid 27a from la was observed at ,.._ -
completion of the reaction by UV analysis and using standard solutions 

of 27a (Figure 2). The other product was identified as diethyl hydro­-
genphosphonate (3) from 31P NMR speptrql apalysis (Table IV). 

;"W 

The rates of hydrolysis of la in hydrochloric acid (pH 2-4) were - + measured with a view to screen for any catalytic effect by H3o , if an 

53 
AAcl or an AAc2 type of mechanism was operating with the P(O) (0Et) 2 

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

34 



Figure 1. uv Spectra of Diethyl Benzoylphosphonate (la) 
,-..J 

in Different Solvents. 

( ---) dioxane 

(···) v/v 1:1 water-dioxane 

~·-·) aqueous hydrochloric acid pH ~ 2.04 
t + 4 hr 

0 

(-) water pH ::: 4. 5, t + 3 min (see Table II). 
0 



w 
0 ,...... 

C!) 
0 
_J 

~0~----~----._----~----~----~----~ 200 220 240 260 280 300 320 

WAVELENGTH (nm) 

w 
0 ,...... 

C!) 
0 
_J 

4.0 

3.0~ 

2.o~·\ ___ .....--.., 
•, ,.~~········· .......... ,, 

I ·.• -;-' ... ' 
I ·····;, \ 
\ / ' ·\ / ·. \ 

'~ \ ' \ 
\ ·. \ 

\ 

1.0~----~-----~·-----L----~~---'~ 
320 340 360 380 400 420 

WAVELENGTH (nm) 



Figure 2. UV Spectra of an Aqueous Solution (0.235 mM) of 
Diethyl Benzoylphosphonate (la) at Different 

~ 

Time Intervals and an Aqueous Solution 
(0.237 mM) of Benzoic Acid (27a) at 27°C. 

~ 

1) ca. 0.25 half life 

2) ca. 0.70 half life 

3) ca. 1.8 half life 

4) ca. 10 half life 

5) (•) benzoic acid 
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I 

I 
Time (t + ) Pulse 

I 
Composition 

0 Para-
' 

I Min 
meters 

Day Hr 
ACQ i 

Solution of la in 
I --Dioxane, I 5 40 

(C19.) = ca. 0.2 M I 0 - I 

Solution of la i45 200 .,......, 
' (C ) = 0.0235 M i la o 

C0 ,......_. = 0 9 Ne ' 
HCl . 9 i45 200 

f 
Solvent (v/v 1:1) (9. 75) 

HCl-Dioxane + DzO 

i 
l 

16 !45 200 
(16.75)i 

I 
I 

I I 

TABLE IV 

3lp NMR SPECTRAL DATA 

a . 1 b S1.gna s (ppm ± 0 .1) 

-1. 72c,d 

(la) 
~ 

_:1.2c 

(la) 
/~ 

-1.2c 
(la) 

------

-1.2c 
(la)_ 
,....,-

from 85% H3P04 

-2.3g 
(43a) 
~ 

+6.5 
h 

(680 Hz) 
(42) 

-2.3g 
(43a} 
r-----

+6.5 
h 

(680 Hz) 
(45) 

and IJPH ± 10 Hz 

! 

Plate 

I 

II (A) 

II (B) 

w 
\.0 



TABLE IV (Continued) 

l 

I Plate 
Time (t + ) Pulse j 

Composition 
0 Para- ·! . b (ppm ± 0.1) from 85% H3P04 and 

I ± 10 Hz ! t a SJ.gnals JPH 
Day! Hr Min 

me ers 
ACQ 

' 
-1.21 c -2.39 -2.9i Solution of ~ ' l 5 160 II (C) -: 

Cc1 ) =ca. 0.07 M! (29.0) (la) (43a) (5la) 
a o- I 

,......_ ,....._ ,...__, 
~ e 

C0 = 0.9 N I h 
(680 Hz) +4.0j,k(680 Hz) HCl f ! +6.5 

Solvent -(v/v. l: l)i (45) (52) 
I 

......., -
HCl-Dioxane + DzO: ' 0.0 (weak) +16.3 (weak) 

i 

I (39a)? (40a)? ,....._, ,..,...__ 

Solution of la 5 23 115 200 --- -2.39 -2.9i III (A) -(Cl ) = 0.0235 M (143.25)1 . (43a) (5la) 
a o .-_, ~ ......... e ; 

+4.0j,k(670 C~Cl = 0.9 N h 
t +6.5 (680 Hz) Hz) 

f 
Solvent -(v/v 1:1) ! (45) (52) 

I 
~ 

........, 
HCl..;.Dioxane + DzO I 

+3.7 
1 

(100 Hz) 
(52D) 
.r---' 

14 23 - 200 --- -2.39 -2.9i III (B) 

(359.0) (43a) (5la) -- ,.._, 
+4. oj 'k ( 6 7o· Hz) 
(52) --
+3.7 

l 
(100 Hz) 

(52D) ,........__, 



TABLE IV (Continued) 

I 
! 

Time (t + ) 
Pulse 

Composition 
0 Para- . 1 b (ppm ±. 0.1) from 85% H3Po4 and IJPH ± 10Hz Plate 

I ! I meters 
a S1.gna s 

/Day! Hr \Min .. ACQ .. 

Solution of !e 59 22 30 200 
I 

-2.9i III (C) --- ---
(C ) = 0.0235 M (1439.5) (5la) 
. ~ o e ~ 

C~Cl = 0.9 N --- +4. oj ,k (670Hz) 

Solventf-(v/v 1:1)1 ! (52) 
I 

,....._ 
I 

I 
I 

HCl-Dioxane + D20 i 1 
(100 Hz) I i +3.7 

I 
I ~ (52D) 

i I ---! 
! 

I 
I +11. 25m,n (720 Solution of ].. in 1_ - 5 I 40 Hz) IV 

D20, and Trace 

I 
I (3) 

of HCl I ! 
,.-..-

(C3 ) =ca. 0.2 M I I I 0-,.._. 
I 

t ! I 
Solution of 3 i 

I 140 i 
-... 

I i (C3 ) =ca. 0.2 M I I 0-
+9.97m h - 1- i - 5 (710 Hz) +6.49 (680 Hz) V(A) 

C0 HC1"' 0.9 N, I (3) (45) 
i ,..._,_, ........... 

Solvent-(v/v 1:1) 151 - - 80 ! +4.0j (680Hz) V(B) 
HCl-Dioxane + o2o i (360.0) I ! (52) I I ,.......,. 

I ' I . 1 I +3.7 (100 Hz) 
i 

: 
(52D) 
~ 



I Time (t + 
0 

Composition 
ray Hr Min 

Solution of ), 
(C3 ) =ca. 0.45 M 

0-
"'"" e 

C~Cl = 0.9 N , 
f I 

Solvent - (v/v 1:1)1 

HCl-Dioxane + D20 

Solution of 1_ in ·1 
1.06 rnM Aqueous 
HClP 
(C3 ) =ca. 0.45 M' 

I ,.....o-

Solution of 3 ,..., 
! 
I-
I 

(c3 ) =ca. 0.45 M : 
0-,._ e 

C~Cl = 0.9 N 
f 

Solvent -(v/v 1:1) 

HCl-Dioxane + D20 
Broad lH decoupled 
Spectra 

4 

4 
(28) 

4 
(4. 33) 

I 
I 

I 
I ,-
1 

20 

TABLE IV (Continued) 

Pulse I 
Para- . .. b 

a . S1gnals meters 
I 

(ppm ± 0.1) from 85% H3P04 and JPH ± 10 Hz Plate 

ACQ 

64 

i 
I 

+l0.15m (710 HZ) 

Q) 

+9.32° (109 Hz) 
(3D) ,__ 

+11. 26m (720 Hz) 
(3) ,...., 

+10.15i 
(3) 

9. 32° (109 Hz) 
(3D) ,....._, 

h 
+6.59 (680 Hz) 

(45) 
,.--.-

+6.32° (102Hz) 
(45D) ,..--

+6.74h (660Hz) 
(45) 
~ 

i +6.59 
(45) 

6.32° (102Hz) 
(45D) ---

+3.97j (670Hz) 1 VI(A) 
(52) VII(A) _,.._. 

+4.25j (665Hz) VI(B) 
(52) .--...-

+3.97i 
(52) .,........, 

! 
! 
'VII(B) 
i 



TABLE IV (Continued) 

Time (t + ) 
Pulse 

. 1 b 
I 

Composition 
0. Para-

(ppm ± 0.1) from 85% H3P04 and 
I ± 10 ·Plate a S1gna s JPH Hz 

Day Hr jMin 
meters I 

ACQ ! 
! l 

Solution of la 1 6 - -1. 34i -2.35i VII (C) 
(c1 ) =ca. 0.07 M (30) 160 (43) <?.1> a o- l (Pred~inant) C0 = 0 9 Ne (Predominant) 
HCl • 

+6.59i +3.97i ! f +10.15 .... Solvent -(v/v 1:1) 
I ! 

I 

(,1) (45) (52) 
HCl-Dioxane + 020 

(Weak) 
_..... ,...... 

+6.321 
' 

· Broad 1 H de coupled 
I 

(102 Hz) 
Spectra (45D) i 

! 
I i i o.oi 

! 
I +17. 40 +16.3 l ' 

(40a)? (40a)? (39a)? i 

l ,......._, .,.-....._ ,....._. ' 

I 
3500r -0. 3c +17.9c Suspension of 1a; 115 I 

1 VIII (A) ,........ 
I I ( 39a) (40a) 

I 
i 

17 mg in 3 mL of i 

I I (Pred~nant) (PredOrnrnant) i 

1.06 mM Hydro- I ' 
I i 

I I +ll.3m,s(720 
; 

ch1oric Acidp ' I Hz) 
I I (3) 

; 
I 

I i -
130 3500t -0.3c +17.9c 

: 

I 1 3 
I 

: VIII (B) 

I 
(27.5) i (39a) (40a) i ..--- -----! I 

I : +11. 3m (720 Hz) 

I 
! 
i (3) 
' ~ 



TABLE IV (Continued) 

Time (t + ) 
Pulse 

-- 0 Para- . b I 
Composition 

1 . 
a S1gnals (ppm ± 0.1) from 85% H3P04 and JPH ± 10 Hz Plate 

Day Hr Min 
meters 

I ACQ 
I 

r 

Suspension of la; 2 4 - 3500u -0.3c +17.9c VIII (C) 
;-..-

(52) (39a) (40a) 
17 mg in 3 mL of 

(Weak) (Weak) 

1. 06 mM Hydro-
+11.3m 6.6h 

chloric Acidp 
(720 Hz) (660 Hz) 

( 3) (45) - _,....., 
(Predominant) (Weak) 

+17.9c -0.3c 
I 

Suspension of 5 216 I IX (A) 
Ester ~ 17 mg (40a) (39a) 
in 3 mLq H2oP 

..---.. ------
' 

Suspension 65 36 I +17.9c -0.3c -1.9c IX(B) 
Described in IX A I (40a) (39a) .- (la) I 

........_ -..._... 
(Pred(;;rinant) 

i 
+ Large Excess I 

I 
(~. 100 mg) of I 

Ester 1a 
i 

""'- I 

I 

Suspension 1 15 36 +17.9c -0.3c -1.9c IX(C) 
Described in IX A (1.25) (40a) (39a) (la) 
+ Large Excess (wecik) (W~) 

.......__ 
I 

(ca. 300 mg) of +11. 3i (720 Hz) Ester 3 ,..... (3) 
(Predominant) 



TABLE IV (Continued) 

Time (t + ) Pulse 

Composition 0 . Para- . 1 b (ppm ± 0.1) from 85% H3Po4 and IJ ± 10 Hz Plate a S1gna s 
Day Hr Min 

meters PH 
ACQ 

Solution of lb 5 64 -.1. 92c X (A) 
in Dioxane, 

~ 

(lb) 

(C!P) o = ~· 0.2 M 
,..._..-

Suspension of !e 5 360 -l. 92c +17.56c -0.65c X(B) 
(ca. 17 mg in I (lb) (40b) (39b) I I 

3 mL of l.OO roM 
~ ~ ---

Hydrochloric 5 3200v -l. 92c +17.56 -0.65c I X(C) 
Acid)P (lb) (40b) (39b) I 

I /'V' • ~ /'--./ 

I I 
+ll. 351 (720 Hz) 

I ( 3) 
' i ,....., I 

Solution of lc 
f 

5 20 I -1.4c XI (A) 
in Dioxane, 

........., 
(lc) 

(c1 ) =ca. 0. 3M 
! 

"'"" 
c 0 -

I .-----

Suspension of lc~ i 5 3200w -1.4c +18.12c o.oc XI(B) 
17 mg in 

rv I (lc) (40c) (39c) ~- ' 
3 mL of l.O roM 

,........ ,....,.__ --
Hydrochloric 

ll.53i (730 Hz) 

AcidP <]) 
(Weak) 



TABLE IV (Continued) 

a 
Pulse parameters used were: Delay time (D5) between pulses = 15 sec and pulse width (P2) = 11.8 'f.lsec. 

b c d . 
ACQ denotes the number of acquisitions. o > 0 means downward from 85% H3Po4 • Quintet. For neat 

1 · · d "" 2 + 1 f · ld f 8 5% 0 ( f 9 5) e t 1 t · f · d f · ~qu~ u = - - up ~e rom H3P 4 , see re • . To a concen rat~on o ac~ . Concentrat~on 

of D2o added as internal lock was 16%. gTriplet (arising from a first order coupli~g with 1H (~JPOCH2 ) 
which has a nuclear spin quantum number of~). hDoublet of triplet. isinglet. ]Doublet. For a 

solution of ~ in water 0 = +5.4 ppm from 85% H3Po4 with IJPH = 683 Hz (see ref. 68). 1Triplet (arising 

from a first order coupling with 2D (IJPD) which has a nuclear spin quantum number of 1). ronoublet of 

quintet. nWithout solvent, ~has a reported 8 = 8.0 with IJPH = 687 Hz and there is a known downfield 

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

68 and 85). 0 Triplet of triplet. PProton external lock was used. qPeak area ratio 3:45:52 was - ,.._-
1:1.8:0.06 (65% reaction). rSignals at +17.9 ppm(~) and -0.3 ppm(~) from 85% H3Po4 were symmetrical 

and the peak area ratio was 1.17; peak area ratio for 3: (39a + 40a) was 1:1.8 (35% reaction). sEnhance-- -- -.,., 
ment of the signal was observed by adding authentic sample l· tPeak area ratio 3: (39a + 40a) was 1:0.22 - .,.., ,--- .,.,...._ 

+ 40a):45 was 1:0.12:0.06 (90% reaction). vPeak area ratio ,..._, ,......., . . 
~82% reaction). uPeak area ratio 3: (39a _...., ,......, 
40b/39b was 1.64 and the area ratio 3: (39b 
,......., ,-....., ---- -- + ~ + )3> was 1:1.32 (43% reaction). wPeak area ratio 

3 
JPOCH were 8-9 Hz in 40c/39c was 0.31 and the area ratio 3:(39c + 40c + lc) was 1:8.04 (11% reaction). ,..._ ,...,_., - ,....._, - ,..., 

all the appropriate compounds. See Scheme II for structures. 

ponding deuterated analogs of 3, 45 and 52, respectively. - ,.., ,...., 

Compounds 3D, 45D, and 52D are the corres­,...., __., -
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since addition of salt for buffering action could possibly result in 

a catalytic effect of anion of the added salt. 2 ' 56 In the presence of 

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 H3o . The two effects would be 

difficult to differentiate. 

Hydrolytic reaction of la 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 

la in aqueous and hydrochloric acid medium were evaluated by monitoring _,......__. 

the n~* band. The optical absorption arising from the stoichiometric 

amounts of 27a produced from la was subtracted from the experimentally 
,..__, .r-' 

measured absorbance(see Eq. 2, page 66). Figure 3 and 4 represent the 

typical first order plots for the hydrolysis of la 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 

la in water in the absence of hydrochloric acid. ,..._, (Please note the dif-

ference in the time scale 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 taken from one of the typical runs carried out for the hydroly-

sis of la in aqueous hydrochloric acid at pH = 3.13 ± 0.03 and 25°C. ,..._, 

It is clear from Figure 5 that only the concentration function (~ 1 ) 

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. (e) Pseudo First-Order Plot for Hydrolysis of 
Ester ;e in H2o at 25 ± O.l°C. 

(Cl ) = 0.235 mM 
~0 

(o) pH as a function of time. 
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Figure 4. Pseudo First-Order Plot for Hydrolysis of 
Ester la in HCl at 25 ± O.l°C • ......., 

(C ) = 0.235 mM 
la o ,._ 

CHCl (mM): (Ll) 0.106; (t>) 0.265; 

(e) 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 ~ in Hydrochloric 
Acid (pH= 3.13 ± 0.03) at 25 ± O.l°C. 

c!>o (C)tmolL 
-1 

X 106 

cpl (- 8-Log (c) ) 
e t 

X 102 

cp2 1/(C)t 
-1 

X 102 = L mol 

cp3 1/(C)~ 2 -2 10-6 [from data in = L mol X 

Tables XV and XX). 
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Moreover, it is also clear from Figure 4 that the rates of hydroly-

sis of la in acid solutions decreased sharply with increasing concentra-,....._, 

tion of acid [dlog10kobs/d(pH) = 1.0 (Figure 6)]. In water in the 

absence of any external acid, a higher initial rate was observed during 

the first 15-20% of the reaction (Figure 3) [for a discussion, see 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-

order rate constant and CH o+ was found to be reasonably constant 
3 

-8 -1 -1 
[ ( 1. 2 ± 0.1) x 10 mol L sec J over the range of acid concentrations 

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

31P NMR spectral analysis of solutions of la 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 la and ,_... 

3 (Table IV, Scheme IV). This observation imposed a limit of acid con-.-
centration (pH = 3) for effecting exclusive C-P bond cleavage without 

side reactions. In Scheme IV (page 54), intermediates 43a and 5la can - ,..._ 

also undergo cleavage of C-P bond [like la+3] to give the corresponding ,.._,-
phosphonic acids 45 and 52. However, these steps would be slower due 

~ -
to the greater possibility of H-bonding in ~ and ~ as compared to 

la. 31P NMR spectral analysis of a suspension (and solution) of la 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 pentavalent phosphorus 



Figure 6. Log k b (Pseudo First-Order Rate Constant for 
0 s 

the Hydrolysis of Ester la in Aqueous HCl) 
~ 

versus pH Plot at 25 ± O.l°C. 
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2.0 3.0 4.0 5.0 

pH 



(C1a) o mM 
,....._, 

( ( ) ) a c1a o calc 
,.-..' 

0.235 
(0.232) 

0.233 
(0.230) 

0.235 
(0.233) 

0.233 
(0.234) 

0.231 
(0.231) 

0.235 
(0. 227) 

0.235 
(0. 220) 

0.186 
(0.178) 

0.283 
(0.269) 

0.246 
(0.182) 

0.231 
(0.187) 

0.235 
(0.209) 

TABLE V 

PSEUDO FIRST-ORDER RATE CONSTANTS FOR THE 
HYDROLYSIS OF DIETHYL BENZOYLPHOSPHONATE 

( 1a) IN AQUEOUS AND ACID MEDIA AT 
TEMPERATURE OF 20-35.5°C AND 

pH = 2.04-4.40 

C0 mM Temp 
HC1 

k x 105 sec-1 
(pH ± 0. 03)b T ± O.PC 

obs 

10.00 30.0 0.380 
(2.04) (25.0) (0. 214) d 

5.0 30.0 0.582 
(2.33) (25.0) (0.333)d 

1.06 25.0 1.19 
(3.00) 

o. 795 25.0 1.57 
(3.13) 

0.530 25.0 2.37 
(3.32) 

0.265 25.0 4.31 
(3.60) 

0.106 25.7 11.6 
(3.94) (25. 0) (10.8)d 

0.50 25.0 2.67 
(3.34) 

0.50 25.0 2.67 
(3.34) 

H20 
e 

25.0 32.4 
(4.4) 

D20e 25.0 20.8 
(4.4) 

0.265 20.0 2.15 
(3.60) 

57 

R2C Run 

0.998 1 

0.998 2 

0.999 3 

0.999 4 

0.999 5 

0.999 6 

0.993 7 

0.998 8 

0.999 8 

0.987 9 

0.966 10 

0.999 11 



(c1 ) mM 
a o ,..._ 

( ( ) ) a c~ o calc 

0.233 
(0.218) 

0.235 
(0.224) 

0.239 
(0.207) 

0.231 
(0.191) 

0.231 
(0.191) 

0.233 
(0. 203) 

C 0 mM 
HCl 

b 
(pH ± 0.03) 

0.265 
(3.60) 

0.265 
(3.60) 

0.265 
(3.60) 

58 

TABLE V (Continued) 

Temp Run 

T ± O.PC 

27.5 5.46 0.994 12 

32.5 9.30 0.999 13 

35.0 12.26 0.998 14 

30.0 44.0 0.986 15 

32.5 63.0 0.993 16 

35.5 97.0 0.997 17 

aValues in parentheses indicate those calculated from the least squares 

line. bValues in parentheses are the experimental results. cR2 is the 

least squares correlation coefficient defined by 

R2 = [LxY- LXLY/n] 2 I [Lx2 - (Lx) 2/n] [LY 2 - (LY) 2/n] 

where x t and Y 
d 

Value 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 tmf = 20 ± 2 kcal mol -I. eNo external 

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



TABLE VI 

VALUES OF k b CH o+ FOR THE HYDROLYSIS OF 
0 s 3 

ESTER ~ IN AQUEOUS-HYDROCHLORIC 
ACID SOLUTIONS AT 25°C AND 

pH = 2.04-4.40 

59 

(pH) CH30+ k 
obs 

X 10 5 6 + Loglo k b k X 
obs 

c H3o+ 
X 108 

average 0 s 
± o. 03 (mM.) sec- 1 (mol L -1 sec-1) 

2.04 9.120 0.214a 0.3304 1.95b 

2.33 4. 677 0.333a 0.5224 1.56b 

3.00 1.000 1.190 l. 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 

(1.18 ± 0.07) x lo- 8mol L-l 
-1 

sec 

aThese are values calculated for 25°C from experimental data at 30°C 

b 
using ~Ht = 20 kcal mol-l. These values are much higher and were not 

included in computing the average (see Discussion). The average value 

of k' calculated from the least square intercept in the Eq •. : 
obs 

log 10k b = pH + log10k•b (derived from the Eq.: k' = (k b CH o+> was 
o s o s obs o s 3 

found to be 1.15 x lo-8mol L-1sec-l; corresponding values of slope and 

R2 were: slope = 1.0006; R2 = 0.996. Alternatively c o+ could be 
H3 

computed from C0 HCl considering the observed variation in pH as arising 

from errors in experimental measurements. In such a case k~bs= kobsCHCl 

A -1 -1 
was evaluated as ( 1. 22 ± 0. 07) <X 10- "'!!Ol L sec . 
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species (phosphonyl hydrated form 39a) and a carbonyl hydrated form 40a 
~ ~ 

(Scheme V) (page 64). Similar signals were also observed in the 31P 

NMR spectra of suspensions (and solutions) of diethyl ~-chlorobenzoyl-

phosphonate ~) (at -0.6 ppm and 17.5 ppm from 85% H3Po4 ) and diethyl 

~-toluoylphosphonate (~) (at 0.0 ppm and 18.1 ppm from 85% H3Po4 ) in 

1.0 roM hydrochloric acid after signal accumulation over periods of one 

to fifteen hr [see Table IV, Plates X(A), X(B), X(C), XI(A), XI(B) 

and XI(C)]. It is proposed that in the presence of aqueous acid, the 

protonated, phosphonyl-containing hydrate 39a of ester la exists as a __, _..; 

part of an equilibrium mixture with 40a. The existence of a mixture of 
~ 

39a and 40a via an initial fast protonation-hydration of la is further 
,..-.._., ~ ,.._, 

supported by Raman spectral and uv spectral data in solution. From 

Raman spectral analysis of a solution of~ in o2o and HCl, the C=O 

-1 
stretching frequency was found to decrease by 4 em although the change 

was small, it was reproducible (Table VII). The apparent molar absorp-

tivity of la was found to decrease considerably (from log € = 4.10 to -
log € = 3.73) as the solvent was changed from hexane to aqueous hydro-

chloric acid (pH~ 3). Moreover, the proposed intermediates 39a and 4pa 
,....._,. ~ 

(Scheme IV) also account for the formation of products resulting from 

cleavage of P-0 bonds observed in highly acid solutions via 31P NMR 

analysis. Mechanisms have been proposed for the hydrolysis of la in -
aqueous and acid solutions. In water, attack of la by two (n = 2) or -
three (n = 3) equivalents of water molecules is predicted to lead to a 

hydrated intermediate 35a in the rate determining step (Scheme III and --
V, page 26 and 64). This could reasonably be followed by a fast intra-

molecular proton abstraction by the phosphonyl oxygen atom. In aqueous 

acid, a fast protonation of the P=O group is believed to occur initially 
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TABLE VII 

LASER RAMAN SPECTRAL DATA 

Sample Spectra \) (cm- 1) 

la Neat IR 1255 (P+ 0) ,..., 
1662 (C = 0) 
1020 (P-O-C) 

la Neat Raman 1260 (P+ 0) ,., 
(broad) 

1662 (C = 0) 
1027 (P-O-C) 

HC1 + D20 Raman 1208 - 1550 
(broad) 

13 in Raman 1659 (C = 0) 
HC1 + D20 1033 

1a in D20 Raman 1658 (C = 0) - 1036 
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before attack of water. The proposed mechanisms (Scheme V) could 

account for the experimentally observed rate law, the dependence of the 

pseudo first-order rate constant on CH + (in acid), the experimental 
30 

activation parameters ~Hf = 20 ± 2 kcal mol-l, ~s+ =-52 ± 7 eu (n = 3) 

and the solvent isotopic effect kH 0/k0 0 = 1.6 as measured in solution. 
2 2 

A tentative value for the equilibrium constant for 39a t 40a has been 
~ ~ 

evaluated: k ~ 1.17 from area ratios of the correspondingly assigned eq 
31 . l P NMR s~gna s. 

Identification of Products in Aqueous Solutions 

The electronic spectra of the reaction mixture after ten half lives 

was found to match exactly with the spectra of authentic standard solu-

tions of benzoic acid (27a) of nearly identical concentration. This -
strongly suggests the formation of stoichiometric amounts of 27a from 

~ 

the spontaneous hydrolysis of lain aqueous solutions (Figure 2). The 
-., 

other product was identified as diethyl hydrogenphosphonate (3) from ,..... 
31' P NMR analysis (Table IV) of the reaction mixture. In these experi-

h h . . 31 . l ll 3 [f 85 ments, t e c aracter1st1c P NMR s1gna at + • ppm rom % H3Po4 ; 

l 
JPH =720Hz] for~ was enhanced by the addition of an authentic sample 

d 31 . l 8 0 . h reporte P NMR s1gna at • ppm w~t of 3 (without solvent, 3 has a 
~ -
l 29 

a JPH =687Hz). A downward shift in the 31P chemical shift and a 

l 
corresponding increase in JPH for dimethyl hydrogenphosphonate and also 

for diethyl hydrogenphosphonate in solvents of varying protonic acidity 

85 
h!iS been reported. For example, the reported shift difference for 

the 31P signal for dimethyl hydrogenphosphonate in CC14as compared in 

F3cco2H is 3.6 ppm and there is an incr~ase in coupling constant as the 

l l 
solvent is changed from ccl4 ( JPH = 691.9 Hz) to F3cco2H ( JPH 744.3 
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Hz). The observations are attributed to the formation of intermolecu-

lar .hydrogen bonds between the phosphonyl oxygen atom and the hydrogen 

directly attached to phosphorus in cc14
85 as well as to the formation 

of a 1:1 adduct with the carboxylic acid from solvent through hydrogen 

bonding at the phosphonyl oxygen atom. 

Mathematical Formulation Based on Scheme III 

Let the symbols A, C and E represent the corresponding absorbance, 

molar concentration and molar absorptivity, respectively. The general 

equation of hydrolysis can be written as la + H2o + 27a + 3. Let 
,......., -- -

(c1 ) and (c27 ) be the initial concentrations of la and 27a, respec-
ao ao ,..._; -

~ 

tively, and (Cla)t and (c27a)t be the corresponding concentrations in 

the reaction mixture at any instant of time t. From mass balance and 

stoichiometry it is evident that Eq. (1) assumes that no stable inter-

(Cl ) 
a o 

(1) 
,....., 

mediate builds up in appreciable concentration, and the only species 

existing in solution in appreciable concentration are the parent ester 

la and products 27a and 3 formed in stoichiometric amounts from la . . .-- ,...-._ __, ,......._ 

Assuming that the optical absorption in solution due to la and 27a is 
,..--.- ---

independent of each other, the total absorbance (AT)t in solution at 

any instant of timet (experimentally measured), can be given by Eq. 

(2), if the only absorbing species at the wavelength used (A= 268 nm) 

(2) 

results from la and 27a. From Eqs. (l) and (2), assuming Beer-Lambert 
,......, --

law to hold for species la and 27a, we can write Eq. (3)·, the factor !1, _......,. ,..__ 
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(path length) is not explicitly included in Eq. (3) since t 1 em in 

all experiments. 

(AT)t- E@(C!g.)o 

Ela - E~'Z__a 

If Scheme III (see page 26) describes the correct process, the 

(3) 

(4) 

rate of disappearance of ~ would be given by Eq. (5) where c35a is the 
~ 

concentration of the intermediate 35a. ,--...., 

(5) 

1 . d . . 11 . h 35 ( h App y1ng a stea y state approx1mat1on w1t respect to a Sc erne 
·'"'-" 

III), the steady state concentration of 35a could be evaluated from 
r---' 

Eq. ( 6) 

- [ 0 

or 

Combining Eqs. (5) and (7) for the steady state, one can get 

- [ 
or 

( 6) 

(7) 

(8) 
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-[ ~d:le l 
ss 

(9) 

Equation (9) would predict a pseudo first-order behavior with re-

spect to la. The integrated form of Eq. (9) is given by Eq. (10). 
~ 

log (c1 ) 
e a t 

(10) 

The pseudo first-order rate constant could be calculated from Equation 

(10) if (C!e)t is known as a function of t. Equation (4) would give 

values of (Cla)t from experimentally measureable absorbance (AT)t' E1 , 

and E2 , where E1 - Ela or it's equivalent in aqueous solutions and 
,..._ 

E2 - E27a. Values of E2 were evaluated at different pH values from 
,..__.. 

absorbance measurements on authentic standard solutions of 27a. This 
~ 

has been described under the Experimental section (page 105). Values of 

El were evaluated by extrapolative procedure described under the Experi-

mental section (page 106). Thus the pseudo first-order rate consbaflts 

were obtained for the hydrolysis of la in aqueous solutions and in 

presence of externally added hydrochloric acid by measuring the absor-

bance from appropriate solutions of la as a function of time. The ,.....,. 

details of the procedure has been described in the Experimental section. 

The results are summarized in Table V. Equations (4) and (9) could be 

modified for a situation shown in Scheme V (page 64) in the light of 

additional evidence for the existence of stable species 39a and 40a 
""" ,....., 

produced from la by a fast equilibrium step (discussion to follow, see 
~ 

page 91). 
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Analysis of Kinetic Results and Spectral Data 

Table V summarizes the data on rate constants for the hydrolysis 

of la in aqueous hydrochloric acid and in water. It is clear from data 
~ 

in Tables V and VI and from Figure 6 that the reaction is definitely 

retarded as the pH of the medium is lowered. Thus, the reaction be-

comes slower in more concentrated acid solutions. This is contrary to 

the expectation if an AAcl or AAc2 type of mechanism were operative. 

The product of the pseudo first-order rate constant and C o+ was found 
H3 

-8 -1 -1 
to be (1.2 ± 0.1) x 10 mol L sec over the range of acid concen-

trations used in the pH range 3.0-4.4. In strong hydrochloric acid 

solutions (5.0 mM- pH = 2.33, and 10.0 mM - pH = 2.04), the product of 

the observed pseudo first-order rate constant k b and C o+ was found 
o s H3 

to be much higher (35% and 75%, respectively) in the above solutions 

-8 -1 -1 
than the expected value of 1.2 x 10 sec mol L . The higher values 

of k b in the above acid solutions (Table V, Figure 6) could be attri­
o s 

buted to simultaneous dealkylation (hydrolysis) of the phosphonyl ester 

group in la and 3 produced from la. From the analysis of 31P NMR _,__ ,........, ,-....... 

spectral data on a solution of la in 1.06 mM hydrochloric acid at ,.--.; 

pH = 3.0, ca. 5% dealkylatioh of 3 produced from la was observed to 
~ ,~ 

have occurred only after at least four half lives (of la). No signal 
~ 

resulting from the phosphonyl ester cleavage of la was noticed at 
~ 

pH = 3. However, in highly acidic solutions or from concentrated 

solutions of~, acid-catalyzed hydrolysis of phosphonyl ester group 

from 3 has been reported in the literature9 ' 10 and there is a known ,_, 

rate enhancement for the acid hydrolysis of 3 as the acid concentration .......... 

. 9,10 . . . . 
1ncreases. In very h1ghly ac1d1c solut1ons (0.9 N hydrochloric 

acid + dioxane) of la, 31P NMR signals of products formed from phos--
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phenyl ester cleavage were observed {Table IV, Plates I, II and III). 

In order to account for the pH dependence on the rate constant k b , 
0 s 

Scheme III (see page 26) could be modified, in which one of the water 

molecules could be replaced by OH ions in the formation of an inter-

mediate similar to 35 in the r.d. step. Introduction of this base {in _, 

the r.d. step) would result in a general equation for k b given by 
0 s 

Eq. {11). 46 

k = k + k- c- + k c 
obs o OH OH B B 

{k0 = rate constant for reaction in H20) 

(ll) 

The constancy of the product of the pseudo first-order rate constant 

and CH o+ observed in solutions up to pH = 3.0 cannot be reasonably 
3 

explained, in our opinion, by a general base-catalyzed mechanism in-

-
volving 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 of 

10-ll M in such solutions, no significant contribution from this anion 

on the rate is likely, unless K- >> k in equation {11). Assuming 
OH o 

-
that a low concentration of OH as the only base that could exist in the 

acid solutions (kBCB = 0), calculated values of k' and k- from our 
o OH 

experimental results (from a least squares analysis using data from 

-8 -1 
Table VI) were: k' = k /C 0 = 2.16 x 10 mol L 

o o H 
-1 

sec and kOH = 

6 . -1 -1 2 
l.l x 10 mol L · sec. · at 25°C. Thus, initially one might argue that 

OH could play a vital role in acid hydrolysis. However, such a low 

I 
value for k0 /k0H would suggest a negligible catalytic effect due to H2o 

from this analysis. Obviously this is unreasonable. An alternative 

mechanism which could explain the effect of pH on k b might involve a 
0 s 

fast equilibrium prior to the r.d. step (Scheme V, page 64). 



In certain carbon systems, some analogy could be found for our 

work. 
6 7,8 31 . 

For example, Bell and co-workers ' ' have shown that three 

equivalents of water are involved in the r.d. step in the reversible 

hydration of 1,3-dichloroacetone. Formation of an intermediate 33 was -
suggested. 

H H 
~ / 

0· H-0 

R2/ r \0-H· ·0 

" 33 H 
-., 

The strong electron-withdrawing chlorine atom on the alpha carbon was 

71 

important for the formation of a stable hydrate. The reported equili­

brium constant at 25°C was 10.0 in favor of the hydrate. 64 Solvent 

isotopic effects for some of the analogous reactions involving hydra­

tion of carbonyl groups can be seen in Table VIII. 7 •57 •69 •80 •98 Thus, 

2 
the low isotopic effect k /k = 1.5 reported for the phosphate-

H20 0 20 

catalyzed hydrolysis of la in water-dioxane mixture might be explained 
,.-J 

more accurately by a modified structure for the transition state formed 

in the r.d. step, as shown in structure 53a, page 72 (Scheme VI, page 
r-

V4) in contrast to the structure shown in 3la , page 72 (Scheme II, 
,.-...., 

page 22). The primary effect due to depro~onation at point (a) would 

be reduced by the apparent inverse effect due to 0-H bond formation at 

point (b). Conceptually, the structure in 53a could give rise to an H­,._ 

bonded intermediate such as 32a followed by a fast intramolecular proton 
~ 

abstration by the phosphonyl oxygen atom as shown in Scheme VI. 



oo- T 

Ph- J_ ---b (0Et)2 

0 a+ 
/ '......... a- -

H 'H---- OP(O)(OH)O 

Structures for the Proposed Transition States for 
the Hydrolysis of Ester (~) by HP04 in 

Aqueous Solutions, see also Scheme VI, 
page 74 and Scheme II, page 22. 

72 
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TABLE VIII 

SOLVENT ISOTOPIC EFFECT ON RELATED SYSTEMS 

Reaction Medium Catalyst kH20/kD20 Reference 

Hydrolysis of la Dioxane-water HPo4= /DPo4= l.Sa 2 
~ v/v (1: 4) 

Hydrolysis of R_- H20/D20 ImH/IrnD 5.57b 57,69,80 
nitrobenzoyl (2.01) 
imidazole 0.60c 

(0.94) 

Mutarotation of Hz0/D20 None 3.8 98 
glucose (3.16) 

Hydration of 1,3- Dioxane None 3.97 7 
dichloroacetone H20/D20 HCl 1.23 

at pH= 7.0. and 

in the generalized Eq. kL 0 = k1 + k2 [LO-] where L = H or D. Numbers 
2 

in parentheses are revised values. 
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In aqueous solution in the absence of a catalyst, formation of the 

·intermediate could involve at least two equivalents of water. In com-

( ) 7 '8 parison with other carbonyl-containing systems 33 page 71 , struc-
~ 

ture 35a in Scheme III (page 27) would be a reasonable intermediate for 
,--..., 

the spontaneous hydrolysis of la in water in the absence of a catalyst. ,......_ 

In 35a, free rotation of the C-P bond could occur followed by fast ,........, 

abstraction of a proton in an intramolecular fashion as shown (via the 

P(O) group in 36a in Scheme III). This process may logically involve ,...._ 

electron shifts resulting in C-P bond cleavage in a concerted step. 

Such a process of proton abstraction would be more pr9bable, since the 

rate of C-P bond rotation would be much higher than the rate of colli-

sion between 35a and OH ions in such solutions of low concentration. ,.......... 

The product diethyl hydrogen phosphite could quickly equilibrate to the 

23 32 
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 an~ water. 7 Furthermore, 

the benzoic acid and diethyl hydrogenphosphonate could also exist as a 

85 
1:1 adduct. In our work, the gross solvent isotopic effect for the 

hydrolysis of ~ carried out in H2o and o2o was experimentally measured 

and k /k 0 was found to be 1.6 at 25°C. The low isotopic effect is 
H20 D2 

expected for a transition state involving strong hydrogen bonding be-

tween participants and is a situation in which the zero point energy 

could be conserved. 6 ' 21 It is of interest to note that possible exis-

tence of open dimers and trimers in water has been indicated by CND0/2 

l l . 76 
ca cu at1.ons. Calculations performed on several different fixed 

geometric models showed minimization of energy for the dimers and tri-

-1 76 
mers of the order of 7.0-9.5 kcal mol compared to the monomer. 
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Con·sequently involvement of two molecules of water in the uncatalyzed 

reaction (or one molecule of water and one equivalent of base in the 

base-catalyzed reaction) to form a cyclic intermediate such as in 35a ,.....__.. 

in the r.d. step (Scheme II!) may not require very high activation 

energy. The t:.H+ for the overall reaction was evaluated as 20 ± 2 kcal 

-1 
mol • 

In aqueous solution in the absence of a catalyst, formation of an 

intermediate involving only one equivalent of water followed by a fast 

intramolecular proton abstraction by the phosphonyl oxygen (as in 

Scheme III, V, or VI- see pages 26, 60 and 64 for these Schemes) 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-cata-

d 1 h f h . . 2 
lyzed process reporte e sew ere or t 1s react1on. 

If a general base-catalyzed mechanism is assumed operative with no 

participation of the P=O group in acid solution, much experimental data 

is difficult to defend. For example, ester la has a high dipole moment ,.._, 
\ 65,67 

(2.76 D) and would be expected to be protonated at P=O [--P=O--+ 
/ \ --~--OH] in aqueous solutions. 

I 
31 

P NMR spectral analysis of a solution 

of lain dioxane-hydrochloric acid solution (0.9 N in HCl, containing 
r--' 

16% D2o for locking) gave signals corresponding to products~a 

[triplet -2.3 ppm ( 3JPOCH =9Hz)] and~ (singlet -2.9 ppm). These 

signals were produced from la and, in addition, 31P signals appeared 
,-..-

corresponding to 45 [doublet of triplets+ 6.5 ppm (1J 680Hz)], 52 
~ PH .~ 

1 
[doublet +4.0 ppm ( JPH =670Hz)] and~ [the deuterium analog of~ 

1 36 
~riplet +3.7 ppm ( JPD =100Hz)]. An authentic sample of~ gave 

identical signals due to 45, 52 and 52D and also weak signals due to --- ~ -
the deuterium analogs of 3 and 45 [(3D and 45D), see Scheme IV, page 60]. 

r--' ~ ,.._, --
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. ) d 1 . 1. . . f h 31 . 1 The positions (chemical sh1fts an mu t1p 1c1t1es o t e P s1gna s 

were confirmed by observing the 31P spectra in solutions after broad 

1 d 1". H ecoup 1ng. (See Table IV and Plates I, II, III, IV, V, VI, and 

VII). Formation of the above species in solution strongly suggested 

direct participation of the P=O group in ~ solutions. 

Raman spectra of~ in the liquid state, in o2o, and in a o2o-hy-

drochloric acid suspension were recorded. The C=O stretching frequency 

was observed at 1662 cm-l for a neat sample of la which corresponds to 

the value observed in the IR spectrum. 

,....., 
-1 

A reproducible shift of 4 em 

towards smaller wave number was observed for the C=O stretching fre-

quency in both o2o and the o2o-HC1 suspensions of~ as compared with 

the value for la neat ,....... (Table VII). This was suggestive of structural 

modification such as involving H-bonding of the C=O group of la in 
~ 

aqueous and acid solutions. Unfortunately, the P=O stretching fre-

-1 
quency could not be observed, since this region (1255 em ) was masked 

by the broad absorption due to o2o in the Raman spectrum. 

Definite participation of the P=O group in phosphonates in forming 

hydrogen bonds in protic solvents and in association with carboxylic 

. d h b d d . 1 d . 31 d. 85 ac1 s as een emonstrate 1n re ate systems v1a P NMR stu 1es. 

20 43 45 
Intermediates involving a hydrogen bonded phosphonyl group ' ' have 

been proposed for acid hydrolysis of certain phosphonated acetals and 

similar systems. Certain phosphonates, including diethyl hydrogen­

phosphonate, have also been reported9 ' 10 ' 20 ' 37 • 78 to undergo dealkyla-

tion in strong acid solutions at room temperature following an initial 

t . f h 0 . 1 f 31 k protona 1on o t e P= gro~p. Interest1ng y, rom P NMR wor on 

dialkyl hydrogenphosphonates in fluorosulfuric acid at -60°C, Olah and 

68 
co-workers observed large deshielding effects on phosphorus upon pro-
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tonation. It was concluded that in the protonated phosphonium species 

the positive charge was largely shifted from phosphorus to the oxygen 

atom. Such a situation could occur with la in acid and may be the 

cause of occurrence of a 31P NMR signal at lower field as is postulated 

for 39a or 40a in Scheme V (page 64). -
Under the conditions of our experiment (pH 3-4.4), no phosphonyl 

ester cleavage of la (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 (0.45 M) in 1.06 mM HCl at room temperature 
,..-J 

31 1 
gave P signals Corresponding to~ and _.2.? [+6. 7 ppm ( JPH = 660 Hz) 

and +4.2 ppm (1JPH =665Hz), respectively] in addition to the parent 

l 
signal for _l [ +11. 3 ppm ( JPH 720Hz)] when the mixture was analyzed 

after 28 hours. From peak area ratios of signals corresponding to 

3:45:52, it was estimated that about 65% of the total hydrolysis of 

9,10 
the phosphonyl ester groups had occurred [Table IV, Plate VI(B)]. 

Analysis of 31P NMR spectra of la in 1.06 mM hydrochloric acid ,.__, 

(pH ~ 3.0) observed after 15 hr of signal accumulation gave the follow­

A doublet of quintet5 centered at +11.3 ppm (1J 
PH 

ing signals. 720 

Hz) was identified as from 3. Addition of an authentic sample of 3 
,......, -

gave peak enhancement in the spectrum. Two more 31P NMR signals, 

(quintets at -0.3 ppm and +17.9 ppm) appeared and were apparently due 

to at least one intermediate [39a, 40a; see Table IV, Plate VIII(A), .--....- ,......._ 

VIII(B) and VIII(C)]. The 31P NMR spectra were recorded on a suspen-

sion of 17 mg of ester la in 3 mL of 1.06 mM aqueous hydrochloric acid ,......, 
after 3500 acquisitions (15 hr). The spectra were observed at three 

different time intervals at t + 5 min, t + 27.5 hr and t + 52 hr + 
0 0 0 

time of acquisition (15 hr). Judging from the relative areas under the 
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signals, the extent of reaction at the above time intervals could be 

5 d 90 . 1 b . 31 estimated as 3 %, 82% an %, respect1ve y, on an average as1s P 

1 
NMR signals from~ (+6.6 ppm, JPH = 660 Hz) could be detected (5% as 

estimated from peak area ratios) only after four half lives on a sus-

pension of-~ in 1.06 mM hydrochloric acid after signal accumulation 

for 15 hr [Plate VIII (C)]. The signals appearing at -0.3 ppm (39a) and ,_____, 

+17.9 ppm (40a) were symmetrical and the relative area ratio for signals --
corresponding to 40a and 39a was found to be 1.17 (at 35% reaction) and 

_,.-- ,..-----

1.21 (at 82% reaction). The two signals attributed to 39a and 40a 
......_/ 

(Plate VIII') could be the intermediates, since they appear as soon as 

la is dissolved in hydrochloric acid and progressively decay with the 
__.-... 

corresponding appearance of the product signal for 3. Since the con­.---
. 31 . ld b . . centrat1on of P spec1es wou e extremely small 1n a completely 

homogeneous aqueous solutions of la the abov~ experiment was performed . ..--.-

starting with a suspension of la in 1.06 mM hydrochloric acid. From 
~ 

such a suspension, the concentration of a 31P species would be replen-

ished in the solution as la reacted. The solution was found to be -
clear at the end of the experiment. 

Spectra were also recorded in a completely homogeneous phase using 

smaller concentrations of lain 1.00 mM hydrochloric acid [(c1 ) =ca. 
,........- a o 

3.1 mM] and also with a more concentrated solution (23.1 mM) in 1.00 mM 

hydrochloric acid in the presence of sufficient amount of dioxane (ca •. 

10%) for solubilization. Spectra recorded with homogeneous solutions 

had identical features with these recorded with the suspension described 

earlier. Similar signals were also observed in the 31P NMR spectra of 

a suspension of la (17 mg) in 3 mL of water after 15 hr of signal -
accumulation. The parent signal of la could be observed separately at 

~ 
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-1.9 ppm in aqueous solutions only when a large excess of la was added -
to the above suspension. 

The 31P NMR spectra of suspensions (17 mg in 3 mL) (and also homo~ 

geneous solutions - ca. 3.1 mM) of esters lb and lc in 1.0 mM hydro-,....__ ~ 

chloric acid were observed after signal accumulation from l to 15 hr 

(Table V, Plate X and XI). Ester lb gave the following signals: a .-----
quintet at -1.92 ppm (parent carbonyl form resulting from the insoluble 

portion?), quintets at -0.65 ppm and +17.56 ppm (intermediates probably 

l 
from 39b and 49~) and a doublet of quintets at +11.3 ppm ( J = 720 ,......._.. ~- PH 

Hz) (3). The area ratio for signals corresponding to 40b and 39b was 
,..._. ,..-..- -------

found to be 1.32 (corresponding to~· 43% reaction calculated from 

peak area ratios after 15 hr pulsing). Ester lc gave the following ,,.._., 

signals: a quintet at -1.4 ppm (parent carbonyl form resulting from 

the insoluble portion?), quintets at 0.0 ppm and +18.12 ppm (inter-

mediates probably from 39c and 40c) and a doublet of quintets (weak) at 
~ ...---...--

l 
ll. 53 ppm ( JPH 730Hz) (3). The area ratio for signals corresponding ,.._.. 

to 40c and 39c was found to be 0.31 (corresponding to ca. ll% reaction ,...._. /'""-' 

calculated from peak area ratios after 15 hr pulsing) • When the spectra 

were observed on completely homogeneous solutions (ca. 3.0 mM) of lb or ,__ 

lc in 1.0 mM hydrochloric acid (instead of a suspension after pulsing _,......._, 

for 15 hr), all the features described above were displayed except for 

the fact that the signals at -1.92 ppm (lb) and at -1.4 ppm (lc) were 
,......_. -

not detected on the homogeneous solutions. However, the spectra ob-

served from homogeneous solutions of lb or lc in 1.0 mM hydrochloric 
,.,.--.J ,.........-

acid were noisy in spite of signal accumulation even after 15 hr. 

The two additional signals (-0.3 and +17.9 ppm from 85% H3Po4 ) ob-

served in acid solutions of la were certainly suggestive of some struc­,...., 
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tural transformation, such as hydration of la in solution by a compara-
,.-..--

tivcly fast process. Unfortunately, no structurally related known 

0 b 0 h 0 f 0 f 31 intermed1ates could e found 1n t e l1terature or compar1son o P 

signals or any other property. However, two signals appearing at -0.3 

ppm and +17.9 ppm could be attributed to structures 39a and 40a (Scheme 
-~ . .....--

V), respectively. The assignment is supported by the data on the 

relative peak area ratios observed for the corresponding signals arising 

from esters la, lb and lc. ...--.- ~ ,.--.. 
The area ratios for 40a/39a = 1.17; 40b/39b 

~---- ;""" _..... .....--- ,...--

= 1.64 and 40c/39c ,.-...... ........--. 0.31. The decreasing order for the relative area 

ratios 40/39 [b. X • Cl; a X = H; c. X = Me] is in harmony with the ,.._ ~ 

substituent effect observed for the stability of certain carbonyl 

64 
hydrates. The equilibrium constant for the reaction: below is, of 

course, defined as 

RR'C=O 

55 
/"-' 

+ RR'C(OH) 2 

56 
r-' 

K [H2o] = c55;c56 and is given for a few carbonyl compounds in Table 
eq - -

IX. It is clear from the data in Table IX that the electron-withdraw-

ing Cl atom stabilizes the hydrate 56 whereas the electron-donating Me ,......., 

group has a destabilizing influence on the hydrate 56. Similarly, the ,........, 

electron-withdrawing Cl atom could stabilize the carbonyl hydrated form, 

as in 40b, compared to that in 40a and that in 40c. The 31P signal ----- ,......_.,. ,_..._, 

corresponding to the carbonyl hydrated form 40 should be predominant ,....., 

over that for the phosphonyl hydrated form 39 when the £-substituent is 
~ 

an electron-withdrawing group like Cl such as in lb. When the £-sub­
~ 

stituent is an electron-donating group such as in lc, the carbonyl 
.~ 

hydrated form 40c would be expected to be less stable compared to 39c. 
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TABLE IX 

EQUILIBRIUM CONSTANTS AT 25°C FOR ~ + H20 t 56 

Substituents 64 
.K (H20] 

R R' 
aq 

H Et 0. 71 
H Me 1.3 
H ClCH2 37 

X 104 H Cl3C 2.8 
Me Me 2 X 10-3 

Me Cl2CH 2.9 
ClCH2 ClCH2 . 10 

Thus, judging from the relative area of the signals 19/)2, the down-

field signals appearing at +17.56 ppm, +17.9 ppm, and +18.12 ppm could 

be attributed to structures 40b, 40a and 40c, respectively. It is in-
~ ------- ----

teresting that a positive value of p observed for a linear correlation 

between ELand o+ for similar diethyl £-Substituted benzoylphosphonates 
'2 

including the esters la-c, has also been reported to be positive 

16 
(+ 4.7). 

,....-_..-

A positive slope for the Hammett correlation between A 
max 

+ 92 
{n+n*) and o has also been recorded. The decreasing stability of 

the carbonyl hydrate jg, as the substituent is varied on the arene ring 

from Cl to H to Me, parallels the reactivity of the carbonyl group in 

esters la-c. The stability of the hydrates 40a-c and the reactivity of 

------- ------
the carbonyl group in la-c may both arise from the same cause, i.e., --
polarization of the carbonyl group in the esters la-c. The transition 

...--..._... 

state in the base~catalyzed hydrolysis may look more like the hydrate. 
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l\s~;iqnment of the structures J9a, 39b and 39c to signals appearing at 
,---~--~ ,., ......... _./ ~ 

-0.3 ppm, -0.65 ppm and 0.0 ppm, respectively, seems justified from the 

comparison with signals found for H3Po4 • 

Considering the case of ester la, the two signals appearing at ........-

-0.3 ppm and +17.9 ppm were observed when la was dissolved in hydro-
. ...........-

31 
chloric acid or in water and the P NMR spectrawere recorded immediate-

ly after dissolution and after pulsing for 1 hr. Signals from 31P NMR 

spectra were observed from a suspension of lain water (17 mg in 3 mL) ,......, 

after t + 5 min. After pulsing the suspension in water for 60 min, 
0 

only two predominant signals were observed from this solution at -0.3 

ppm and +17.9 ppm, tentatively assigned to intermediates ~and ~a. 

Signals arising from 3 could also be detected even though partially 
~ 

.obscured in the noise. When a large additional quantity of ester la 
~ 

was added to the above suspension (after t + 65 min), another addi­
o 

tional signal appeared at -1.9 ppm (after pulsing for 10 min) and was 

considered to arise from the free carbonyl form la from the undissolved ...--...-

state as reported previously. In order to rule out the possibility 

that the two original signals (-0.3 ppm and 17.9 ppm) might have 

originated from 3, excess ester 3 was added to the above suspension ---- ~ 

containing excess ester lain water (after t + 75 min). The spectrum 
0 

was observed after pulsing for 10 min. The following signals were dis-

tinctly seen: +17.9 ppm (weak)(40a); -0.3 ppm (weak)(39a), -1.9 ppm .....---- ~ 

(la) and a predominant doublet centered at +11.3 ppm, 1JPH = 720 Hz ~) 

[see Table IV and Plate IX(A), IX(B) and IX(C)]. 

31 . 
On the basis of the P NMR data described above, the following 

protonation-hydration process for an aqueous acid solution of la seems .,......., 
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reasonable as given in equilibria (12) and (13). Ester la could exist ___, 

in equilibrium with a stable form 39a via a fast reaction: 
~ 

la + H o+ 
3 

K 
eq \. 39a 

Species 39a and 40a could also be in rapid equilibrium: ,......._, 

K' 
39a eq " 40a --- ---------

(12) 

(13) 

The equilibrium (13) could be slow enough on the NMR time scale to re-

sult in the generation of separate signals. It would not be unreason-

able to predict a stable structure like 39a to form in aqueous solutions 
---------

41 66 97 . 
of la since stable cyclic phosphorane systems ' ' have been ~so-,....._, 

lated. Also examples of pentavalent phosphorous intermediates in other 

. 1 55,73,96 solutions are becom~ng more common p ace. 

Modified Rate Equation From Scheme V 

From the model described above, i.e., if an aqueous-acid solution 

of la exists as a rapid equilibrium mixture consisting of mostly 39a 
~ ,....._ 

and 40a and a very small amount of free carbonyl form la, the observed ,......._, _.. 

phenominological rate would be given by Eq. (14): 

rate 
dt 

or 
dt 

(14) 

In the steady state: 

- [ dt 
(15) 



In Scheme V (see page 64), if both path (A) and path (C) were assumed 

to be fast equilibria an~ path B to be the r.d. step, applying the 

equilibrium approximation, 30 the rate of reaction would be defined by 
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( ) d . . 11 . h 35 h Eq. 16 from a stea y state approx~mat~on w1t respect to ~, w ere 

rate (16) 

n could have a value 2 or 3 depending upon the number of equivalents of 

water molecules involved in the intermediate ~· Since c1a would be 

controlled by equilibrium (12), one may write the concentration of la 

in terms of the concentration of 39a from Eq. (17): 

c la 

_...._ 

C /K C + 39a eq H 0 
~ 3 

Combining Eqs. (16) and (17) we have: 

= 

However, from equilibrium (13) we have 

K' C 
eq 39a ,...__ 

,..._. 

(17) 

(18) 

(19) 

and adding the term c 39a to Eq. (19) one would get the combined concen~ 

tration of the species 39a and 40a from Eq. (20): 
,.-.......-

c39a + c40a -- -----
(K' + 1) C eq 39a ,.--..... 

(20) 
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Now, the rate of the reaction could be expressed in terms of the com-

bined concentration of the equilibrium species 39a and 40a by Eq. (21) 
~ 

combining Eqs. (18) and (20): 

(21) 
(k l + k2) K (1 + K1 ) CH o+ - eq eq 3 

In the steady state, combining Eqs. (15) and (21), the rate equation 

reduces to Eq. (22). 

[ 
d(C39a + C40a) l 

- ____ ~ ___ d_t ___ ~____ ss (22) 
(k l + k2) K (1 + K1 ) C - eq eq H o+ 

3 

Thus, from the above model the observed rate of decay in terms of total 

concentration of~ and~ (c39a + c40a) would be given by Eq. (23). 
-----...- ,--....._ 

- [ d(C39a + c40a) 

L. ~ ~ 

dt 
k (C39a + c40a) obs 

~ 

From Eq. (22) we have 

klk2 
en 

H20 
k 
obs (k_l + k2) K (1 + K' ) CH o+ eq eq 

3 

and after factoring out pH and water dependence: 

k' 
obs 

Equation (23) would predict a rate law of 1st order in the combined 

(23) 

(24) 

(25) 

species 39a and 40a which are in equilibrium and also a dependence of 
~ ~ 



k b by Eq. (26) below. That is, from Eqs. (24) and (25), we find: 
0 s 
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k' 
obs 

(26) 

Thus Eq. (9) (see page 68) using Scheme III (see page 26) is equivalent 

to Eq. (22) using Scheme V (see page 64) for a solution at constant pH. 

That is, both Eqs. (9) and (22) have identical mathematical forms with 

appropriate concentration terms, [Cla in Eq. (9) and (c39a + c40a) in 

Eq. (22)] and appropriate rate constants at constant pH. However, Eq. 

(22) explicitly describes the pH dependence of k b and is based on 
0 s 

additional evidence from 31P NMR analysis. 

Modified Mathematical Expression for Absorbance 

of Ester la in Aqueous Solutions 
r-J 

If the observed absorbance of la in aqueous-acid solutions is 
/'"'--' 

assumed to be from ~· ~· and/or 1Q7 existing in a rapid equilibrium 

and 27a produced in a stoichiometric amount from la, the absorbance of ,...__.. ,......, 

the solution at timet would be given by Eq. (27), the factor tis not 

(27) 

explicitly included in Eq. (27), since t=l em in all the experiments. 

Expressing the concentration of equilibrium species la and 40a in terms 

of concentration of ~ (c39a) and combining Eqs. (17), (19) and (27) 

we have 
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(AT)t e:39a (C39a) t + e:40a K' (C39a)t eq ,-.__, ,.....__ ,--~ ~ 

(28) 
+ E: (C39a)t/Keq CH o+ + e:27a (C27a)t la 

,---.- r--- 3 ~ -----
or 

= (29) 

where 

e:' = e:39a + K' e:40a + e: /K C + eq la eq H 0 
,---.- ~ ----- 3 

(30) 

One might reasonably assume e: 40a << e: 39a since in~ the TI-bond in the 

------- ---------
C=O group has been formally destroyed or at least significantly altered. 

Also, one could assume e:1a ~ e: 39a since in both~ and ~ 2pTI-3dTI over-
~ 

lap is possible which is believed to be the cause of the optical ab-

. 26 63 92 
sorpt~on. ' ' If the value of K for the equilibrium in Eq. (12) 

eq 

is assumed to be of the order of 106 , the factor e: /K CH o+ is about 
~ eq 3 

la + H o+ 
3 

K 
eq \ 39a (12) 

------

0.01 e:1a in ·a solution of pH 4 (the contribution of e: 1a would still be 

smaller at lower pH) • The above assumption seems justifiable in the 

light of 31P NMR data for the aqueous suspension of la described earlier. ,.._-

Under the conditions assumed above, i.e., c1a << c39a' Eq. (30) will 

reduce to Eq. (31) 

e:' .. (31) 

and Eq. (29) will reduce to Eq. (32): 

(32) 
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Expressing the absorbance in terms of the total concentration of the 

equilibrium species (c39a + c40a), combining Eqs. (20) and (32) we have: 
,...._ 

(33) 

If 39a and ~are assumed to be produced from a solution.of ~ in-

stantaneously with very small amount of la remaining in solution, then: 
,._; 

(Cl ) a o 
(34) 

Since 27a is assumed to be produced from an equilibrium mixture of 39a 
/"'--J _.,._.__,/ 

and 40a, from stoichiometry and mass balance we have: --
(Cl ) a o 

/"--' 

(35) 

If (Cla)t << (c39a + c 40a)t as explained previously, Eq. (35) can be 

rewritten as 

( (C39a + c40a)t + (C27a) t) ::: (Cl ) a o 
------ -- ----- -- (36) 

and 

(C27a)t ::: (Cl ) (C39a + c40a)t a o (37) 
,--_.. _,......_. ,.-.._.. _,.....___.._ 

Combining equations (33) and (37) one would obtain Eq. (38) 

[ 
0

39a J 
(AT)t ::; 

(1 ~. ) (C39a + c40a)t 
eq - ,.__ 

(38) 

+ e:27a ( (Cla) o 
~ ~ 

- (C39a + c4oa>t) 
,..-..- _...... 
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and solving for (C39a + c40a)t' we have: 

----- _,......_.. 

(A ) -
T t e:27a (Cl ) a o 

(C39a + c40a)t 
.. (39) 

(e:39/1 + K' ) - e:27a ,......_. ;-.......- eq -- --
Mathematically, Eq. (39) and Eq. (4) (see page 67) have identical forms. 

The Eq. (4) becomes identical with Eq. (39) if Cla in Eq. (4) (obtained 

on the basis of Scheme III, page 26) is replaced by (c39a + c 40a)' and 
--.;' ,-......, 

e:1a in Eq. (4) is also replaced by (e:~/1 + K~q). 
,-....... 

Equation (22) (see 

page 86) and Eq. (39) could be rewritten in terms of the substrate con-

centration (C)t where (C)t = (c39a + c40a)t. Considering the hydrolysis -- --reaction in terms of decomposition of the equilibrium mixture of 39a .,-..., 

and~ of total concentration= (C)t' we have from Eq. (22) reducing 

to Eq. (40) 

_ [d (C) t] 
dt ss 

kobs (C)t (40) 

where k b is given by Eq. (24). Equation (41) would be the integrated 
0 s 

form of Eq. (40): 

- log (C) 
e t 

- log (C) + k b t e o o s 
(41) 

If (c39a + c 40a)t iswritten as the combined substrate concentra-
.--- _.......__., 

tion (C)t' from Eq. (39), we have 

(42) 

where e:1 = (e: 39a/(l + K~q>) would be the extrapolated molar absorptivity 
,.......__ 

of la in aqueous solutions at t~. Equations (40), (41) and (42) ob-_,.._, 
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tained from Scheme V are identical in their mathematical forms to Eqs. 

(9), (10) and (4) obtained from Scheme III. (See pages 67,68 and 

26 for these equations and Schemes). 

Analysis of Kinetic Results Based on Scheme V 

The observed rate constant k evaluated from Eq. (22) or (40) 
obs 

or from their equivalent forms, Eqs. (4) and (9), would be the experi-

mental pseudo first-order rate constant for either case where n ~ 2 or 

3. Thus we cannot eliminate the possibility of formation of a hydrate 

from la and water and which involves two equivalents of water as in 35a 
~ ........,. 

in the r.d. step (Scheme III). There is evidence for three equivalents 

of water participating in the hydration of 1,3-dichloroacetone as cited 

previously. 6 ' 7 ' 8 ' 31 However, we could not find an example which was 

analogous (in the sense that two adjacent groups, -C=O being one of 

them, were electron withdrawing and promoted hydration of C=O group) 

and had two equivalents of bound water confirmed for the hydrate struc-

ture. 

An Arrhenius plot for the rate constant k b C o+ can be found in 
o s H3 

Figure 7. Similar values of rate constants were estimated for aqueous 

solutions at different temperatures, using the experimental average pH 

values and neglecting the initial higher rate observed in these solu-

tions during the first 10-15% of the reaction time. These data points 

also fall nearly on the line obtained for the Arrhenius plot for acid 

solutions (Figure 7). A value for ~H~ was found to be 20 ± 2 kcal mol-l 

and the limiting values of ~S~was estimated to be -44 ± 7 eu for n = 2 

and -52 ± 7 eu for n = 3 in Eq. (22). High negative values for entropy 



Figure 7. Arrhenius Plot for the Hydrolysis of Ester 
la in Aqueous HCl (f) at pH = 3.6 ± 0.03. 
~ 

(~) represents data points calculated from 
alta for hydrolysis of Js in water and the 
experimentally observed pH = 4.4. 
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of activation is certainly in conformity with a cyclic transition state 

for formation of 35a in the rate-controlling step (Scheme III and 
~ 

Scheme V). 

The exact number of water molecules involved can only be determined 

by evaluating the order with respect to water for the uncatalyzed reac-

tion. Potentially, one might attempt to determine the rate constants 

for the hydrolysis of la in an inert solvent like dioxane and add known 
,.-...-

amounts of water. However, the reaction rate (monitoring the n~* band) 

for the hydrolysis of la even in 1:1 water-dioxane mixture was found to .,........, 

be too slow [only 10% change was noted in the absorbance of a more con-

centrated solution (4.72 mM) after 37 hr] for accurate measurements to 

be made, and direct evaluation of n was therefore not feasible. Even 

though the exact equivalents of water molecules involved in the inter-

mediate 35a is not known accurately, it is reasonable that at least two ---
equivalents of water participate, one of the water.molecules acting as 

a nucleophile and the other acting as a general base and for an effec-

tive proton transfer to the carbonyl group. If the second molecule of 

water were to act as a general base without the oxygen of the C=O group 

being involved (leading to a linear transition state) as shown, in 57, 
----

one would expect a high primary isotopic effect. On the other hand, if 
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the proton of the water solvent matrix were to be linked to the carbonyl 

oxygen to give a cyclic transition state leading to the intermediate 35, ,...., 

the primary isotopic effect would be reduced. 21 The gross isotopic 

effect for the hydrolysis of~ in water and o2o was observed to be 1.6 

at 25°C as stated previously. Consequently, the gross isotopic effect 

would be a total result due to L3o+, LO- and L2o where L = H oro and 

these factors are not separable. Also other nonspecific effects due to 

differences in viscosity of H2o and o2o could add to the isotope 

49 
value. Any positive mechanistic conclusions based on gross solvent 

isotopic effect alone should be made with much caution. 

Equilibrium Constant for 39a ! 40a ,...___ 

Assuming that the ester la exists as an equilibrium mixture of ]9a --- ,......_ 

and 40a in aqueous acid solutions, the absorbance of an aqueous acid ,...__, 

solution of la at t-+o would be given by: ,...__ 

[ (A) t-+o] aq = (43) 

Since ~ has no formal n bond and e40a << e39a' then Eq. (43) reduces 

to: 

::: 

Recalling Eqs. (20) and (34) we have: 

c39a + c40a 
_..,..., --- (1 + K' ) C 

eq 39a ·--
(Cl ) • 

a o ,...._ 

(44) 

(20) 

(34) 
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If the equilibrium is assumed to be rapid such that the species 39a and ---
40a attain equilibrium instantaneously, in the limit as t+o, Eq. (20) 
~ 

can be written as: 

= (35) 

Combining Eqs. (34), (35) and (44) one would get Eq. (45) for the ab-

sorbance of la in aqueous solution as t+o~ 
,......._; 

(1 + K' ) 
eq 

In a solution of la in an inert nonaqueous solvent such as hexane, 
,.-.._/ 

(45) 

assuming that la exists in the free carbonyl form, absorbance is given 
~ 

by Eq. (46) : 

(46) 

Now, in both structures la and 39a,2pTI-3dTI overlap is possible and it 
,........_.. -----

is reasonable to assume that: 

Now e:1a and e: 39a can be obtained via Eqs. (46) and (45), respectively. 
,..._ ,.._ 

Combining the above Eq. with Eqs. (45) and (46), we get Eq. (47) for 

[(A) o 1 hexane/ [(A) t+o 1 aq :: 

the evaluation of eq~ilibrium constant K' . 
eq 

1 + K' 
eq 

(47) 
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When (C1 ) =1M, Eq. (47) reduces to Eq. (48). Thus K' · can be 
a o eq 

/""V 

1 + K' eq 
(48) 

calculated from the absorptivity of solutions of la measured in hexane ,..._, 

and aqueous acid. K' could also be evaluated from the peak area ratios 
eq 

d . 31 . 1 of the correspon 1ng P NMR s1gna s postulated as arising from 39a and 
~ 

40a in the 
~ 

31P NMR spectra of a solution of la in aqueous hydrochloric ,..._, 

acid (pH~ 3.0). The values calculated from absorbance readings and 

31 ratio of areas under the P NMR signals are tabulated in Table X. 

TABLE X 

EQUILIBRIUM CONSTANT FOR 39a t 40a IN AQUEOUS -- ,..._.. HYDROCHLORIC ACID (pH = 3.0) AT ROOM 
TEMPERATURE (~. 30°C) 

Log € for la K' Calculated from 
eq 

Hexane 

,....__ 

Aqueous HCl 
(pH = 3.0) E Values 

31P NMR 
Signals 

4.10 3.73 1. 33 1.17 (35%)a 
1.21 (82%)a 

a Percentage denotes the fraction of the reaction at which the 
area ratios were measured. 

It can be seen from Table X that the calculated K' from E values cor­
eq 

responds reasonably well to the K' obtained by the integration of 
eq 
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areas under the 31p NMR signals (in spite of the assumption that £la ~ 

£39a). This observation lends credence to our postulate that the inter-

mediates 39a and 40a are formed rapidly from la and are the precursors 
~ ,---.-" .r---' 

of the products identified, and equilibrium between 39a and 40a is main-

tained throughout the course of the reaction. K' 
eq 

31 
calculated from P 

NMR analysis may have some inaccuracies because of unknown NOE effects 

. 42,47,100 31 
wh1ch are reported in phosphorus system. . The P NMR signals 

were obtained from an aqueous suspension of la (17 mg in 3 mL) of --
hydrochloric acid (pH z 3.0) after signal accumulation for 15 hr with 

15 sec as delay time between pulses. It was assumed that a duration of 

14 sec. would be long enough to permit relaxation of the nuclei so that 

the integrated areas under the 31P NMR signals could be a measure of 

the relative concentrations. Even with a delay time of 40 sec, the 

area ratio was not altered. 
31 

P NMR data were also examined on dilute 

solutions of la and identical results were obtained. 
~ 

Summary of Significance of the Research 

In summary, hydrolysis of diethyl benzoylphosphonate (la) in ,........., 

aqueous and aqueous hydrochloric acid solutions has been found to be 

pseudo first-order in la. Rate retardation was observed in acid solu-
/"'./ 

tions and the pseudo first-order rate constant was found to be inverse-

ly proportional to the acid concentration in solution. The above ob-

servation would exclude the possibility of an AAcl or AAc2 type of 

mechanism being operative with the P(O)(OEt) 2 moiety as the leaving 

group. 

The proposed mechanism for the hydrolysis of ester la involves the ,........., 

attack by two or three equivalents of water on la leading to a cyclic ,-....., 
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hydrate intermediate 35a in the r.d. step. The intermediate can col-,__ 

lapse by an intramolecular proton abstraction by the P=O group in a 

fast step resulting in the C-P bond cleavage. Although the exact num-

ber of water molecules (n = 2 or 3) involved in the r.d. step could not 

be unequivocally evaluated from the present study, a large negative 

entropy of activation [bSl =52± 7 eu (n = 3)] and low solvent isotopic 

effect [k(H O)/k(D O) = 1.6] observed for the hydrolysis of~ would 
2 2 

support the formation of the proposed cyclic hydrate intermediate 35a. 
r-

31 
on the basis of UV, Raman and P NMR spectral data from solutions 

of la, it is proposed that in aqueous-acid solutions hydration occurs ---- . 

at both the C=O and P=O groups. Ester la could exist in an equilibrium 
~ 

mixture with the two hydrated forms 39a and 40a. The above model also --- -
accounts for the observed phosphonyl ester cleavage in highly acidic 

solutions and which involves nucleophilic attack of water on phosphorus. 



CHAPTER III 

EXPERIMENTAL 

General Data 

Melting points were obtained on a Thomas-Hoover melting point 

apparatus and are uncorrected. The boiling points recorded are uncor-

rected. The refractive inqices reported were measured at room tempera-

ture using a Bausch and Lomb Abbe Refractometer. Details of the 

instrumentation used for recording various spectra are summarized under 

the sub-heading Instrumentation. 1 The chemical shifts reported for H 

NMR signals are in ppm from tetramethylsilane (TMS) as internal stan­

dard. 31P NMR signals reported are in ppm from 85% H3Po4 as external 

standard. The symbolism + 8 values mean downfield from the standard 

and - o values mean upfield from the standard. 

Materials 

Benzoic acid (27a) [Baker Analyzed], reagent grade, was used with­.---
out further purification; m.p. 122.5-123.0°C. Diethyl hydrogenphos-

phonate (3) [Aldrich], reagent grade, was used without further purifi-,._ 

cation; b.p. 70°C/llmm. Dioxane [Mallinckrodt], reagent grade, was 

used after boiling over lithium aluminum hydride (LAH) 5 overnight under 

nitrogen (N2) and was distilled over LAH and while flushing with dry 

nitrogen. The freshly distilled dioxane (b.p. 99.0-99.6°C/ca. 750 mm) 

1{)0 
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was stored over Linde molecular sieve 3A. Purified dioxane was found 

35 
to be free from peroxide as indicated by KI test. 

Deuterium oxide (Aldrich), gold label quality, containing 99.8 

atom percent deuterium was obtained. A fresh sample was used for each 

kinetic run performed in D2o. Hexane (Mallinckrodt-chrom AR grade; 

b.p. 68.7°C) was used without further purification as the solvent for 

obtaining ~he UV spectra of the esters. 

Concentrated hydrochloric acid (Fischer Scientific)'· reagent grade, 

was used for successive dilution with distilled water to yield a stock 

solution(- 0.1 N). The concentration of the hydrochloric acid solution 

was checked periodically by titration with standard sodium hydroxide. 

The latter was standardized against potassium acid phthalate as primary 

83 
standard· using phenolphthalein as indicator. Potassium hydrogen 

phthalate (Mallinckrodt), analytical reagent grade, was used as the 

83 
primary standard after it was dried at 110-ll5°C for 1-2 hr. Sodium 

hydroxide (Fischer Scientific) reagent grade, standardized N/5 solution 

was used as stock solution. Distilled water (freshly distilled and 

cooled) was used for the kinetic runs which were also made in deion-

ized water. The results were identical with those obtained, regardless 

of which type of water was used. 

Preparation of Diethyl Benzoylphosphona.te (la) 
~ 

A sample of diethyl benzoylphosphonate (la) was prepared according ,..._ 

17 to the method of Berlin and Taylor and was used after vacuum distilla-

tion (twice); [b.p. 116-ll8°C/ (0 .15-0. 2 mm), n~4 = 1. 5080., lit. 22 ' 27 

14PC/2. 5 mrn; nD = 1. 5084]. 1H NMR, 31P NMR and IR spectral analysis of 

the sample was found to be identical with those of an authentic sample. 



TLC analysis with 0.2 mm silica gel, using 1:9 acetone-chloroform mix-

ture as solvent system, with r 2 as developer showed only one spot (Rf = 

0.71). The ester was stored in a colored bottle over anhydrous cacl2 . 

During the period of kinetic study, 5% decomposition was detected via 

a change in absorbance readings [from 1.285-1.225 for a solution of 

la (0.2353 mM) in 1.06 mM hydrochloric acid] over a period of six 
r-.J 

months. 

Preparation of Diethyl ~-Chloro-

benzoylphosphonate (!9) 

17 
This compound was prepared according to a published procedure. 

Freshly distilled ~-chlorobenzoyl chloride [(6.1 g, 0.035 mol) (Aldrich) 

b.p. 148-149°C/cz. 15 mm], was charged in a 100 mL, three-necked flask 

fitted with a condenser, immersion thermometer and additional funnel 

(N2 inlet) and was kept in a N2 atmosphere. Triethyl phosphite (6.9 g, 

0.04 mol) (Aldrich), b.p. 150-153°C/740 mm, was added at a slow rate, 

so that the temperature did not rise above 25°C. The flask was cooled 

in ice during the period of addition. After the addition was ·completed, 

the mixture was stirred under N2 for 16 hr. Distillation of .the product 

24 
n0 =· 1.5210; yielded 6.5 g (67%) of lb, b.p. (132-134°C/(O.l5-0.2 mm); 

r-.J 

lit. 93 159°C/0.2 mm; n0 = 1.5203. 27 The IR and NMR spectra were found 

to be identical with those of an authentic sample. TLC analysis with 

0.2 mm silica gel using 1:9 acetone-chloroform mixture as solvent sys-

tern and r 2 as developer showed only one spot (Rf = 0.72). 
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Purification of Diethyl £-Toluoylphosphonate (~) 

A sample was prepared by a method developed by earlier workers48 

17 and modified by Berlin and Taylor. Vacuum distillation [b.p. 128-

24 . 90 
130°C/(0.1-0.2 mm); n0 = 1.5125; l1t. 123-l24°C/0.05mml gave a high-

1y pure sample. TLC analysis performed on 0.2 mm silica gel using 1:9 

acetone-chloroform mixture as the solvent system and r 2 as developer 

showed only one spot (Rf = 0.75). IR and NMR data for Ic were not -
found reported in the literature but are summarized below. An IR 

spectrum of a neat sample gave the following characteristic frequencies: 

-1 -1 -1 C=O 1650 em ; P~O 1260 em ; P-0-C (broad) 1020-1060 em (Plate XIIl). 

1H NMR (DCC1 3) gave the following signals: 1.38 [triplet (JH a = 7 
- a b 

Hz), C~3 (a), 6 H); 2.41 [singlet, £-C~3 (e), 3 H); 4.28 [split quartet 

(JHa~ =7Hz), C~2 (b), 4 H]; 7.30 [doublet (JHcHd =8Hz), Ar!!_(d), 

2 H]; 8.19 [doublet (JH H =8Hz), Ar!!_(c), 2 H), see Plate XII. The 

31 c d 
P NMR spectrum was recorded in dioxane and gave only one signal: 

3 
-1.4 ppm [quartet ( JPOCH = 8 Hz)] from 85% H3Po 4 • See Plate XI (A) . 

Instrumental Methods 

Infrared spectral data were obtained on a Beckman IR-SA unit. The 

UV spectra and absorbance readings for the various kinetic runs were 

recorded on a Cary Model-14 recording spectrophotometer. 1 
The H and 

31P NMR data were obtained on a Varian XL-100(15) NMR spectrometer 

equipped with a Nicolet TT-100 PFT accessory operating at 100.1 MHz for 
' ' 

1H analysis and 40.5 MHz for 31P NMR analysis. Most 31P NMR spectra 

were recorded in FT mode with delay time (DS) between pulses of 15 sec 

and pulse width (P2) of 11.8 ~sec. The number of acquisitions varied 

from 36 to 3500 (signal accumulations ran~ing from 12 min to 15 hr) 
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. 31 . . . . 1 depending upon the concentrat1on of the P-conta1n1ng spec1es 1n so u-

tion. 31P NMR data have been summarized in Table (IV). 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-

3 -1 
counting accessories (with a photon count rate of 2 x 10 sec and 

-1 slits of width 3 em each). Measurement of the pH of samples was 

achieved using a Corning Model 12 research pH meter with a Corning 

glass-reference Calomel combination electrode (Corning catalog No. 

476021) and employing standard buffers for calibrations. Certified 

buffer tablets (pH = 2.0 ± 0.01, pH = 4.0 ± 0.01) supplied by Coleman 

Instruments, Inc., Maywood, Illinois, were used as standards. 

Preliminary UV Spectral Analysis 

The uv spectra of solutions of ester la in water and in hydro-
~ 

chloric acid (pH ~ 2) showed A at 268 nm corresponding to a n~* 
max 

transition (Figure 2, Table II, page 38 and page 28). This band was 

monitored for evaluation of the concentrations of absorbing species in 

ester la in aqueous and aqueous hydrochloric acid solutions and for 
,-...., 

following the rate of hydrolysis of ester la. A stoichiometric amount ,._, 

of benzoic acid (27a) was found to be produced resulting from the hy-
--..J 

drolysis of ~ in aqueous solutions via UV spectral analysis. The UV 

spectra of a solution of ~ in water (0.235 roM) observed after about 10 

half lives was found to match exactly with the spectra of an authentic 

standard solution of benzoic acid of the same concentration (Figure 2). 

An examination of the UV spectra of aqueous solutions of la and 27a, ........., ,_.; 

both in presence and in absence of externally added hydrochloric acid, 

indicated that at the wavelength A = 268 nm used in the present work 
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the absorbance A27a arising from the stoichiometric amount of ~ pro­
,..-...J 

duced from la can not be neglected. Evaluation of the concentrations - --
of the absorbing substrate species from the experimentally measured 

absorbance (AT)t at A= 268 nm would require the value of the apparent 

molar absorptivity for the species arising from la (e:la) t+o or ,......, ,...., 

[e:39a/ (l +K' )]a, and the molar absorptivity for 27a, E27a to be de-
eq ,.-...., -- --termined in aqueous and various hydrochloric acid solutions of differ-

ent concentrations (pH). For the sake of convenience, the quantities 

(e: 39a/l + K~q) and e: 27a could be designated as e:1 and e: 2,respectively, --- ,........, 
and these new notations will be used in future discussions. Both e:1 

and e: 2 were separately determined in aqueous and acid solutions at 

different initial concentrations of hydrochloric acid since the elec-

50 
tronic spectra of 27a has been reported to be affected by pH • ..---....... 

Evaluation of Molar Absorptivity of Benzoic Acid 

e: 2 or e: 27a in Water and Hydrochloric Acid 
,-..._; 

Solutions at A = 268 nm at 25°C 

A standard solution was prepared by dissolving 0.1257 g of benzoic 

acid (27a) in 1000 mL of distilled water. The absorbance of the solu-_._. 

tion was measured using a matched 1 em quartz UV cell (Fischer Brand 

Suprasil Cat. #14-385-902-C). Solvent alone was added to the reference 

cell. Absorbance readings were recorded at a fixed wavelength, A = 268 

nm, using a Cary UV recording spectrophotometer Model-14. Absorbance 

aln aqueous and aqueous acid solutions there is evidence to show 
that the free carbonyl form from ester la exists in a part equilibrium 

' : ,..._, 
with the two hydrated forms ~ and ~ by a fast process (see Scheme 
V and Eq. (39) and Eq. (41) under Discussion section, p. 64 and 90). 
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for other standard solutions of different concentrations prepared from 

the stock solution of 27a by suitable dilutions were also measured. 
~ 

The. molar absorptivity was calculated from Beer-Lamberts equation: 

A (49) 

where A denotes the measured absorbance, E the molar absorptivity, ~ 

the path length (= 1 em) and C is the molar concentration of the absorb-

ing species. Note that E was evaluated from the slope computed by a 

linear least squares analysis from data for C and A using Eq. (49). 

Standard solutions of 27a were also prepared in hydrochloric acid solu­
,-_J 

tions by dissolving appropriate amounts of 27a and by successive dilu­
~ 

tion, and absorbance readings were recorded. Hydrochloric acid solu-

tions used were: 0.106 mM; 0.265 mM; 0.530 mM; 0.795 mM; 1.06 mM; 5.0 

mM; 10 mM. The molar absorptivity of 27a in each of the above HCl 
~ 

solutions was computed as described above. Figures 8 and 9 summarize 

the absorbance data for solutions of benzoic acid (27a) in water and in 
~ 

hydrochloric acid solutions (0.106 mM; 0.265 mM; 0.530 mM; 0.795 mM; 

1.06 mM; 5.0 mM and 10.0 mM) at A = 268 nm and 25°C. The e 2 values 

extracted from the above set of data can be found in Table III (p. 29). 

Verification of Beer-Lambert Law With Respect to 

Ester la in Aqueous and Hydrochloric Acid 
~ 

Solutions and Evaluation of Molar 

Absorptivity for la 
rv 

Since the ester~ underwent hydrolysis in aqueous solutions, e1 

was determined indirectly by following the initial rate of decay of 

absorbance of a solution of la in water. The initial rate was followed 
r'J 



Figure 8. Plots of Concentration of Benzoic Acid (~) Versus 
Absorbance at A = 268 nm in Aqueous and Hydro­
chloric Acid Solutions. 

c~Cl (mM) 

(C) 0 

(A) 0.265 

(o) 0.795. 
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Figure 9. Plots of Concentration of Benzoic Acid (~) Versus 
Absorbance at \ = 268 nm in Aqueous Hydrochloric 
Acid Solutions. 
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up to 8% of reaction using various initial concentrations of la (rang-,...., 

ing from 0.140 to 0.235 mM). Initial rates of decay of absorbance at 

A = 268 nm and 25 ± O.l°C were measured for solutions of five different 

initial concentrations of la (0.2353 mM; 0.2106 mM; 0.1879 mM; 0.1631 
,.-.J 

mM; 0.1404 mM) . A sample of the ester la (ranging from 5 ~L to 3 ~L) ,_, 

was withdrawn with a micro syringe from a vial and was placed in a pre-

viously weighed parafilm boat which was then weighed on a micro balance. 

The weighed sample of ester la was dissolved (over a period of 60 sec.) ,_, 

in 100 mL of distilled water which was kept in a previously thermo-

stated, stoppered Erlenmeyer flask. The temperature of the bath was 

maintained at 25 ± O.l°C by using a Magniwhirl constant temperature 

system. The temperature of the UV cell was maintained by using a water-

circulating pump with bath reservoir held at constant temperature (25 ± 

O.l°C). The reaction mixture was withdrawn after t + 100 sec and was . 0 

placed in a 1 em quartz UV cell, and solvent alone was added to an 

identical reference cell. Absorbance (AT)t readings were recorded for 

a period of 10 min on a Cary recording spectrophotometer Model-14 on a 

recording chart revolving at a constant speed of 1 div/20 sec. The 

wavelength was maintained at a constant value of A = 268 nm throughout 

the measurements. Initial rates of decay of absorbance for the period 

t + 120 sec to t + 540 sec for aqueous solutions of ester la with 
0 0 ,......, 

different initial concentrations (c1a) 0 , ranging from 0.2353 mM to 
,..., 

0.1404 mM, are given in Figure 10. For the extrapolation of absorbance 

of la in water at A = 268 mM at t-+o, a linear least squares fit between 
f"'.J 

- loge(AT)t and t for a pseudo first-order behavior was made and 

(AT)t-+o was evaluated from the intercepts for each feaction mixture of 

known initial concentration. The linearity of the function- loge(AT)t 



Figure 10. Initial Rate of Decay of Absorbance at A. = 268 nm 
for Solutions of Ester 0 in H2o at T = 25 ± 0. PC 
With Different Initial Concentration. 
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versus t (up to 8% reaction) for aqueous solutions of la with different .........-

initial concentrations is provided in Figure 11. From the above pro­

cedure of linear extrapolation, the correlation coefficients (R2) were 

found to be around 0.99 in most cases. (see Table XI). This observation 

along with the fact that £1 ~ 6£2 (see Table II, page 28) indicated 

TABLE XI 

ABSORBANCE (AT)o DATA EXTRAPOLATED FROM INITIAL RATES 
FOR SOLUTIONS OF DIETHYL BENZOYLPHOSPHONATE (la) 

Initial 
Concentration 

of la 
,.-..J 

(Cl ) mM a o 
,r...; 

0.2353 

0.2106 

0.1879 

0.1631 

0.1404 

0.0 

. ,.-....J 

IN WATER FOR DIFFERENT INITIAL CONCENTRATIONS 
(Cl ) AT A = 268 NM AND T = 25 ± O.l°C 

a o ,..... 

Absorbance Least Squares 
Extrapolated Correlation 

to t-+o Coefficient 
X 104 (A )a R2a k~ .. 

T o ~n~t~al 

1.031 0.998 5.02 

0.905 0.999 6.22 

0.809 0.984 5.98 

0.664 0.972 8.16 

0.576 0.990 7.92 

o.o 

sec 

aValues of (AT) , k( ... l)' and the least squares correlation o ~n1t1a 

coefficient, R2 corresponding to each value of (c1 ) were obtained ,..e.o 

-1 

from individual least squares analysis on data 
using the equation -log (A ) = t k -

e T t (initial) 

presented in Figure 11, 
log (A ) in which 

e T o 
k(. 't' l) =slope and -log (A) =intercept. 

~n~ 1a e T o 



Figure 11. Extrapolation of Absorbance at A = 268 nm and 
T = 25 ± O.PC for t+O for Solutions of 
Ester ~ in H2o With Different Initial Con­
centration. 
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4) 0.1631 
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that the absorbance arising from the stoichiometric amount of 27a pro-__, 

duced from la was negligible (calculated to be within 1-2% of the ab­
~ 

sorbance contributed by la) for the above period (8%) of the reaction -
time. Values of (A ) · thus obtained for solutions of different initial 

To 

concentrations (Cla)o aregiven in Table XI. Thus, £1 was evaluated 
,...... 

from the following Eq. (50) applying the least squares fit procedure. 

These values of 

be judged from 

in Figure 12. 

(A) 
0 

(AT)o were found to 

the linearity of the 

The values of £1 and 

assessed and found to be 

(50) 

obey the Beer-Lambert Law, as can 

plot between (A ) and (Cl ) shown 
T o ~0 

the corresponding R 
2 

values were 

-1 
em and R2 = 0.997. 

Values of £1 for ester ~ from various hydrochloric acid solutions 

were similarly evaluated. Validity of the Beer-Lambert Law for solu-

tions of la in hydrochloric acid was also verified as follows. Since ,........, 

hydrolysis of la in hydrochloric acid was found to be slow, values of ,.._, 

e1 were also evaluated from measurements of the absorbance of ten dif-

ferent standard solutions of la (concentrations ranging from 0.0235 mM .,._ 

to 0.235 mM) in a standard hydrochloric acid solution (0.265 mM) as a 

test case. 

Absorbance of the standard solutions of la were measured within 10 ,.._, 

min (t + 25 min to t + 35 min) in each case. Figure 13 represents a 
0 0 

plot of such readings of absorbance [(A) recorded after t + 30 min] 
t 0 

versus initial concentration of la in 0.265 mM hydrochloric acid. The ,......._. 

linearity of the curve and hence the validity of Beer-Lambert Law is 



Figure 12. Verification of Beer-Lambert Law, Plot of 
Initial Concentration of Ester 15 in Water 
Versus Absorbance at A = 268 nm and T = 
25 ± O.l°C Extrapolated at t+O. 
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Figure 13. Verification of Beer-Lambert Law, Plot of Initial 
Concent.ration (t0 + 30 min) of Ester ~ in 
0.265 mM Hydrochloric Acid (pH = 3.6) Versus 
Absorbance at A = 268 nm and T = 25 ± O.l°C. 
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easily seen from Figure 13. For a pseudo first-order reaction, the 

extent of the reaction is independent of the initial concentration. 

Consequently, every solution used in the above experiment would have 

undergone the same fraction of the reaction during the initial period 

of 30 min (i.e. from the time la was dissolved to the time at which the 
rv 

absorbance readings were recorded). The frection f of the reaction for 

a pseudo first-order case is given by Eq. (51) : 

1 
ln (1-f) = k b t 

0 s 
(51) 

Substituting the value of k b for the hydrolysis of la in 0.265 mM HCl 
OS ,__, 

-5 -1 
at 25°C from Table III, we find k b = 4.31 x 10 sec , and t = 30 

0 s 

min = 30 x 60 sec. From Eq. (51), solving for f gives: 

f = 0.075 (or 7.5%) (52) 

Thus, if f denotes the fraction of the reaction in 30 min, then from 

mass balancea one could write Eq. (53) for the observed absorbance (A)f 

(~ is not explicitly included in the equation since ~ = 1 em in all the 

experiments) • 

a h · · d f 31 1 · h h k f · T ere ~s ev1 ence rom P NMR ana ys1s t at t e eto orm 1p 
ester la is instantaneously converted into an equilibrium mixture of 

~ 

two hydrated forms postulated as 39a and 49a. Hydrates 39a and 40a 
~ .,......_, ,......._., _....._, 

exist in an equilibrium with vanishingly small amounts of la (Scheme V). 
Stoichiometric amounts of 27a would result from the absorbing species 

,-..._; 

(a mixture of 39a and 40a) in the steady state (Figure 2). The species ,...., ---in solution responsible for absorbance is assumed to be the hydrated 
form 39a, and the apparent molar absorptivity (E) measured in 
aqueo~ acid solutions of la would be given by ( e: t3-+o9 /1 + K 1 ) where K 1 

,....., ~K' eq eq 

is the equilibrium constant for the equilibrium 39a~40a (see Discus­
,.._.._-~ 

sion section Eqs. (39) and (41), p. 90). 



and 

(Cl ) a o 

f 

= (Cl ) f 
a o ,_. 

= experimentally measured absorbance at fraction f 
of the reaction 

apparent molar absorptivity for ester !5 in the 
corresponding solution extrapolated to t+o 

= molar absorptivity of 27a ,..__, 

initial molar concentration of ester la 
----

molar concentration of 27a at fraction of the 
reaction f and ~ 

fraction of the reaction. 

Combining Eqs. (53) and (54), we have Eq. (55): 

= 

Equation (55) can be rewritten to give Eq. (56) which would predict 

= ( (e:) t-+o (l-f) + e:2f) (Cla) o -
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(53) 

(54) 

(55) 

(56) 

a linearity of the function (A)f plotted against (c1 ) with a slope= 
a o -

((e:1 )t-+o (1-f) + e: 2f) and passing through the origin. The least squares 

parameters evaluated from the experimental values of (A)f and (Cla)o 
,v 

were found to be: 

Slope 4955 M-1 -1 . t em 1.ntercep 

= -0.008, and R2 = 0.999. 



For the above case when t = 30 min, and 

k 
obs 

4.31 x 10-5 sec-l 

from Eq. (52), f = 0.075. Using these values off= 0.075 and c2 = 
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815 M-l cm-1 , from (Table II), (c1 ) was calculated from the least 
a t-+o 

. -1 -1 
squares slope and was found to be (c1 )t+o = 5290 M em • This value 

is in reasonably close agreement within 2.5% with value of c1 = 5425 ± 

-1 -1 
25 M em obtained from extrapolation of initial rates for solutions 

of~ in 0.265 mM HCl by the method described earlier. Values of c1 

for solutions of la in hydrochloric acid solutions of various concen­,...... 
trations evaluated from initial rates are summarized in Table II (see 

page 28). 

Procedure for Kinetic Studies on the Hydrolysis 

of Ester la in Water and in Aqueous ,...._, 

Hydrochloric Acid Solutions 

The concentration range used for ester la was 0.2-0.3 mM. A 
;'"'J 

sample of ester la (5 ~L) was withdrawn with a micro syringe 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 sec) in 100 mL of distilled water or in standard hydro-

chloric acid solutions, which were kept in a previously thermostated, 

stoppered Erlenmeyer flask. The temperature of the bath was maintained 

within ± O.l°C of the specified temperature by using a Magniwhirl con-

stant temperature system. The temperature of the UV cell was maintain-

ed by using a wal;:er circulating pump with bath reservoir held at con-

stant temperature [reported temperature± O.l°C (Table V)]. Measurement 
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of the absorbance of the reaction mixture was made at the wavelength 

(A = 268 nm) corresponding to the ~+n* transition. Absorbance readings 

were recorded on a Cary Model-14 recording spectrophotometer. The time 

taken for recording the absorbance for each reading was 10-30 sec. 

Aliquots of the reaction mixture were withdrawn at specified time in-

tervals and were placed in a 1 cin quartz UV cell, and solvent alone was 

added to an identical reference cell. Base-line reading was adjusted 

at -0.050 with solvent in both the cells. In aqueous solutions at high 

temperature (35°C), absorbance readings were continuously monitored for 

the initial period (~. 5-10 min) of the reaction followed by assess-

ment of the absorbance up to 90% of reaction (20-30 readings). Also, 

analysis was made for any decomposition of la in an aqueous solution by 
~ 

d . . 93 UV ra 1at1on · at 268 nm and was found to be negligible as judged 

by comparison of absorbance readings obtained by continuous monitoring 

of this solution with those for aliquots removed over the initial period 

of exposure. 

In order to measure the variation of pH during the reaction, the 

pH of the reaction mixture was separately monitored with solutions of 

la identical in concentration with those used for kinetic studies. ,...., 

Acidity (pH) was monitored at regular intervals of time up to about 4 

half lives. The variation in pH for solutions of la in hydrochloric ,..., 

acid was found to be only ± 0.03 over a period of 4 half lives. 

Fresh samples of o2o were used for each run while monitoring the 

absorbance of ~ in o2o to estimate the solvent isotopic effect. The 

apparent initial absorbance of la was found to fall by 20% when older ,...., 

samples of o2o w~re used and such samples of o2o were found to contain 

HOD as detected by 1H NMR analysis. 
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Calculation of Rate Constants 

Rate constants were calculated for a pseudo first-order reaction 

from Eqs. (41) and (42) (derived in the Discussion section, page 90), 

using a least squares procedure. 

- log (C) = - log (C) + k b t 
e t e o o s 

(41) 

and 

= (42) 

where (C) = combined molar concentration of the substrate species at 
t . 

any instant of timet, i.e., (C)t = (C39a + C40a)t. Thus (C) 
0 

com--- ,..._ 
bined molar concentration of the substrate species as t~, i.e., (C) 

0 

(c39a + c40a)t~ is assumed to be (Cla)o and kobs is the observed pseudo 
,......_ -- ,...., 

first-order rate constant defined by Eqs. (22) and (24) at a given 

temperature [see page 86 for Eqs. (22) and (24)]. Consequently ·(A ) = 
T t 

experimental absorbance measured for a solution of la at time t and ,......, 

r::: 1 = (r:::la)t-+o = (r::: 39a/l + K' ) is the apparent molar absorptivity of 
,..., ,..._ eq 

species existing in solution of ~ [see Eq. (39), page 90] and r::: 2 = 

molar absorptivity of 27a. --
Recalling Eq. (38), one could write: 

r:::l(C)t + r:::2(<cla)o- (C)t) (57) 
,........ 

Also note that 

= (58) 



and 

(As\ (AT)t- s2(Cla)o + s2(C)t 
r"'J 

where (AS)t = absorbance of the substrate species alone at time t. 
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(59) 

The least squares slopes (k b ) were evaluated from Eqs. (41) and 
0 s 

(42) using the experimental values of (AT)t measured at various inter­

vals of time t. The values of s 1 and s 2 evaluated experimentally, as 

explained previously and used for the calculations of k b , are sum­
o s 

marized in Table II, page 28. Calculations were programmed on the 

University IBM 70 computer. The computer program also included an 

iterative procedure described below for the evaluation of s 1 starting 

with the experimentally determined value (as described previously) as 

the first value. 

For a given value of s 1 , a set of (C)t values corresponding to a 

set of (AT)t values were generated from Eq. (42). These values of (C)t 

were inserted into Eq. (59), which would in turn generate a set of (A5)t 

values corresponding to the set of (C)t values generated in the previous 

step. Now, a least squares procedure was adopted to extract s 1 from 

Eq. (58) using the sets of (AS)t values and the corresponding (C)t 

values evaluated as explained previously. Interestingly the iterated 

values of s 1 were found to differ from the initial value of s 1 (experi-

mentally evaluated) only in the 6th significant figure. 
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Evaluation of Rate Constants for Hydrolysis of 

Ester la in Hydrochloric Acid Solutions at -.... 

Various pH Values (Runs 1-8) 

The Rate of Hydrolysis of Ester 15 in 10.0 mM Hydrochloric Acid at 30°C; 

Run 1 

Exactly 100 mL of 10.0 mM standard hydrochloric acid was thermo-

stated in a stoppered Erlenmeyer flask. A 5 ~L sample of ester la was 
,-..J 

withdrawn into a weighed parafilm boat and was weighed again accurately 

in a microbalance. The weight of the sample was 5.70 mg. The weighed 

sample along with the parafilm boat was carefully dropped into the pre-

viously thermostated Erlenmeyer flask containing measured volume of 

standard hydrochloric acid. The flask was shaken thoroughly to dissolve 

the ester la completely over a period of 30-60 sec and was left in the 
f"'..J . 

constant temperature bath. Aliquots of ca. 2 mL were withdrawn and 

absorbance readings were recorded as described earlier. The time re-

quired for the transfer of the aliquot from the reaction flask to the 

cell compartment (maintained at bath temperature by water circulation) 

was in every case 20-30 sec. A typical set of experimental data is 

summarized in Table XII along with the calculated least squares para-

meters. Experiments were performed in duplicate (standard deviation in 

k b < 2%). 
0 s . 

The Rate of Hydrolysis of Est~r Js in 5.00 mM Hydrochloric Acid at 30°C; 

Run 2 

The experiment was repeated exactly as described in Run 1 except 

that the solvent taken in the Erlenmeyer flask was 100 mL of 5.00 mM 



Time Absorbance 
(t) AE 

(min) 

3.0 1. 318 
59.0 1. 310 

215.0 1.270 
420.0 1.200 
725.0 1.108 

1350.0 1.030 
''1760. 0 - . 0.940 
2185.0 0.880 
2700.0 0.810 
3157.0 0.750 
3613.0 0.706 
4130.0 0.652 
4575.0 0.615 
5065.0 0.578 
5590.0 0.544 
6120.0 0.523 
6570.0 0.490 
7350.0 0.463 

TABLE XII 

THE RATE OF HYDROLYSIS OF ESTER 1,e IN 10.0 mM 
HYDROCHLORIC ACID AT 30°C; RUN 1* 

Base-line Absorbance Concentration 
reading of substrate 

with solvent Absorbance substrate 

of 

(C)t 

(AT) t (As\ (mol L-l X 103) A 
sol 

0.052 1.266 1.267 0.2366 
0.052 1.258 1.258 0.2348 
0.048 1.222 1.215 0.2268 
0.047 1.153 1.132 0. 2114 
0.020 1.088 1.054 0.1969 
0.050 0.980 0.925 0.1727 
0.055 0.885 0.811 0.1515 
0.060 0.820 0.733 0.1370 
0.050 0.760 0.662 0.1236 
0.052 0.698 0.587 0.1097 
0.053 0.653 0.534 0.0996 
0.054 0.598 0.468 0.0874 
0.055 0.560 0.422 0.0789 
0.053 0.525 . 0. 380 0.0710 
0.055 0.489 0.337 0.0630 
0.055 0.468 0.312 0.0583 
0.053 0.437 0.275 0.0514 
0.055 0.408 0.240 0.0449 

-Log 
e (C)t 

8.3490 
8.3566 
8.3915 
8.4619 
8.5331 
8.6639 
8.7950 
8.8958 
8.9988 
9.1178 
9.2139 
9.3456 
9.4478 
9.5523 
9.6725 
9.7499 
9.8764 

10.0112 

f--' 
tv 
\.0 



TABLE XII (Continued) 

*(A) =A -A 
T t E sol 

weight of ester la dissolved in 100 mL of 10.0 mM hydrochloric acid= 5.70 mg. 
~ 

Temp = 30 ± O.l°C; A 

Number of data points = 18 

Experiment #l 

(Cl ) = 0.2353 mM; 
a o ,......., 

Experiment #2 

(Cl ) = 0.2353 rnM; 
a o 

( (Cl ) ) _l = 0.2324 mM; a o ca c ...--...-

( (Cl ) ) l = 0.2271 mM; a o ca c ...... 

_ kobs (average) (3.80 ± 0.06) x 10-6 sec-1 

k 
obs 

k 
obs 

(pH) 
average 

0.998 

0.996 

2. 04 ± 0. 03 i 

.,__, 
w 
0 
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hydrochloric acid. The temperature was maintained at 30°C. The results 

are tabulated in Table XIII. The experiment was performed in duplicate. 

The above two runs 1 and 2 were performed for the hydrolysis of ester la ,...._ 

in 10.0 mM and 5.0 mM hydrochloric acid, respectively, at the higher 

temperature (30°C), since the rate of decay of absorbance was found to 

be much slower in strong acid solutions. The subsequent runs in less 

concentrated hydrochloric acid described below were performed at 25°C. 

The Rate of Hydrolysis of Ester 1g in 1.06 mM Hydrochloric Acid at 25°C; 

Run 3 

The experiment was repeated exactly as described earlier with 100 

mL of 1.06 mM hydrochloric acid as the solvent. The temperature was 

maintained at 25°C. Results are summarized in Table XIV. The experi-

ment was performed in duplicate. 

The Rate of Hydrolysis of Ester ).s in 0. 795 mM Hydrochloric Acid at 

The experiment was repeated exactly as described earlier with 100 

mL of 0.795 mM hydrochloric acid as the solvent. Results are summarized 

in Table XV. The experiment was performed in duplicate. 

The Rate of Hydrolysis of Ester 19 in 0.530 mM Hydrochloric Acid at 

The experiment was repeated exactly as described earlier with 100. 

mL of 0.530 mM hydrochloric acid as the solvent and bath temperature at 

25°C. Results are summarized in Table XVI. The experiment was per-

formed in duplicate. 



TABLE XIII 

THE RATE OF HYDROLYSIS OF ESTER la IN 5.0 rnM ---HYDROCHLORIC ACID AT 30°C; RUN 2* 

Base-line Absorbance Concentration of 
Time Absorbance reading of substrate 
(t) AE with solvent Absorbance substrate (C)t -Log (C)t 

(min) (AT)t (As)t (mol L-1 X 103) e 
A 
sol 

5.0 1.295 0.050 1. 245 1.244 0.2326 8.3662 
81.0 1. 268 0.055 1.213 1.206 0.2255 8. 3972 

212.0 1.210 0.055 1.155 1. 376 0.2126 8.4559 
345.0 1.175 0.050 1.125 1.102 0.2060 8.4877 
468.0 1.130 0.055 1. 075 1.043 0.1949 8.5431 
568.0 1.105 0.055 1.050 1.013 0.1894 8. 5719 
770.0 1.070 0.060 1.010 0.966 0.1805 8.6199 

1315.0 0.880 0.048 0.832 0.754. 0.1410 8.8669 
1500.0 0.865 0.055 0.810 0. 728 0.1361 8.9021 
1740.0 0.810 0.050 0.760 0.669 0.1250 8.9871 
1863.0 0.780 0.054 0.726 0.628 0.1175 9.0493 
2073.0 0.746 0.050 0.696 0.593 0.1108 9.1076 
2195.0 0. 726 0.050 0.676 0.569 0.1064 9.1485 
2715.0 0.642 0.054 0.588 0.465 0.0869 9.3512 
2895.0 0.621 0.055 0.566 0.439 0.0820 9.4090 
3155.0 0.585 0.057 0.528 0.394 0.0736 9.5175 
3352.0 0.565 0.055 0.510 0.372 0.0696 9.5733 
3645.0 0.537 0.053 0.484 0.341 0.0638 9.6599 
4175.0 0.495 0.055 0.440 0.289 0.0540 9.8259 
4595.0 0.463 0.058 0.405 0.248 0.0463 9.9810 I-' 

5145.0 0.424 0.053 0. 371 0.207 0.0387 10.1590 w 
IV 



TABLE XIII (Continued) 

*(A ) =A - A 
T t E sol 

Weight of ester la dissolved in 100 mL of 5.0 mM hydrochloric acid = 5.65 mg . 
.--.J 

Temp= 30 ± O.l°C; A 

Number of data points 21 

Experiment #1 

Experiment #2 

(Cl ) = 0.2353 mM; 
a o --

( (Cl ) ) l = 0.2300 mM; k a o ca c obs 

( (Cl ) ) l = 0.2294 mM; a o ca c ,...__, 
k 

obs 

k b (average) 
0 s 

(0.582 ± 0.006) x 10-5 sec-1 

(pH) 
average 

0.999 

0.998 

2.33±0.3; 

f-' 
w 
w 



Time Absorbance 
(t) A 

(min) 
E 

5.0 1. 315 
16.0 1.295 
85.0 1.270 

135.0 1.235 
200.0 1.200 
270.0 1.155 
335.0 1.100 
390.0 1.075 
465.0 1.050 
610.0 0.980 
730.0 0.910 

1100.0 0.742 
1310.0 0.670 
1615.0 0.572 
1885.0 0.525 
2290.0 0.462 
2550.0 0.436 
3025.0 0.380 
3345.0 0.350 
3600.0 0.340 

11 

TABLE XIV 

THE RATE OF HYDROLYSIS OF ESTER la IN 1.06 mM 
HYDROCHLORIC ACID AT 25°C;~RUN 3* 

Base-line Absorbance Concentration 
reading of substrate 

with solvent Absorbance substrate 

of 

(C >t 
(AT)t (As)t (mol L- 1 X 10 3) A 

sol 

0.050 1.265 1. 263 0.2334 
0.050 1.245 1.240 0.2290 
0.050 1.220 1. 210 0.2236 
0.050 1.185 1.168 0.2159 
0.050 1.150 1. 267 0.2082 
0.050 1.105 1.073 0.1983 
0.050 1.050 1.008 0.1862 
0.050 1.025 0.978 0.1807 
0.050 1.000 0.948 0.1752 
0.050 0.930 0.865 0.1598 
0.050 0.860 0.782 0.1445 
0.050 0.692 0.582 0.1076 
0.050 0.620 0.496 0.0917 
0.050 0.522 0.380 0.0702 
0.050 0.475 0.324 0.0599 
0.050 0.412 0.249 0.0461 
0.050 0.386 0.218 0.0403 
0.050 0.330 0.152 0.0280 
0.050 0.302 0.118 0.0219 
0.050 0.290 0.104 0.0193 

-Log 
e (C) t 

8.3626 
8.3816 
8.4059 
8.4409 
8.4771 
8.5258 
8.5887 
8.6186 
8.6495 
8.7413 
8.8425 
9.1375 
9.2965 
9.5640 
9.7230 
9.9859 

10.1183 
. 10.4821 

10.7299 
10.8582 1-' 

w 
.!::> 



TABLE XIV (C~ntinued) 

*(A) =A -A 
T t E sol 

Weight of ester la dissolved in 100 mL of 1.06 mM hydrochloric acid= 5.70 mg. 
__..-../ 

Temp = 25 ± G.l°C; :\ 

· Number of data points 20 

Experiment #1 

Experiment #2 

<c1 ) = 0.2353 mM; 
a o 
~ 

( <c1 > ) 1 = 0.2368 mM; k a o ca c obs -
( < c1 ) J . 1 = o . 2 3 3 9 mM; k a o ca c obs 

----- . 

k b (average) 
0 s 

(1.185 ± 0.007) x 10-ssec-l 

(pH) 
average 

0.999 

0.999 

3.0 ± 0.03; 

1--' 
w 
Ul 



Time Absorbance 
(t) A 

(min) 
E 

4.0 1. 320 
28.0 1.310 
44.0 1.290 
81.0 1.232 

121.0 1.202 
180.0 1.150 
252.0 1.110 
324.0 1.072 
410.0 0.980 
520.0 0.914 
610.0 0.868 
700.0 0.810 
825.0 0.740 

1290.0 0.572 
1550.0 0.498 
1910.0 0.423 
2175.0 0.388 
3007.0 0.320 

TABLE X:V 

THE RATE OF HYDROLYSIS OF ESTER~ IN 0.795 mM 
HYDROCHLORIC ACID AT 25°C; RUN 4* 

Base-line Absorbance Concentration 
reading of substrate 

with solvent Absorbance substrate 

of 

(C) t 
(AT)t (As) t (mol L-l X 103) A 

sol 

0.050 1.270 1.269 0.2307 
0.050 1.262 1.260 0.2289 
0.050 1.240 1.234 0.2242 
0.050 1.182 1.165 0. 2116 
0.050 1.152 1.129 0.2052 
0.050 1.100 1.067 0.1939 
0.050 1.060 1.020 0.1853 
0.050 1.022 0.975 0.1771 
0.050 0.930 0.865 0.1572 
0.050 0.864 0.787 0.1429 
0.050 0.818 0.732 0.1330 
0.050 0.760 0.663 0.1205 
0.050 0.690 0.580 0.1053 
0.050 0.522 0.380 0.0691 
0.050 0.448 0.292 0.0531 
0.050 0.373 0.203 0.0369 
0.050 0.338 0.161 0.0293 
0.050 0.270 0.080 0.0146 

-Log 
e (C) t 

8.3746 
8.3821 
8.4031 
8.4606 
8.4917 
8.5481 
8.5936 
8.6390 
8.7580 
8.8531 
8.9252 
9.0241 
9.1583 
9.5807 
9.8441 

10.2085 
10.4381 
11.1342 

I-' 
w 
(j\ 



TABLE XV (Continued) 

*(A ) =A -A 
T t E sol 

Weight of ester la dissolved in 100 mL of 0.795 mM hydrochloric acid= 5.60 mg . ...., 

Temp= 25 ± O.l°C; 

Number of data points 18 

Experiment #l 

(Cl ) = 0.2312 
a o 

Experiment #2 

(Cl) = 0.2333 
a o 

k b (average) 
0 s 

mM; [<c1 ) ) 1 = 0.2318 mM; a o ca c 
r-

mM; (<c1 ) ) 1 = 0.2339 mM; a o ca c 
rv 

(1.565 ± 0.007) x 10-ssec-l 

k 
obs 

l. 56 X l0- 5sec- 1 ; R2 0.999 

k = 1.57 X l0- 5sec-_1 ; R2 
obs 

0.999 

3.13 ± 0.03; 



Time Absorbance 
(t) AE 

(min) 

8.0 1.300 
21.0 1. 210 
35.0 1.270 
46.0 1.251 
63.0 1.242 
70.0 1.235 

106.0 1.172 
138.0 1.124 
176.0 1.075 
203.0 -1.060 
251.0 1.010 
259.0 0.995 
305.0 0.952 
345.0 0.915 
455.0 0.822 
535.0 0.760 
620.0 0. 722 
760.0 o. 632. 

1215.0 0.455 
1485.0 0.380 
1845.0 0.332 

TABLE XVI 

THE RATE OF HYDROLYSIS OF ESTER la IN 0.530 rnM 
HYDROCHLORIC ACID AT 25°C;~RUN 5* 

Base-line Absorbance Concentration 
reading of substrate 

with solvent Absorbance substrate 

of 

(C) t 
(AT)t (As)t (mol L-l X 10 3) A 

sol 

0.050 1.250 1.245 0.2252 
0.050 1. 260 1. 257 0.2274 
0.050 1.220 1.209 0.2188 
0.050 1. 201 1.186 0.2147 
0.050 1.192 1.176 0.2127 
0.050 1.185 1.167 0. 2112 
0.050 1.122 1.092 0.1977 
0.050 1.074 1.035 0.1873 
0.050 1. 025 0.977 0.1768 
0.050 1.010 0.959 0.1736 
0.050 0.960 0.900 0.1628 
0.050 0.945 0.882 0.1596 
0.050 0.902 0.831 0.1503 
0.050 0.865 0.787 0.1424 
0.050 o. 772 0.676 0.1223 
0.050 0. 710 0.602 0.1090 
0.050 0.672 0.557 0.1008 
0.050 0.582 0.450 0.0814 
0.050 0.405 0.240 0.0433 
0.050 0.330 0.150 0.0272 
0.050 0.282 0.093 0.0169 

-Log 
e (C) t 

8.3985 
8.3890 
8.4276 
8.4465 
8.4555 
8.4626 
8.5290 
8.5827 
8.6406 
8.6590 
8.7230 
8.7431 
8.8028 
8.8573 
9.0088 
9.1243 
9.2023 
9.4157 

10.0463 
10.5122 1-' 

10.9899 
w 
OJ 



TABLE XVI (Continued) 

*(A ) =A - A 
T t E sol 

Weight of ester la dissolved in 100 mL of 0.530 mM hydrochloric acid = 5.60 mg. 

Temp = 25 ± O.l°C; A 

Number of data points 21 

Exp€riment #1 

(c1 ) = 0.2312 ml-1; 
a o -

Experiment #2 

( (Cl ) ) l = 0.2314 mM; k a o ca c obs .,...._, 

<c1 > = 0.2312 mM; (<c1 ) ) 1. = 0.2317 mM; k a o a o ca c obs 
,--.J 

k b (average) = (2.37 ± 0.01) x 10-Ssec- 1 
0 s 

(pH) 
average 

0.999 

0.999 

3.35 ± 0.03; 
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The Rate of Hydrolysis of Ester 1e in 0.265 mM Hydrochloric Acid at 

The experiment was repeated exactly as described earlier with 100 

mL of 0.265 mM hydrochloric acid as the solvent and bath temperature at 

25°C. Results are summarized in Table XVII. A duplicate run was per-

formed. 

The Rate of Hydrolysis of Ester bg in 0.106 mM Hydrochloric Acid at 

The experiment was repeated exactly as described earlier with sol-

vent as 100 mL of 0.106 mM hydrochloric acid and bath temperature at 

25.7°C. Results are summarized in Table XVIII. A duplicate run was 

performed. 

The Rates of Hydrolysis of Ester 15 in 0.50 mM Hydrochloric Acid at 

25°C with Varying Initial Concentration of the Substrate; Run 8 

In order to ascertain whether the observed rate of hydrolysis was 

governed by a pseudo first-order behavior, rates of hydrolysis were 

measured exactly as described earlier with 100 mL of 0.50 mM hydro-

chloric acid as the solvent. In Experiment 1, 4.6 mg (4 ~L) of ester 

la was used and, in Experiment 2, 6.85 mg (6 ~L) of ester la was dis-
~ ----
solved in 100 mL of solvent. Each experiment was performed in duplicate 

and the results are summarized in Table XIX. It is clear from data on 

Table XIX that the rate constant k b is independent of the initial 
0 s 

concentration of ~' as would be expected for a pseudo first-order 

reaction. 



Time Absorbance 
(t) AE 

(min) 

6.0 1. 310 
16.0 1.275 
32.0 1. 225 
42.0 1.200 
60.0 1.148 
75.0 l.llO 

102.0 1.040 
135.0 0.985 
170.0 0.905 
200.0 0.862 
230.0 0.815 
262.0 0.760 
300.0 o. 712 
350.0 0.659 
402.0 0.617 
460.0 0.552 
530.0 0.525 
615.0 0.460 
765.0 0.390 

1210.0 0.290 

TABLE XVII 

THE RATE OF HYDROLYSIS OF ESTER la IN 0.265 roM 
HYDROCHLORIC ACID AT 25°C-;-RUN 6* 

Base-line Absorbance Concentration 
reading of substrate 

with solvent Absorbance substrate 

of 

(C) t 
(AT)t (As)t (mol L-l X 103) A 

sol 

0.050 1.260 1.257 0.2318 
0.050 1. 225 1.216 0.2242 
0.050 1.175 1. 571 0.2134 
0.050 1.150 1.128 0.2079 
0.050 1.098 1.066 0.1967 
0.050 1.060 1.022 0.1884 
0.050 0.990 0.939 0.1732 
0.050 0.935 0.875 0.1613 
0.050 0.855 0.780 0.1439 
0.050 0.812 0.730 0.1346 
0.050 0.765 0.675 0.1244 
0.050 0.710 0.610 0.1124 
0.050 0.662 0.553 0.1020 
0.050 0.609 0.491 0.0905 
0.050 0.567 0.441 0.0814 
0.050 0.502 0.365 0.0673 
0.050 0.475 0.333 0.0614 
0.050 0.410 0.257 0.0473 
0.050 0.340 0.174 0.0321 
0.050 0.240 0.057 0.0104 

-Log 
e (C) t 

8.3696 
8.4029 
8.4525 
8.4783 
8.5341 
8.5769 
8.6610 
8.7324 
8.8463 
8. 9134 
8.9922 
9.0931 
9.1903 
9.3100 
9.4161 
9.6064 
9.6975 
9.9584 

10.3456 
11.4708 1-' 

ol'> 
1-' 



TABLE XVII (Continued) 

*(A) =A -A 
T t E sol 

Weight of ester la dissolved in 100 mL of hydrochloric acid= 5.70 mg. 

Temp = 25 ± O.l°C; A 

Number of data points 20 

Experiment #l 

(c1a)o = 0.2353 mM; 
,....-

Experiment #2 

<c1 ) = 0.2353 mM; 
a o 

---../ 

( (C ) ) = 0.2274 mM; k 
~ o calc obs 

( (Cl ) ) l = 0.2170 mM; k a o ca c obs __, 

k b (average) (4.31 ± 0.06) x 10-ssec-1 
0 s 

(pH) 
average 

0.999 

0.993 

3.60 ± 0.03; 



TABLE XVIII 

THE RATE OF HYDROLYSIS OF ESTER la IN 0.106 mM ,__ 
HYDROCHLORIC ACID AT 25.7°C; RUN 7* 

Base-line Absorbance Concentration of 
Time Absorbance reading of substrate 
(t) AE with solvent Absorbance substrate (C)t -Log (C)t 

(min) (AT) t (As)t (mol L-l X 10 3) e 
A 
sol 

5.0 1.198 0.050 1.148 1.136 0.2169 8.4362 
8 ~-o 1.160 0.050 l.llO 1.091 0.2083 8.4766 

10.0 1.142 0.050 1.092 1.070 0.2042 8.4963 
15~0 1.100 0.050 1.050 1.020 0.1947 8.5438 
20.0 1.080 0.050 1.030 0.997 0.1902 8.5673 
25.0 1.050 0.050 1.000 0.961 0.1835 8.6036 
31.0 1.005 0.050 0.955 0.908 0.1733 8.6605 
34.0 0.980 0.050 0.930 0.879 0.1677 8.6936 
38.5 0.953 0.050 0.903 0.847 0.1616 8.7306 
43.0 0.930 0.050 0~880 0.819 0.1564 8.7633 
49.5 0.895 0.050 0.845 0.778 0.1485 8.8151 
55.0 0.865 0.050 0.815 0.742 0.1417 8.8618 
60.0 0.842 0.050 0.792 0.715 0.1365 8.8992 
66.0 0.825 0.050 o. 775 0.695 0.1327 8.9277 
73.0 0.790 0.050 0. 740 .0.654 0.1248 8.9891 
80.0 0.760 0.050 0.710 0.618 0.1180 9.0449 
88.0 0.730 0.050 0.680 0.583 O.lll2 9.1040 
97.0 0.700 0.050 0.650 0.547 0.1044 9.1668 

106.0 0.676 0.050 0.626 0.519 0.0990 9.2201 
117.0 0.642 0.050 0.592 0.479 0.0914 9.3007 I-' 

129.0 0.608 0.050 0.558 0.439 0.0837 9.3885 ~ 
w 



TABLE XVIII (COntinued) 

Base-line Absorbance Concentration of 
Time Absorbance reading of substrate 
(t) AE with solvent Absorbance substrate (C)t 

(min) (AT)t (As) t · (mol L-l X 103) A 
sol 

142.0 0.578 0.050 0.528 0.403 0.0769 
155.0 0.558 0.050 0.508 0.379 0. 0724 
176.0 0.515 0.050 0.465 0.329 0.0627 
192.0 0.486 0.050 0.436 0.294 0.0561 
208.0 0.461 0.050 0.411 0.265 0.0505 
285.0 0.374 0.050 0.324 0.162 0.0309 
360.0 o. 320 0.050 0.270 0.098 0.0187 

*(A ) =A - A 
T t E sol 

Weight of ester la dissolved in 100 mL of 0.106 mM hydrochloric acid = 5.65 mg. 

Number of data points = 28 

Experiment #1 

(c1a)o = 0.2312 mM; 
,-..-

( (C ) ) l = 0.2110 mM; k 
la o ca c obs 
---...-

(pH) 
average 

0.997 

-Log 
e (C)t 

9.4729 
9.5334 
9.6773 
9.7876 
9.8935 

10.3860 
10.8885 

3.94 ± 0.03; 



Experiment #2 

(Cl ) = 0.2353 mM; a o 
....-.--

k b (average) 
0 s 

TABLE XVIII (Continued) 

( (C ) ) = 0.2204 mM; 
la o calc 
~ 

k 
obs R2 = 0.993 



Experiment 

l 
Duplicate l 

2 
Duplicate 2 

TABLE XIX 

THE RATES OF HYDROLYSIS OF ESTER la IN 
~ 

0.50 mM HYDROCHLORIC ACID AT· 25°C WITH 
VARYING INITIAL CONCENTRATION OF 

SUBSTRATE; RUN 8* 

Initial 
Weight of ~ Concentration ( ( c ) ) 

!_~ o calc in 100mL of .l~ (C 1a) o 
Solvent (mg) (rnM) _...._.. 

(rnM) 

46.0 0.1899 0.1761 
45.0 0.1858 0.1781 
68.5 0.2828 0.2683 
70.0 0.2890 0.2705 

*Temp 25 ± O.PC; 268 nm; 

k X105 
obs 
sec- 1 

2.72 
2.67 
2.67 
2.66 

(pH) = 3.28 ± 0.03; 
average 

Number of data points 19-21 
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R2 

0.997 
0.998 
0.999 
0.999 
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Investigation of Other Reaction Orders for Hydrolysis of Ester k~in 

Hydrochloric Acid 

Concentration functions corresponding to the zero, first, second 

and third order rate laws were evaluated from data presented in Table 

XV for run 4 as a test case. The corresponding functions are sum­

marized in Table XX. The least squares correlation coefficient R2 for 

Zero, first, second and third order fit were found to be: R2 0.87 

(0), 0.999 (1), 0.894 (2), and 0.65 (3), respectively. The correspond-

ing plots of the concentration functions can be seen in Figure 5. It 

is clear that only the pseudo first-order function [¢ 1 = - log (C) ] is 
. e t 

linear with time which supports the assumption that the observed reac-

tion is pseudo first-order. Pseudo first-order plots for hydrolysis of 

ester la in other hydrochloric acid solutions can be seen in Figure 4. _,..._, 

The Rate of Hydrolysis of Ester la in Water in ........., 

the Absence of Hydrochloric Acid at 

In order to determine if the hydrolysis of ester la was catalyzed ,.._ 

by externally added hydrochloric acid, the rates were measured for 

hydrolysis of la in distilled water in the absence of any external acid. __, 

The experiment was performed exactly as described previously with 100 

mL of distilled water as the solvent. Results are tabulated in Table 

XXI. Six more runs were performed. The pH of a solution of la at the ,......_, 

above concentration was monitored separately for over 4 half lives. 

The pseudo first-order plot along with the variation of pH could be seen 

in Figure 3 for an aqueous solution of ester la (0.2353 roM) in water. ,......_, 



Least 
Squares 

Correlation 
Coefficient: 

TABLE XX 

INVESTIGATION OF OTHER.REACTION ORDERS* FOR 
HYDROLYSIS OF ESTER l5 IN HYDROCHLORIC 

ACID: FROM DATA ON TABLE XV 

Time Concentration 
1/(C)t 

(t) of substrate -Log (C) 
(min) (mol L-1 x 10 3) e t (mM)-1 

4.0 0.2306 8.3746 4.336 
28.0 0.2289 8.3821 4.369 
44.0 0.2242 8.4031 4.460 
81.0 o. 2116 8.4606 4.726 

121.0 0.2052 8.4917 4.873 
180.0 0.1939 8.5481 5.157 
252.0 0.1853 8.5936 5.397 
324.0 0.1771 8.6390 5.647 
410.0 0.1572 8.7580 6.361 
520.0 0.1429 8.8531 6.998 
610.0 0.1330 8.9252 7.519 
700.0 0.1205 9.0241 8.299 
825.0 0.1053 9.1583 9.497 

1290.0 0.0691 9.5807 14.470 
1550.0 0.0531 9.8441 18.830 
1910.0 0.0369 10.2085 27.100 
2175.0 0.0293 10.4381 34.130 
3007.0 0.0146 11.1342 68.~90 

R2 0.87 0.999 0.894 
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1/(C)~ 
(roM) -2 

18.81 
19.09 
19.90 
22.33 
23.75 
26.60 
29.12 
31.88 
40.47 
48.98 
56.53 
68.87 
90.19 

209.40 
354.70 
734.40 

1165.00 
4691.00 

0.65 

*See Figure 5 for plots of the different concentration functions vs time 

for zero, first, second and third-order reactions. 



Time Absorbance 
(t) AE 

(min) 

4.0 0.923 
4.5 0.892 
5.0 0.870 
5.5 0.852 
6.0 0.838 
7.0 0.810 
8.0 0.782 
9.0 0.750 

10.5 0.732 
11.0 o. 726 
11.5 o. 718 
12.0 0. 715 
13.0 0.692 
14.5 0.675 
15.5 0.665 
16.5 0.658 
18.0 0.640 
19.0 0.632 
20.0 0.620 
21.0 0.616 
22.0 0.596 

TABLE XXI 

THE RATE OF HYDROLYSIS OF ESTER la IN WATER IN THE 
ABSENCE OF HYDROCHLORIC ACID~T 25°C; RUN 9* 

Base-line Absorbance Concentration 
reading of substrate 

with solvent Absorbance substrate 

of 

(C) t 

(AT)t (As)t (mol L-l X 103) A 
sol 

0.048 0.875 0.842 0.1935 
0.048 0.844 0.804 0.1848 
0.048 0.822 o. 777 0.1786 
0.048 0 .. 804 0.755 0.1735 
0.048 0.790 0.738 0.1696 
0.048 0.762 0.703 0.1617 
0.048 0.734 0.669 0.1538 
0.048 0.702 0.630 0.1448 
0.048 0.684 0.608 0.1397 
0.048 0.678 0.600 0.1380 
0.048 0.670 0.591 0.1358 
0.048 0.667 0.587 0.1349 
0.048 0.644 0.559 0.1285 
0.048 0.627 0.538 0.1237 
0.048 0.617 0.526 0.1209 
0.048 0.610 0.517 0.1189 
0.048 0.592 0.495 0.1138 
0.048 0.584 0.485 0.1116 
0.048 0.572 0.471 0.1082 
0.048 0.568 0.466 0.1071 
0.048 0.548 0.441 0.1014 

-Log 
e (C) t 

8.5503 
8.5965 
8.6306 
8.6594 
8.6823 
8.7299 
8. 7799 
8.8402 
8.8759 
8.8880 
8.9045 
8.9107 
8.9599 
8.9978 
9.0208 
9.0373 
9.0808 
9.1008 
9.1315 
9.1420 1-' 

9.1960 II'> 
\.0 



TABLE XXI (Continued) 

Base-line Absorbance Concentration of 
Time Absorbance reading of substrate 
(t) AE with solvent Absorbance substrate (C)t -Log (C) t 

(min) (AT) t (As) t (mol L-l X 103) e 
A 
sol 

24.0 0.570 0.048 0.522 0.409 0.0941 9.2709 
26.0 0.562 0.048 0.514 0.400 0.0919 9.2951 
28.0 0.556 0.048 0.508 0.392 0.0902 9.3136 
30.0 0.550 0.048 0.502 0.385 0.0885 9.332~ 

23.0 0.542 0.048 0.494 0.375 0.0862 9.3583 
34.0 0.530 0.048 0.482 0.360 0.0829 9.3983 
36.0 0.520 0.048 0.472 0.348 0.0801 9.4328 
38.0 0.512 0.048 0.464 0.338 0. 0778 9.4613 
40.0 0.500 0.048 0.452 0.324 0.0744 9.5057 
42.0 0.490 0.048 0.442 0.312 0.0716 9.5443 
44.0 0.482 0.048 0.434 0.302 0.0694 9.5762 
47.0 0.470 0.048 0.422 0.287 0.0660 9.6261 
50.0 0.454 0.048 0.406 0.267 0.0615 9.6968 
54.0 0.432 0.048 0.384 0.240 0.0553 9.8030 
58.0 0.420 0.048 0.372 0.226 0.0519 9.8660 
62.0 0.410 0.048 0.360 0.214 0.0491 9.9218 
68.0 0.395 0.048 0.347 0.195 0.0449 10.0117 
72.0 0.378 0.048 0.330 0.174 0~0401 10.1244 
78.0 0.370 0.048 0.322 0.165 0.0378 10.1823 
84.0 0.354 0.048 0.306 0.145 0.0333 10.3090 
90.0 o. 340 0.048 0.292 0.128 0.0294 10.4348 
96.0 0.325 0.048 0.277 0.109 0.0252 10.5898 

104.0 0. 318 . 0.048 0.270 0.101 0.0232 10.6713 1-' 
Ul 
0 



TABLE XXI {Continued) 

Base-line Absorbance Concentration of 
Time Absorbance reading of substrate 
(t) A with solvent Absorbance substrate (C)t 

(min) E 
(AT)t {As)t {mol L- 1 X 10 3 ) A 

sol 

lll.O 0.310 0.048 0.262 0.091 0.0210 
121.0 0.298 0.048 0.250 0.076 0.0176 

*(A ) = A - A 
T t E sol 

Weight of ester .!3 dissolved in 100 mL of distilled water= 5.70 mg. 

Temp = 25 ± O.l°C; 268 nm; 

Number of data points = 47 

Experiment #l 

{Cl ) = 0.2353 mM; 
a o 

oi"J 

Experiment #2 

(Cl ) = 0.2353 mM; a o 
·""' 

( (Cl ) ) l = 0.1702 mM; a o ca c _,...,._. 
k 

obs 

(<cla>o]calc= 0 · 1807 mM; kobs 
-"""' 

(pH) 
average 

0.985 

0.975 

-Log 
e (C)t 

10.7734 
10.9492 

4.4 

1-' 
iJl 
1-' 



TABLE XXI (Continued) 

Experiment #3 

(Cl ) a o 
= 0.2560 rnM; ( (C ) ) = 

~~ o calc 
0. 2 060 rnM·; k 

obs 

Experiment #4 

(Cl ) = 0.2642 rnM; ( (Cl ) ) l = 0.1810 rnM; k 
a o a o ca c obs .-

Experiment #5 

(Cl ) = 0.2457 rnM; ( (Cl ) ) l = 0.1820 rnM; k 
a o a o ca c obs 

.~ 

Experiment #6 

(Cl ) = 0.3468 rnM; ( (Cl ) ) l = 0.2879 rnM; k 
a o a o ca c obs 

~ 

Experiment #7 

(Cl ) = 0.3303 rnM; a o ( (c1 ) ) 1 = 0.2403 rnM; k = 21.6 x 10-Ssec-1; R2 
a o ca c obs 

0.974 

k b (average) 
0 s 

k b (average) 
0 s 

,._, 

(32.4 ± 3.0) x l0- 5sec-1 (for runs 1 to 5 for the initial concentration range: 
0.2353 rnM- 0.2642 rnM) 

(23.4 ± 2.5) x 10-5sec- 1 (for runs 5 and 6 for the initial concentration range: 
0.3303 rnM- 0.3468 rnM) 

f-' 
U1 
N 
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Solvent Isotopic Effect: The Rate of Hydrolysis 

of Ester ~ in o2o in the Absence of 

Hydrochloric Acid at 25°C; Run 10 

The .rate of hydrolysis of ester ~in o2o was monitored in order 

to evaluate the solvent isotopic effect. The experiments were repeated 

exactly as described earlier with 25-50 mL of o2o as solvent and two 

different initial concentrations of ester la. Results are summarized ,....., 

in Table XXII. Values of pD for the solution of ~ in o2o were assumed 

to be the same as the corresponding values of pH for a similar solution 

of ester ~ in H2o. This was confirmed by measurement of the pH of a 

solution of ester ):.5 in o2o (0.2395 mM) [Measured with a glass electrode 

which was standardized with buffer solutions in ordinary water]. The 

average value of the pH experimentally measured for the solution of 

ester~ in o2o was found to be 4.0 ± 0.05. The experimental value of 

pH measured as described above was converted into the corresponding pD 

values by using the correction factor reported by Covington and co­

workers from the following equation. 28 

(pD) D 0 
2 

= (PH) + 0.41 
measured in o2o 

so that (pD) for the .solutions of ester ~- in o2o used for the average r-

kinetic study was evaluated as 4.0 ± 0.41 = 4.41 ± 0.05. The same 

values of e1 and e2 evaluated in aqueous solutions were used for the 

calculation of k 0 . 
D2 

corresponding values 

The isotopic effect k 0 /k 0 evaluated 
. H2 D2 

of kH 0 is given in Table XXII. 
2 

from the 



Time Absorbance 
(t) ~ (min) 

3.0 0.978 
3.5 0.950 
4.0 0.920 
4.5 0.898 
5.0 0.880 
5.5 0.878 
6.0 0.866 
7.0 0.842 
8.0 0.830 
9.0 0.822 

10.0 0.792 
12.0 0.768 
14.0 0.755 
15.0 0.740 
17.0 0.736 
21.0 0.714 
23.0 0.704 
25.0 0.680 
27.0 0.665 
29.0 0.660 
35.0 0.640 

TABLE XXII 

RATE DATA IN D20 AND SOLVENT ISOTOPIC EFFECT FOR THE 
HYDROLYSIS OF ESTER la AT 25°C; RUN 10* 

Base-line Absorbance Concentration 
reading of substrate 

of 

with solvent Absorbance substrate (C) 

(AT)t (As)t (mol L-l \ 10 3) A 
sol 

0.045 0.933 0.917 0.2107 
0.045 0.905 0.882 0.2029 
0.045 0.875 0.846 0.1944 
0.045 0.853 0.819 0.1882 
0.045 0.835 0.797 0.1832 
0.045 0.833 0.794 0.1826 
0.045 0.821 0.780. 0.1792 
0.045 0.797 0.750 0.1725 
0.045 0.785 0.735 0.1691 
0.045 o. 777 0. 726 0.1668 
0.045 0.747 0.689 0.1584 
0.045 0. 723 0.660 0.1516 
0.045 0. 710 0.644 o·.l480 
0.045 0.695 0.625 0.1437 
0.045 0.691 0.620 0.1426 
0.045 0.669 0.593 0.1364 
0.045 0.659 0.581 0.1336 
0.045 0.635 0.552 0.1269 
0.045 0.620 0.533 0.1226 
0.045 0.615 0.527 0.1212 
0.045 0.595 0.503 0.1156 

-Log 
e (C)t 

8.4649 
8.5031 
8.5456 
8.5779 
8.6052 
8.6083 
8.6270 
8.6654 
8.6852 
8.6986 
8.7505 
8.7941 
8.8185 
8.8475 
8.8553 
8.8997 
8.9206 
8. 9725 
9.0063 
9.0178 1-' 

9.0654 
(J1 

.1::> 



TABLE XXII (Continued) 

Base~ line Absorbance 
Time Absorbance reading of 
(t) AE with solvent Absorbance substrate 

(min) (AT)t (A ) A 
sol s t 

37.0 0.630 0.045 0.585 0.491 
50.0 0.560 0.045 0.515 0.405 
75.0 0.498 0.045 0.453 0.329 
93.0 0.455 0.045 0.410 0.276 

120.0 0.385 0.045 0.340 0.191 

*(A ) =A -A 
T t E sol 

Weight of ester la dissolved ±n 25 mL of D20 = 1.40 mg (1.2 ~L) 

Temp = 25 ± O.l°C; A 

Number of data points 26 

Experiment #1 

(Cl ) = 0.2312 mM; 
a o 

,.-...,' 

( (C ) ) = 0.1864 mM; k 
la o calc obs 
'"--' 

Concentration of 
substrate 

(C)t -Log (C) 
(mol L-l x 10 3) e t 

0.1128 9.0900 
0.0931 9.2820 
0.0756 9.4896 
0.0635 9.6640 
0.0438 10 .. 0352 

(pH) 
. average 

4.41; 

0.966 



Experiment #2 

(Cl ) = 0.3188 mM; 
a o -

TABLE XXII (Continued) 

( (C ) ) = 0.2433 mM; 
~ o calc 

k 
obs 

Combining the data from Table XXI 

#1 

#2 

R2 = 0.969 
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Evaluation of Activation Parameters (Runs 11-17) 

In order to evaluate the temperature dependence of the reaction 

rate constant, rates of hydrolysis of ester la in 0.265 mM hydrochloric ,.._ 

acid were measured at the following temperatures: Run 11, 20°C; Run 12, 

27.5°C; Run 13, 32.5°C; and Run 14, 35°C. Solvent selection required 

0.265 mM hydrochloric acid so that the magnitude of hydrolysis rates 

would be suitable for convenient measurements. 

Rates of hydrolysis of ester ~ in H2o in the absence of any ex-

ternal acid were also measured at the following temperatures: Run 15, 

30°C; Run 16, 32.2°C; and Run 17, 35.5°C. Experiments were performed 

exactly as described before. Every run was performed in duplicate. 

Results are summarized in Tables XXIII - XXIX. 

For the evaluation of k~bs (defined as kobs cH30+) from runs made 

in 0.265 hydrochloric acid solutions, C o+ was calculated from C~cl· 
H3 

For runs made in H2o, a value of C + was derived from the experimen­
H3o 

tally observed average pH value of 4.4 ± 0.05 measured during the course 

of the reaction. The sudden fall of pH (from 6.5-4.5) observed in the 

aqueous solution of ester la in the absence of external acid during the 
,.....J 

initial stages (10-15%) of the reaction was ignored while computing the 

value of k'b • The activation energy (E ) and the pre-exponential 
o s a 

factor (A') were evaluated from the Arrhenius Eq. (60) 

where 

k' 
obs 

k' 
obs 

-E /RT 
A'e a 

(n=O) 

(60) 

(61) 



Time Absorbance 
(t) AE 

(min) 

6.5 1.200 
33.0 1.195 
70.0 1.140 

152.0 1.065 
222.0 0.978 
387.0 0.840 
514.0 0.738 
817.0 0.576 

1287.0 0.425 
1590.0 0.380 
2398.0 0.295 

TABLE XXIII 

THE RATE OF HYDROLYSIS OF ESTER la IN 0.265 mM 
HYDROCHLORIC ACID AT 20°C;~RUN ll* 

Base-line Absorbance Concentration 
reading of substrate 

with solvent Absorbance substrate 

of 

(C) t 
A (AT)t (A ) . (mol L-l x. 10 3) 
sol s t 

0.055 1.145 1.122 0.2069 
0.055 1.140 1.116 0.2058 
0.055 1.085 1.051 0.1938 
0.055 1.010 0.963 0.1776 
0.055 0.923 0.860 0.1587 
0.050 0.790 0.704 0.1298 
0.057 0.681 0.576 0.1061 
0.060 0.516 0.381 0. 0703 
0.050 0.375 0.216 0.0397 
0.055 0.325 0.157 0.0289 
0.055 0.240 0.056 0.0104 

Weight of ester la dissolved in 100 mL of 0.265 mM hydrochloric acid= 5.70 mg 

Temp = 20 ± O.l°C; A. 

Number of data points ll 

(pH) 
average 

-Log 
e (C) t 

8.4835 
8.4888 
8.5485 
8.6363 
8.7487 
8.9496 
9.1508 
9.5625 

10.1338 
10.4530 
11.4727 

3.6 ± 0.03; 



TABLE XXIII (Continued) 

Experiment #1 

(C1 ) = 0.2353 mM; ((c1 ) ) 1 = 0.2092 mM; k 
a o a o ca c obs ........ 

Experiment #2 

(C1 ) =0.2374mM; 
a o --

k b (average) = (2.15 ± 0.07) x 10-ssec-1 
0 s 

0.999 



TABLE XXIV 

THE RATE OF HYDROLYSIS OF ESTER la IN 0.265 mM ---HYDROCHLORIC ACID AT 27.5°C; RUN 12* 

Base-line Absorbance Concentration of 
Time Absorbance reading of substrate 

( t) AE with solvent Absorbance substrate (C) t -Log (C\ 
(min) (AT) t (A ) (mol L- 1 X 103) e 

A 
sol s t 

6.0 1.280 0.050 1.230 1.230 0.2268 8.3916 
15.0 1.250 0.050 1.200 1.194 0.2202 8.4207 
25.0 1.200 0.050 1.150 1.136 0.2094 8.4713 
39.0 1.160 0.050 1.ll0 1.088 0.2007 8. 5136 
52.0 1.105 0.050 1.055 1.024 0.1888 8.5749 
70.0 1.060 0.050 1.010 0.971 0.1790 8.6281 
90.0 1.000 0.050 0.950 0.900 0.1660 8.7036 

110.0 0.942 0.050 0.892 0.832 0.1534 8.7824 
130.0 0.893 0.050 0.843 o. 774 0.1428 8.8543 
152.0 0.846 0.050 0.796 0. 719 0.1326 8.9284 
175.0 0.792 0.050 0.742 0.655 0.1209 9.0210 
204.0 0.735 0.050 0.685 0.588 0.1085 9.1290 
238.0 0.676 0.050 0.626 0.519 0.0957 9.2546 
268.0 0.630 0.050 0.580 0.465 0.0857 9.3648 
318.0 0.564 0.050 0.514 0.387 0.0714 9.5478 
368.0 0.518 0.050 0.468 0.333 0.0614 9.6985 
418.0 0.476 0.050 ,0.42.6 0.283 0.0523 9.8593 
482.0 0.438 0.050 0.388 . o. 239 0.0440 10.0310 
541.0 0.398 0.048 0.350 0.194 0.0358 10.2385 
599.0 0. 372 0.050 0.322 0.161 0.0297 10.4247 I-' 

0'1 
0 



~ 

TABLE XXIV (Continued) 

Base-line Absorbance .Concentration of 
Time Absorbance reading of substrate 
( t) AE with solvent Absorbance substrate (C)t 

(min) (AT)t (As) t (mol L-1 X 103) A 
sol 

742.0 0.324 0.048 0.276 0.107 0.0197 
915.0 0.298 0.050 0.248 0.074 0.0136 

*(A ) = A - A 
T t E sol 

Weight of ester la dissolved in 100 mL of 0.265 mM hydrochloric acid = 5.50 mg 
,_; 

Number of data points = 22 

Experiment #l 

Experiment #2 

(c1a)o = 0.2333 mM; (cc1a>o)calc= 0.2175 mM; kobs 
~ 

k b (average) = (5.46 ± 0.08) x 10-ssec-1 
0 s . 

(pH) 
average 

0.994 

0.994 

-Log 
e (C) t 

10.8346 
11.2034 

3.6 ± 0.03; 



TABLE XXV 

THE RATE OF HYDROLYSIS OF ESTER la IN 0.265 mM 
~ 

HYDROCHLORIC ACID AT 32.5°C; RUN 13* 

Base-line Absorbance Concentration of 
Time Absorbance reading of substrate 
(t) AE with solvent Absorbance substrate (C) t -Log <c> t 

L-1 X 103) e 
(min) A 

sol (AT)t (As)t (mol 

6.0 1.274 0.050 1.224 1.215 0.2240 8.4039 
14.0 1.235 0.050 1.185 1.169 0.2155 8.4424 
20.0 1.192 0.050 1.142 1.118 0.2062 8.4867 
27.0 1.130 0.050 1.080 1.045 0.1928 8.5541 
34.0 1.110 0.050 1.060 1.022 0.1884 8.5769 
43.0 1.075 0.050 1.025 0.981 0.1808 8.6181 
53.0 1.012 0.050 0.962 0.906 0.1671 8.6967 
61.0 0.985 0.050 0.935 0.875 0.1613 8.7324 
72.0 0.930 0.050 0.880 0.810 0.1493 8.8093 
82.0 0.880 0.050 0.830 0.751 0.1385 8.8848 
94.0 0.840 0.050 0.790 0.704 0.1298 8.9495 

108.0 0.795 0.050 0.745 0.651 0.1200 9.0277 
122.0 0.750 0.050 0.700 0.598 0.1103 9.1126 
138.0 0.700 0.050 0.650 0.539 0.0994 9.2162 
156.0 0.662 0.050 0.612 0.494 0.0912 9.3028 
180.0 0.610 0.050 0.560 0.433 0.0799 9.4349 
220.0 0.536 0.050 0.486 0.346 0.0638 9.6594 
261.0 0.475 0.050 0.425 0.274 0.0506 9.8919 
310.0 0.420 0.045 0.375 0.215 0.0397 10.1334 
344.0 0.400 0.050 0.350 0.186 0.0343 10.2802 f-' 

(j\ 

N 



TABLE XXV (Continued} 

Base-line Absorbance Concentration of 
Time Absorbance reading of substrate 
(t} AE with solvent Absorbance substrate (C) t -Log (C\ 

(min} (A ) , (A } (mol L-l X 103) e 
A 
sol T t s t 

400.0 0.350 0.050 0.300 0.127 0.0235 10.6605 
464.0 0.320 0.048 0.272 0.094 0.0174 10.9605 

*(A } =A - A 
T t E sol 

Weight of ester la dissolved in 100 mL of 0.265 mM hydrochloric acid= 5.70 mg 

(pH) = 3.6 ± 0.03; 
average 

Number of data points 22 

Experiment #1 

<c1 } = 0.2353 mM; (<c1 ) ) 1 = 0.2243 mM; k = 9.34 x 10-ssec-1; R2 
a o a o ca c obs 

~ 

Experiment #2 

cc1 ) ~· 0.2333 mM; (<c1 ) ) 1 = o.222s mM; k 
a o a o ca c obs 

~ 

k b (average) = (9.30 ± 0.06) x 10-Ssec-l 
0 s 

9.26 

0.999 

0.998 



TABLE XXVI 

THE RATE OF HYDROLYSIS OF ESTER la IN 0.265 mM ,..__. 
HYDROCHLORIC ACID AT 35°C; RUN 14* 

Base-line Absorbance Concentration of 
Time Absorbance reading of substrate 
(t) AE with solvent Absorbance substrate (C)t -Log (C)t 

(min) (AT)t (As) t (mol L-l X 103) e 
A 
sol· 

4.0 1.130 0.050 1.080 1.041 0.1920 8.5579 
9.0 1.125 0.050 1.075 1.035 0.1909 8.5636 

17.0 1.108 0.050 1.058 1.015 0.1873 8.5831 
24.0 1.104 0.050 1.054 1.011 0.1864 8.5877 
37.0 0.970 0.050 0.920 0.853 0.1573 8.7574 
47.0 0.920 0.050 0.870 0.794 0.1465 8.8288 
61.0 0.850 0.050 0.800 o. 712 0.1313 8.9384 
75.0 0.790 0.050 0.740 0.641 0.1182 9.0428 
90.0 0.728 0.050 0.678 0.568 0.1048 9.1636 

105.0 0.678 0.050 0.628 0.509 0.0939. 9.2730 
121.0 0.632 0.050 0.582 0.455 0.0840 9.3853 
144.0 0.570 0.050 0.520 0.382 0.0705 9.5600 
169.0 0.520 0.050 0.470 0.323 0.0596 9.7271 
192.0 0.480 0.050 0.430 0.276 0.0510 9.8844 
213.0 0.450 0.050 0.400 0.241 0.0445 10.0211 
223.0 0.420 0.050 0.370 0.206 0.0379 10.1795 
251.0 0.400 0.050 0.350 0.182 0.0336 10.3010 
275.0 0.375 0.050 0.325 0.153 0.0282 10.4771 
302.0 0.350 0.050 0.300 0.123 0.0228 10.6910 
340.0 0.320 0.050 0.270 0.088 0.0162 11.0281 1--' 

0'1 

"" 



TABLE XXVI (Continued) 

Weight of ester ~ dissolved in 100 mL of 0.265 mM hydrochloric acid = 5.80 mg 

Number of data points = 20 

Experiment #1 

Experiment #2 

k b (average) 
0 s 

(12.26 ± 0.04) x 10-ssec-1 

(pH) = 3.6 ± 0.03; 
average 

0.999 



TABLE XXVII 

THE RATE OF HYDROLYSIS OF ESTER la 
~ 

IN WATER AT 30°C; RUN 15* 

Base-line Absorbance Concentration of 
Time Absorbance reading of substrate 
(t) A with solvent Absorbance substrate (C) t -Log (C) t 

(min) 
E 

(AT)t (As)t (mol L-1 X 103) e 
A 
sol 

3.5 0.945 0.050 0.895 0.870 0.2000 8.5170 
4.0 0.922 0.050 0.872 0.842 0.1936 8.5499 
5.0 0.876 0.050 0.826 0.786 0.1806 8.6192 
6.0 0.854 0.050 0.804 0.759 0.1744 8.6540 
7.0 0.824 0.050 0.774 o. 722 0.1660 8.7037 
8.0 0.790 0.050 0.740 0.680 0.1564 8.7630 
9.0 0;780 0.050 0.730 0.668 0.1536 8.7812 

10.0 0.760 0.050 0.710 0.644 0.1480 8.8185 
11.0 0.740 0.050 0.690 0.619 0.1423 8.8573 
12.5 0. 710 0.050 0.660 0.582 0.1339 8.9185 
13.5 0.682 0.050 0.632 0.548 0.1260 8.9791 
15.0 0.670 0.050 0.620 0.533 0.1226 9.0063 
16.0 0.660 0.050 0.610 0.521 0.1198 9.0295 
17.0 0.650 0.050 0.600 0.509 0.1170 9.0533 
18.0 0.640 0.050 0.590 0.497 0.1142 9.0776 
19.5 0.620 0.050 0.570 0.472 0.1086 9.1282 
22.0 0.570 0.050 0.520 0.411 0.0945 9.2670 
24.5 0.562 0.050 0.512 0.401 0.922 9.2911 
26.0 0.555 0.050 0.505 0.393 0.0903 9.3127 
28.0 0.540 0.050 0.490 0.374 0.0861 9.3606 

1-' 
30.0 0.526 0.050 0.476 0.357 0.0821 9.4075 ()\ 

()\ 



TABLE XXVII (Continued) 

Base-line Absorbance Concentration of 
Time Absorbance reading of substrate 
(t) AE with solvent Absorbance substrate (C) t -Log (C) t 

~ 

(min) (AT) t (As) t (mol L-1 X 103) e 
A 
sol 

32.0 0.516 0.050 0.466 0.345 0.0793 9.4424 
34.0 0.500 0.050 0.450 0.325 0.0748 9.5009 
36.0 0.498 0.050 0.448 0.323 0.0742 9.5084 
38.0 0.476 0.050 0.426 0.296 0.0680 9.5955 
40.0 0.464 0.050 0.414 0. 281 0.0647 9.6464 
42.5 0.440 0.050 0.390 0.252 0.0579 9.7568 
48.0 0.420 0.050 0.370 0.227 0.0523 9.8591 
50.0 0.410 0.050 0.360 0.215 0.0495 9.9144 
54.0 0.400 0.050 0.350 0.203 0.0466 9.9730 
58.0 0.382 0.050 0.332 0.181 0.0416 10.0880 
62.0 0.370 0.050 0.320 0.166 0.0382 10.1727 
70.0 0.348 0.050 o. 298 0.139 0.0320 10.3495 

*(A ) = A - A 
T t E sol 

weight of ester la dissolved in 100 rnL of distilled water = 5.60 mg 

(pH) = 4.4;. 
average 

Number of data points = 33 



TABLE XXVII (Continued) 

Experiment #1 

cc 1 > = o.2312 mM; (cc 1 ) ) 1 = o.l918 mM; k a o a o ca c obs 

Experiment #2 

cc1 ) = 0.2312 mM; (cc1 ) ) 1 = 0.1906 mM; k = 43.08 x lo-ssec-1; R2 
a o a o ca c obs 

~ 

k b (average) 
0 s 

0.986 

0.986 



Time Absorbance 
(t) AE 

(min) 

3.5 0.880 
4.0 0.862 
4.5 0.845 
5.0 0.825 
5.5 0.805 
6.0 0.790 
6.5 .0. 770 
7.0 0.755 
7.5 0.742 
8.0 0.730 
8.5 -- 0.715 
9.5 0.684 

10.0 0.680 
11.0 0.666 
12.0 0.642 
13.0 0.626 
14.5 0.580 
15.0 0.572 
16.5 0.568 
17.5 0.555 
19.0 0.536 

TABLE XXVIII 

THE RATE OF HYDROLYSIS OF ESTER la 
IN WATER AT 32.2°C; RUN 16* 

Base-line Absorbance 
reading of 

with solvent Absorbance substrate 
A 
sol (AT)t (As)t 

0.050 0.830 0.791 
0.050 0.812 0.769 
0.050 0.795 0.748 
0.050 o. 775 0.723 
0.050 0.755 0.699 
0.050 0.740 0.680 
0.050 0. 720 0.656 
0.050 0.705 0.638 
0.050 0.692 0.622 
0.050 0.680 0.607 
0.050 0.665 0.589 
0.050 0.634 0.551 
0.050 0.630 0.546 
0.050 0.616 0.529 
0.050 0.592 0.499 
0.050 0.576 0.480 
0.050 0.530 0.423 
0.050 0.522 0.413 
0.050 0.518 0.409 
0.050 0.505 0.393 
0.050 0.486 0.369 

Concentration of 
substrate 

(C) t -Log (C) t 
(mol L-1 x 103) e 

0.1817 8.6129 
0.1767 8.6412 
0.1719 8.6687 
0.1663 8.7020 
0.1606 8.7364 
0.1564 8.7630 
0.1508 8.7997 
0.1466 8.8281 
0.1429 8.8534 
0.1395 8.8773 
0.1353 8.9080 
0.1266 8.9747 
0.1255 8.9836 
0.1215 9.0155 
0.1148 9.0727 
0.1102 9.1128 
0.0973 9. 2 377 
0.0951 9.2611 
0.0939 9.2730 
0.0903 9.3127 f-' 

0.0849 9.3738 (71 

~ 



TABLE XXVIII (Continued) 

Base-line Absorbance 
Time Absorbance reading of 
(t) AE with solvent Absorbance substrate 

(min) (AT)t (As)t A 
sol 

20.5 0.522 0.050 0.472 0.352 
22.0 0.506 0.050 0.456 0.333 
23.5 0.490 0.050 0.440 0.313 
25.0 0.476 0.050 0.426 0.296 
27.0 0.459 0.050 0.409 0.275 
29.0 0.446 0.050 0.396 0.259 
31.0 0.432 0.050 0.382 0.242 
33.0 0.410 0.050 0.360 0.215 
35.0 0.400 0.050 0.350 0.203 
38.0 0.372 0.050 0. 322 0.169 
41.0 0.365 0.050 0.315 0.160 
44.0 0.350 0.050 0.300 0.142 
47.0 0. 340 0.050 0.290 0.129 
51.0 0.320 0.050 0.270 0.105 
55.0 0.310 0.050 0.260 0.093 
60.0 0.302 0.050 0.252 0.083 

*(AT) t = A - A E sol 

Weight of ester la dissolved in 100 mL of distilled water 
.~ 

5.60 mg 

r· 

Concentration of 
substrate 

(Clt 
(mol L-l X 103) 

0.0810 
0.0765 
0.0720 
0.0680 
0.0633 
0.0596 
0.0557 
0.0495 
0.0466 
0.0388 
0.0368 
0.0326 
0.0298 
0.0241 
0.0213 
0.0191 

-Log 
e (C)t 

9.4213 
9.4785 
9.5392 
9.5955 
9.6684 
9.7280 
9.7964 
9.9144 
9.9730 

10.1581 
10.2102 
10.3321 
10.4225 
10.6322 
10.7562 
10.8679 

f-' 
-..J 
0 



TABLE XXVIII (Continued) 

Number of data points = 37 

Experiment #1 

Experiment #2 

cc1 > = 0.2436 mM; (<c1 > ) 1 = 0.2095 mM; k 
a o a o ca c obs .._,. 

k b (average) 
0 s (63.4 ± 5.4) x 10-ssec-1 

(pH) 
average 

0.993 

0.991 

4.4; 



Time Absorbance 
(t) AE 

(min) 

3.5 0.870 
4.0 0.850 
4~5 0.825 
5.0 0.805 
5.5 0. 779 
6.0 0.760 
6.5 0.740 
7.0 0. 725 
7.5 0.705 
8.5 0.670 
9.5 0.654 

10.0 0.640 
11.0 0.615 
13.5 0.560 
15.5 0.530 
17.0 0.508 
19.0 0.482 
21.0 0.460 
23.0 0.432 
25.0 0.410 
27.0 0.400 

TABLE XXIX 

THE RATE OF HYDROLYSIS OF ESTER la 
IN WATER AT 35.5°C; RUN 17* 

Base-line Absorbance 
reading of 

with solvent Absorbance substrate 
A 
sol (AT)t (As)t 

0.050 0.820 0.776 
0.050 0.800 0.752 
0.050 0.775 0. 721 
0.050 0.755 0.697 
0.050 0. 729 0.665 
0.050 0. 710 0.642 
0.050 0.690 0.617 
0.050 0.675 0.599 
0.050 0.655 0.574 
0.050 0.620 0.531 
0.050 0.604 0.512 
0.050 0.590 0.495 
0.050 0.565 0.464 
0.050 0.510 0.397 
0.050 0.480 0.360 
0.050 0.458 0.333 
0.050 0.432 0.301 
0.050 0.410 0.274 
0.050 0.382 0.240 
0.050 0.360 0.213 
0.050 0.350 0.201 

Concentration of 
substrate 

CC>t -Log (C\ 
(mol L-l X 103) e 

0.1785 8. 6311 
0.1728 8.6632 
0.1658 8.7048 
0.1602 8.7393 
0.1529 8.7861 
0.1475 8.8217 
0.1419 8.8606 
0.1377 8.8908 
0.1320 8.9325 
0.1222 9.0101 
0.1177 9.0476 
0.1137 9.0817 
0.1067 9.1456 
0.0912 9.3023 
0.0828 9.3995 
0.0766 9.4772 
0.0693 9.5777 
0.0631 9. 6713 
0.0552 9.8048 
0.0490 9.9238 ~ 

0.0462 9.9830 
-..J 
N 



TABLE XXIX (Continued) 

Base-line Absorbance Concentration of 
Time Absorbance reading of substrate 
(t) AE with solvent Absorbance substrate (C)t -Log (C)t 

(min) (AT)t (As)t (mol L- 1 X 103) e 
A 
sol 

29.5 0.377 0.050 0.327 0.173 0.0397 10.1340 
31.0 0.365 0~050 0.315 0.158 0.0363 10.2229 
33.0 0.355 0.050 0.305 0.146 0.0335 10.3035 
35.0 0.345 0.050 0.295 0.134 0.0307 10.3913 
40.0 0.320 0.050 0.270 0.103 0.0237 10.6516 

*(A ) =A -A 
T t E sol 

Weight of ester la dissolved in 100 mL of distilled water = 5.65 mg ,...,., 

Number of data points 26 

Experiment #1 

(Cl ) = 0.2333 mM; a o · (<cla>o)calc= 0 "2028 mM; kobs 
,,.._. 

Experiment' #2 

(c1 > = 0.2271 mM; (<c1 > ) 1 = 0.1863 mM; a o a o ca c 
. _,.._. 

k b. (average) = (97.0 ± 7.1) x 10-Ssec-1 
. 0 s 

k 
obs 

(pH) 
average 

4.4; 

92.0 x l0- 5sec- 1 ; R2 = 0.997 and for duplicate 

run 

0.995 
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An Arrhenius plot for log k' [defined by Eq. (61)) versus 1/T is · e obs 

given in Figure 7. Values of E and A' were found to be: E = 20.5 
a a 

kcal/mol and log A' = 16.25 (n = 0); 
e 

12.23 (n = l); 8.22 (n = 2) ; and 

4.20 (n = 3) since C = 55.56 mol 
-1 

Data from which and A' L • E 
H2o a 

were evaluated could be seen in Table XXX. An evaluation of MiT and 

t:,.s= from Arrhenius parameters E and A' was initiated. From the Eyring 
a 

.. 33 
Eq. [Eq. (62)), we have: 

where 

k .• 
rate 

K 

k 

T 

h 

k' 
rate 

KkT RT 
he 

rate constant (k'b ) 
0 s 

RT 
e 

transmission coefficient assumed to be unity 

-16 -1 -1 
Boltzmann constant (1.38 x 10 erg K mol ) 

= Temperature in K 

-27 = Planck's constant (6.63 x 10 erg sec) 

t:,.H1= enthalpy of activation inkcal mol-l 

t:,.sf entropy of activation in eu and 

R 
-1 -1 = gas constant (1.987 cal K mol ) 

(62) 

Comparing Eqs. (60), (61) and (62) and for a reaction occurring in any 

solution and assuming /:,.S~ ~ 

and 

A' 

49 
f(T), it can be shown that 

E = /:,.Ht + RT 
a 

= 
KkTe 

h 
e /:,.Sf/R 

(63) 

(64) 

Substituting the ·appropriate values for the paramet~rs in Eq. (63) and 

(64) we have: 



TABLE XXX 

EVALUATION OF ARRHENIUS PARAMETERS* 

Run 
Temp. 

T (K) 1/T X 103 
± O.PC (k-1) 

11 20.0 293.16 3.411 
2 25.0 298.16 3.354 

12 27.5 300.66 3.326 
13 32.5 305.66 3.272 
14 35.0 308.16 3.245 

9 25.0 298.16 3.354 
15 30.0 303.16 3.299 
16 32.2 305.36 3.275 
17 35.5 308.66 3.240 

k X 10 5 
obs 

( sec- 1) 

2.15 
4.31 
5.46 
9.30 

12.26 
32.10 
44.00 
63.40 
97.00 

k' x 1osa 
obs 

(sec- 1mol· L- 1 ) 

0.57 
1.14 
1.45 
2.46• 
3.25 
1.28 
1.75 
2.52 
3.86 

-Log k' 
e obs 

18.98 
18.29 
18.05 
17.52 
17.24 
18.17 
17.86 
17.50 
17.07 

(0.996)b *E = 20.5 k cal mol-l Log A' = 16.25(n=O)a R2 = 0.982 
a · e 

~· = k C I en and C = C0 = 0.265 mM for runs made in HCl 
obs obs H3o+ H20 H3o+ HCl 

(runs 2, 11, 12, 13 and 14). For runs made in H20, (runs 9, 15, 16 and 17) 

cH 3o+ was calculated from the experimentally observed average pH = 4.4. 

b . 
Value in parentheses was obtained if data from runs made in HCl (runs 2, 11, 

12, 13 and 14) alone were used. Corresponding values of E and log A' were' 
a e 

found to differ from the reported values only in the 3rd significant figures. 

For evaluation of errors in E and A' see discussion under Error Analysis. 
a 
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. . -3 -1 
20.5 - 300.91 x 1.987 x 10 kcal mol = 19.9 kcal mol-l 

Equation (64) can be written as 

~st ~ R{log A' - log kT/h - 1} (K = 1) 
e e 

log kT/h = 29.47 for T = 300.9 K. Substituting this value of kT/h e . 

into Eq. (65) : 

{-29.47 - 1 + log A' }R eu 
e 

(65) 

(66) 

Substituting the values of log A' for n == 2 or n 
e 

3 [Eq. (61)] evalu-

ated earlier into Eq. (66) we have: 

{-29.47 - 1 + 8.22} 1.987 eu -44.2 eu (n 2) 

~st {-29.47- 1 + 4.20} 1.987 eu 

= -52.2 eu (for n = 3). (67) 

Error Analysis 

Psuedo first-order rate constants were evaluated from Eq. (41) and 

(42) by the method of least squares. Results are summarized in Table V 

(see page 57). Figures 3 and 4 (see pages 49 and 51) represent typical 

first-order plots. Figure 3 also represents the pH variation in aqueous 

solutions of la in the absence of any external acid. In water, a higher .........., 

initial rate was observed during the first 10-.15% of the reaction time 

(Figure 3). This,could be due to the initial abrupt fall in pH ob-

served during this period of reaction, after which a steady state was 

attained (may be due to self protonation of the reactant by benzoic acid 

(27a) produced initially). No such higher initial rate was detected in 
I"'-' 

acid (HCl) solutions of la (Figure 4). The.pH of solutions of lain all ,__, ,_, 
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the hydrochloric acid solutions studied, which were monitored to four 

half lives, was found to be reasonably constant (± 0.03). The average 

value of the pH observed in acid solutions of la was also found to -
correspond to C~Cl initial concentration within experimental error. 

Examining the data presented in Table v, it is clear that the 

least squares correlation coefficient R2 is close to unity in all cases. 

The initial concentration of ester la calculated from the least squares ,_ 

intercept agrees fairly well with experimental values in acid solutions. 

In water, the calculated values of (C1 ) were always found to be less 
a o ,....., 

than the experimental values at least by 20%. This could be the result 

of the higher initial rate in water which was found to be absent in 

acid solutions. A maximum deviation of 6% was observed in the rate 

constants (k b ) determined from forty independent runs. Only two inde­
o s 

pendent duplicate runs were made at each concentration where the rate 

constants differed only by ±2% or less. More runs were made when the 

deviation in rate constant exceeded 2%. In those cases where no exter-

nal acid was added, the deviations in k b were found to be greater as 
. 0 s 

compared with the observ.ed deviation in k b in the acid solutions. 
0 s 

Data reported in Table V represent the rate constants with an average 

standard deviation of ±5%. 

It was found that the rate constants were not sensitive to the 

values of s1 • This resulted because the rate constants were derived 

using Eqs. (41) and (42) (from the ratio of (C)t at different intervals 

-: loge(C)t = 

= 

- log (C) + k b t e o o s 
(41) 

(42) 
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of time t) and the denominator in Eq. (42) cancels out when the Eqs. 

are combined as shown in Eq. (68). 

k 
obs = (68) 

where e:' is given by Eq. (69). 

(69) 

( ~ = 1 em and is not explicitly shown in the Eqs. ) 

However, computation of a reliable rate constant would require a 

known accurate value of e:2 which was easier to evaluate. An estimated 

maximum error of 6% in the product (c1a)o e: 2 was· found to give rise to 
,...., 

an error of 4% in the final rate constant by numerical calculation. 

A detailed error analysis was done as follows. To evaluate the 

standard deviation in k obs (ok /k b ) in terms of the standard devia­
obs 0 s 

tions in the variables t 1 , t 2 , (AT) t 1 (AT) t and e:', one can proceed to 
1 2 

evaluate the partial differentials of k b with respect to each of the 
' 0 s 

above variables. Also ok . /k b is given by Eq. (70) assuming that all 
obs 0 s 

inconsistencies arise from random errors and errors in each variable are 

independent of the error in other variables (i.e., cross terms in the 

18 
error function are neglected). 

. ' 
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(70) 

(AT)t and (AT)t are abbreviated as A and A , respectively, /Or con-
l 2 tl t2 ' 

venience. Now, assuming that the errors in t 1 and t 2 (crt) do not depend 

upon the size of t 1 or t 2 and similarly errors in Atl and At2 (crA) do 

not depend upon the size of A and At , one can write Eqs: 
tl 2 

crt = crt = crt 
1 2 

(71) 

crA = crA = cr 
A 

tl t2 

(72) 

Making the following substitutions 

[A - e: I ] 

log 
tl 

<I> (73) = 
[A - £I] 

t2 

(At - e; I ) 81 (74) 
l 

(At - £I ) = 82 (75) 
2 



and evaluating the partial differentials for k l: . from Eq. (68) and 
OlS 
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combininq Eqs. (70), (71), (72), (73), (74), and (75), the standard· 

deviation in k is given by Eq. (76): 
obs 

(Jk 2ot 
2 

obs { -2 [~ = + ~ k 2 
obs (t2-tl) 81 

+ ~ --2 [ 1 
a2 

Defining the 

and 

error functions such that: 

Et 

EA 

E I e: 

= 

20 
2 

t 

(t2- tl) 2 

-2 [ 1 <P - + 
8 2 

1 ">] a A 

a I e: 
2 

+ 

2 

and substituting these values in Eq. (76) we have: 

(Jk 
obs 

k 
obs 

~ 
[E + E + E ] 2 

t A E 1 

--2 °A 1 ] 2 
82 

_Lr 2} 
~ 

8 a I 
(76) 

1 e: 

(77) 

(78) 

(79) 

(80) 

Each term (Et' EA and Es 1 ) in Eq. (80) is a measure of the contribution 

to the total error ink arising from errors in t, A and E 1 , respec-
obs 
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tively. Thus, one could approximately estimate the error in k in 
obs 

terms of the errors in t, A and e:' from Eq. (80) • 

Taking as a specific test case, Run 4, from the data set in Table 

XV (for the rate of hydrolysis of lain 0.795 mM hydrochloric acid at 
,-.J 

25°C), values of ak /k b were calculated using estimated va~ues for 
obs 0 s 

. at, a A and a e: , • Thus, k b was evaluated for nine pairs of readings 
0 s 

·chosen at time intervals which were fairly separated (it is clear from 

the mathematical form of the error functions that the error enhances 

considerably as t 1-+ t 2 ) . The following values were used for a , a 
· t A 

and o 8 , in the computation of ak : ot = 0. 2 min (est-imated value) oA = 
~s . . . 

0.005 (experimentally observed) and o , = 0.01 (since by definition 
E: 

e:' = (c1 ) e: 2 , relative error in e:' was computed from the sum of the 
a o ·· ,..... 

experimentally observed relative errors in (Cla)o and e: 2 which were 
,.._, 

found to be l% and 4%, respectively. ·Since e:' = 875 x 0.2312 x 10-3 = 

0.202 and the relative error in e:' = CJ /e:' = 5%, o , was evaluated·from 
e:' E: 

CJ = 0.202 x 0.05 = 0.01). The experimental standard deviation in k e:' obs· 

(2.1%) was found to be less than the computed average standard deviation 

(3.07%) .(see .Table XXXI). It is also clear from the data on Table XXXI, 

that, as the size of At decreases, the error in kobs arising from the 

error in e:' becomes more significant. Contributions from an error from 

At are comparatively small. An error in k arising from errors in t 
obs 

is negligible if t 1 and t 2 are so chosen so as to make the difference 

(t2 - t 1 ) large enough compared to crt as in the above example. An error 

in k stennning from errors in temperature measurements could be evalu-obs 

ated by the same method by differentiating the Arrhenius Eq. 

k 
obs 

A' e 
-E /RT a 



TABLE XXXI 

EVALUATION OF ERROR IN k * 
obs 

tl t2 k X 105 <j>a ala e2 a E~ X 107 
obs 

(min) (min.) (sec- 1 ) 

4.0 520.0 1.546 0.4784 1.068 0.662 3.005 
28.0 610.0 1.555 0.5853 1.106 0.616 2.362 
44.0 700.0 1.578 0.6207 l. 038 0.558 1.859 
81.0 825.0 1.563 0. 6972 0.980 0.488 1.445 

121.0 1290.0 1.553 1.0881 0.950 0.320 0.585 
180.0 1550.0 1.577 1.2948 0.898 0.246 0.426 
252.0 1910.0 1.623 1.6129 0.858 0.171 0.291 
324.0 .2175.0 1.620 1.7966 0.820 0.136 0.234 
410.0 3007.0 1.525 2.3708 0. 728 0.068 0.119 

*Data from Table XV - Run 4 

at = 0.2 min OA 0.005 e:' = 0.202· 0 
e;' 

0.01 

Average experimental % error ink b = 2.1% 
0 s 

Average computed % error in k b = 3.07% 
0 s 

aFor the definition of these functions see Eq. ( 73) to 

a 
Ea X 104 

A 
Ea 

e:' 
X 104 Cfk 

obs 

kobs 

3.450 1.441 0.0221 
2.520 1.510 0.0201 
2.686 1.783 0.0211 
2.695 2.177 0.0221 
2.296 3.628 0.0243 
2.649 5.196 0.0280 
3.417 8.428 0.0344 
4.303 11.654 0.0399 
9.703 31.624 0.0643 

k 
obs 

[l. 571 ± 0. 033] x l0-5sec-l 

(80) . 
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One assumes the pre-exponential factor A' and E to be independent of 
a 

temperature. It can be easily shown that 

= 
E 
~dT 

2 
RT 

or 
l'lk b 0 s 
k 
obs 

= (81) 

Substituting the values of various parameters in Eq. (81), and, since_ 

l'IT 0.1 K (experimentally observed maximum deviation in Twas± 0.1 K), 

E ·a 
-1 

20.5 kcal mol (experimentally evaluated), R = -1 
1. 987 cal deg 

mol-l, T "' 300 K we have 

l'lkb 
0 s 

k 
obs 

20500 cal mol-l x 0.1 deg 
-1 -1 2 1.987 cal deg mol x 300 x 300 deg 

= 0.012 

Therefore, for the type of temperature control employed in the presertt 

work, i.e., ·-for a maximum deviation of ±0.1° in temperature, a maximum 

deviation of ±1.2% in k b would be observed. 
0 s 

Since the temperature control was very crucial, most of the runs 

were made at a temperature close to the ambient temperature which was 

close to 25°C. Near ambient temperature, maintenance of constant tern-

perature was found to be easier. 

Using the observed maximum deviation in k (5%) and CH o+ (7%) 
obs 3 

for the acid solutions of la, an estimated error for the rate constant .,....., 

k'b (defined by the following equation) is given by the sum of the 
0 s . 

k' 
obs 

relative errors in kobs and cH3o+ which is 12%, i.e., 0 k' /k'b 
b 0 s 

0 s 
12%. 
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It is clear from data on Table VI that the standard deviation in k'b 
. 0 s 

calculated from the various runs is of the order of 6% which is less 

than the estimated average maximum error. 

While computing the rate constants from solutions of ~ in H2o the 

initial part (20%) of the reaction with the subsequent pH drop (see 

Figure 3, page 49) has been ignored. For the remaining 80% of the 

reaction (steady-state region), where a buffering action was observed, 

the deviation in the average pH was ± 0.05 from the reported values. 

The rate constants evaluated for these cases in the absence of exter-

nally added acid showed an inverse dependence on the initial concentra-

tion of the ester la. The rate constant was found to increase from 
rJ 

-5 -1 -5 -1 
(23.4 ± 2.5) x 10 sec to (32.4 ± 10 ) sec (i.e. by 27%) when the 

initial concentration of ester la was reduced from 0.34 rnM to 0.25 rnM 
rJ 

(i.e. by 26%). The inverse dependence of k b on (Cl ) in the absence o s a o ,..., 
of external acid, could be due to the increased average value of CH ·0 + 

3 
resulting from the more concentrated solutions of la. Of course, this 

,.J· 

observation is in agreement with the finding that kobs in the hydrolysis 

of la is markedly reduced as the pH is lowered by externally added hy-,....... 

drochloric acid. A similar effect was observed ~n o2o and therefore in 

the determination of the solvent isotopic effect, the ratio of the rate 

·constants in H2o and o2o were determined from solutions with identical 

initial concentrations of ester la. -- Thus, inverse dependence of k b 
0 s 

on (C ) was also noted in o2o (see Tables XXI and XXII). 
la o 
,..-.J 

An attempt was made for correcting the curvature observed (noted in 

the initial period of the reaction in the absence of external acid) in 

the plot of the rate shown in Figure 3 (page 49). The following func-

tion ~· was calculated at different intervals of time from the experi-



~· = {- log 
e 

(C) + log 
t e (C) } c o+ 

o H3 
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mentally-measured absorbance and pH values using Eq. (42) on page 90 . A 

plot of the function~· versus time twas found to be linear without 

curvature in the function ¢'. This explains, at least qualitatively, 

that the initial curvature in the function -log (C) in Figure 3 pro­
e t 

bably arises from the drop in pH observed in the same time frame. How-

ever, the slope of the curve (¢' versus t) was found to be 2.15 x 10-8 

-1 -1 
mol L sec • Comparing Eqs. (22), (24), and (25) (see page 86), this 

slope should give the value of k'b . However, the value found for k' 
o s obs 

(evaluated as described above) was 1.8 times larger (k'b determined 
0 s 

-8 -1 -1 
experimentally was 1.2 ± 0.1 x 10 mol L sec ) than k' as evalu­

obs 

ated from solutions of la in aqueous hydrochloric acid. The linearity 
,-J 

of the function ¢' with time t at least qualitatively explains the 

effect of the pH (drop in pH) on the initial curvature (Figure 3). 

Nevertheless, the discrepancy in the slope and the lack of quantitative 

agreement between the calculated and found k' values could also be the 
obs 

result of equipment deficiencies. Since the glass electrode used to 

measure the pH requires a finite period of 2-3 minutes for equilibration, 

it is quite possible that the pH values in the initial period may not 

represent true instantaneous values of (CH 0 +). 
3 

Errors in Activation Parameters Lm'~' and t.s'~" 

Returning to the Arrhenius Eq. 

k 
obs 

A' e 
-E /RT 

a 
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the standard-deviation in E could be evaluated from the Eq. (82) given 
a 

. h 19 by B~nsc . 

fa.·E ]2 l Eaa 
(82) 

Substituting the values of various parameters from Table XXX in Eq. (82) 

using the following values for specific terms, we have: 

T T 300 K average 

6.T range of temperature = 15 K 

a = standard 
T 

deviation in T = 0.1 K 

/':,. ln k' range of ln k' = 18.98 - 17.24 
obs obs 

ak' 
obs 

0.12 (estimated error) = k' 
obs 

However, aE /Ea could be evaluated from Eq. (82): 
a 

l. 74 

= 2 X (30~)2 (~~;.·)2 + 2 2 (0.12)2 
(15) (1.74) 

In other words, the following ratio persists: 

a /E = 0.0975 
E a 

a 

[This corresponds to an error of 9. 75% (average deviation in E ) ] • Since 
a 

MiT = Ea - RT and aE >> aT, we have: 
a 

::: 0.0975 

Since 6.HT was evaluated as 19.9 kcal/mol, a6.Hf is found to be 

19.9 x 0.0975 kcal/mol (or 1.94 kcal/mol), or incorporating the average 
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deviation, ~H~ = 20 ± 2 kcal/mol. For the evaluation of error in ~st, 

extreme values of ln A' were evaluated numerically by substituting the 

extreme values of E (18.5 kcal/mol and 22.5 kcal/mol) using the follow­
a 

ing format for the Arrhenius Eq. (60): 

log k'b e o s = log A' - E /RT (60) 
e . a 

Solving for log A' using the values for k'b from Table XXX [it is 
e o s 

assumed for the purpose of error evaluation in A' that the change in 

log k' arising from a change of 10% in E at constant temperature 
e obs a 

negligible compared to change produced in log A' in Eq. ( 60) ] , the e 

difference between the extreme values of log A' was found to be 
e 

~log A' = 3.42. This should be considered as the maximum error in 
e 

log A' as a consequence of an error of 10% in E • The corresponding 
e a 

error in ~sf could be computed from Eq. (65): 

is 

= R(log A' - log 
kT 
h 

1) (65) 
e e 

Assuming that the total error in A' is reflected as error in ~s, then 

= R(Hog A') ·­
e 

1.987 X 3.42 = 6.8 eu 

Thus, ~st previously evaluated as -44.2 eu (n = 2) and -52.2 eu (n = 3) 

could be better represented as ~st = -44 ± 7 eu (n = 2) or -52 ± 7 eu 

(n = 3) incorporating the evaluated maximum error factors. 

Raman Spectral Analysis 

Laser Raman spectra of ester la in the liquid state (neat) was re-- . 
-1 

corded, and indicated a C=O stretching frequency at 1660 em Raman 

spectra in the vicinity of the C=O stretching frequency was scanned very 
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carefully with suspensions of ~ in both o2o and in o2o + HCl. Suspen-

sions of ester la used for recording the Raman spectra had the following 

compositions: (1) 4 ~L of ~in 5 rnL of o2o and (2) 4 ~L of~ in a mix-

ture containing 5 rnL of o2o and 0.05 rnL of 0.1 N HCl. Spectra for biank 

(of a solution) of HCl- 0.05 mL of 0.1 N HCl + 5 rnL of o2o, and o2o 

without la were also recorded for comparison purposes. Each spectral 
,-..J 

region was scanned at least three times for consistency and results are 

recorded in Table VII. 

31 P NMR Spectral Data 

Freshly distilled samples of the esters, la, lb, lc and 3 were ,..,., ,..,._, .,......,. ,...., 

transferred into a 12 rnrn NMR tube with the help of a microsyringe and 

the esters were dissolved in a measured volume of an appropriate solvent 

described in Table IV. 
31 P NMR spectra were obtained.in theFT mode by 

pulsing for a length of time depending upon the concentrations of 31P 

species which were examined in solution. In those cases where o2o was 

2 l 
part of the solvent, the D lock was used. In all other cases, the H 

lock was used to obtain the spectra. The spectra were scanned visually 

on the oscilloscope over a region of ±5000 Hz from 85% H3Po4 used as an 

external reference. The relevant portions of the spectra were recorded 

(see Plates I to XI). A sealed 1-mm capillary tube containing 85% 

H3Po4 was introduced into the 12-mm NMR tube to record the reference 

signal. In those cases where the pulsing period was high (the number of 

acquisition > 200) and in cases where signals belonging to the spectra 

overlapped with those of 85% H3Po4 , the reference signals were separately 

recorded and added to the spectra. The probe temperature was maintained 

at 36 ± l°C while the spectra were recorded. Pulse parameters used for 
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31 obtaining the P NMR spectra were: delay time between pulses = 15 sec, 

and pulse width = 11.8 ~sec. It was assumed that duration of 15 sec 

would be long enough to permit relaxation of 31P nuclei, so that the 

. 31 
integrated areas under the P NMR signals could be a measure of the 

relative concentrations. Even with a delay time of 40 sec used in one 

of the experiments performed as a check, the area ratios under the 31P 

NMR signals were not altered. The areas under the signals were obtained 

by conventional methods, i.e., by electronic integration, planimeter 

measurement of areas, or by weighing. The agreement was within ±3% in 

the areas computed by different methods. For obtaining the broad band 

1H decoupled 31P NMR spectra in solutions of esters la and 3 [see Plates 
~ ,..., 

VII(A) and VII(B)], the offset frequency was set at 45689 Hz± 500Hz 

which corresponds to about o 6.7 for decoupling both H-P and P-0-C-H 

protons. Authentic samples of HP(O) (0Et) 2 (3) and ester la were ,.._ ,....._ 

31 
employed as model systems for P NMR studies of the hydrolysis of ester 

~ in o2o. Signals corresponding to the substituents of H or alkyl 

groups of the ester portion were easily discernable (see Plates II, III, 

IV, V, VI and VII). Thus signals from products and the deuterated ana­

logs of model systems 329 • 36 , 45 36 •85 and 5285 were detected. ,..., ,.._ ,..J 



PLATE I. 31P NMR FT Spectrum of Diethyl Benzoylphosphonate 
(~). 

solvent ..•.• dioxane 

S.F .•••• 40.54 MHZ 

ACQ ••••• 40 

o5 ..•.. 15 sec 
1 

Lock ••.•• H 

concentration •.••. ca. 0.2 M 

s.o ..... 49001 Hz 

P2 .•... ll.8 11sec 

S.W ••.•. lOOO Hz 
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PLATE II. 31P NMR FT Spectra of a Solution of Diethyl Benzoyl­
phosphonate (~) in 1:1 v/v Dioxane + HCl (0.9 N) 
+ o2o (16%) at Different Intervals of Time (from 
t + 0.75 hr tot + 29 hr). 

0 0 

(A) (Cl) = 0.0235 M, t + 0.75 hr + 200 ACQ 
a o o ,...... 

(60 min of signal accumulation) 

(B) (Cl ) = 0.023 M, t + 16.75 hr + 200 ACQ 
a o o 
~ 

(60 min of signal accumulation) 

(C) (Cl ) = 0.07 M, t + 29 hr + 160 ACQ 
_...9.0 0 

(48 min of signal accumulation) 

Symbolism 

letter for signal, cpd, ppm, 1JPH(or D) in Hz 

a, R = R' = Et (la), - 1.21, 0 ........ 
b, HP(O)(OEt)(OH) (45) I 6.5, 680 ......., 

c, Hl?(O)(OH) 2 (_§3), 4.0, 680 

d, R = Et, R' = H (43a),- 2.3, 0 ........... 
e, R = R' = H (Sla), - 2.9, 0 ,....._, 
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PLATE II 

-
+ 1-•• 

~ -'1"' 
! (A) 
+ 
t 

c6H5C(O)P(O)(OR)(OR') 

a 

i 
85% H3P04 - b a 1-•• +· d -! 

.l. 

.!. 

t 
c e 

(C) 



PLATE III. Jlp NMR FT Spectra of a Solution of Diethyl 
Benzoylphosphonate (!5) in 1:1 v/v Dioxane 
+ HCl (0.9 N) + D2o (16%) at Different 
Intervals of Time (from t + 143 hr to t 
+ 1439.5 hr). 0 0 

(A) (Cl ) = 0.023 M, t + 143.25 hr + 200 ACQ 
~0 0 

(60 min of signal accumulation) 

(B) (Cl ) = 0.023 M, t + 359 hr + 200 ACQ 
a o o -(60 min of signal accumulation) 

(C) (Cl ) = 0.23 M, t + 1439.5 hr + 200 ACQ 
a o o -(60 min of signal accumulation) 

Symbolism 

letter for signal, cpd, ppm, 1J ( in Hz 
PH or D) 

a, HP(O)(OEt)(OH) (45), 6.5, 680 ,..., 
b, HP(O)(OH)2 (~,3), 4.0, 680 

c, DP(O)(OD)2 (~), 3. 7, 100 

d, R = Et, R' = H (43a), - 2.3, 0 ,...._, 
e, R = R' = H (Sla), - 2.9, 0 

-../ 
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PLATE I II 

I I I I I I : ' : 1 1- I : 
I I - f----J 

i-=i 

a b d 

(B) b 

c d 

(C) 
b 

c 



PLATE IV. 
31 

P NMR FT Spectrum of Diethy1 Hydrogenphospho-
nate (3). 

"' 
So1vent ••.•. o2o 
S.F •.••. 40.5 MHZ 

ACQ •.... 40 

o5 ..•.. 15 sec 
2 

Lock ••••• D 

Concentration ..... ca. 0.2 M 

5.0 ....• 49001 Hz 

P2 .•••• 11.8 ]Jsec 

S. W ...•• 2000 Hz 
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PLATE IV 

l I J ' I l J I I I ' I 

: ~ ' 1 . . . I . . . I ·,I .. I I' . ,· : II . I ... ,' \ 

I l.t I I I 
I I I 

, I ' I .._, 
; I I J I . ' I I I I I I I I , . I , I I · I I • I I , I I 



PLATE V. 31P NMR FT Spectra of a Solution of Diethyl Hydro­
genphosphonate (~) in 1:1 v/v Dioxane + HCl 
(0.9 N) + D2o (16%) at Different Intervals of 
Time. 

(A) (C3 ) = ca. 0.2 M, t + 5 min + 140 ACQ (40 min 
0 - 0 

"' of signal accumulation) 

(B) (C 3 ) = ca. 0.2 M, t + 360 hr + 80 ACQ (23 min 
....,o - 0 

of signal accumulation). 

Symbolism 

1 
letter for signal, cpd, ppm, J in Hz 

PH(or D) 
a, HP (O)(OEt)2 ( 3) , 9.97, 710 ,... 
b, HP (O)(OEt) (OH) ( 45) , 6.49, 680 

,-..J 

c, HP (O)(OH)2 (52), 4.0, 680 
,.-..J 

d, DP (O)(OD)2 (52 D) , 3.7, 100 
.tf"'-/ 
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PLATE V 

.. ----r:==r;=:-r::;--r- :~:.=-..! ~ -:r=::y -.----.-

f (A) ~00 H~ )-•> 

t a 

b l 

(B) 
c 

d 

~ 



PLATE VI. 31P NMR FT Spectra of a Partially Hydrolyzed 
Solution of Oiethyl Hydrogenphosphonate (3). ,.., 

(A) solvent - 1:1 v/v dioxane + HCl (0.9 N) 

+ o2o (16%}, ~· (C3) 0 = 0.45 mM, spectrum -observed after t 
0 

+ 4 hr and 64 ACQ (18 

min of signal accumulation) 

(B) solvent - aqueous hydrochloric acid 

(0.106mM),ca. (C3) =0.45mM,spectrum 
- ,o;;/0 -

observed after t + 28 hr and 64 ACQ (18 
0 

min of signal accumulation) 

Symbolism 

1 
letter for signal, cpd, ppm, JPH(or D) in Hz 

a, HP(O)(OEt)2 Q>, 10.15, 710 

b, HP(O)(OEt)(OH) (45) I 6.59, 680 
.r-J 

c, OP(O)(OEt)2 (~)I 9.32, 109 

d, DP(O)(OEt)(OO) (450) I 6.32, 102 --a', HP(O)(OEt)2 Q>, 11.25, 720 

b' I HP(O)(OEt)(OH) (45) I 6. 74, 660 
,-..J 

c I I HP (O)(OH)2 <_g> I 4. 25 I 665 
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PLATE VI 

JOO HJ 
(A) ~ 

b 

a 

e 
d 

c• 



PLATE VII. 31P NMR FT Spectra (Proton Decoupled of a Partially 
Hydrolyzed Solution of Diethyl Hydrogenphosphonate 
(3) and of a Partially Hydrolyzed Solution of _..., 
Diethyl Benzoylphosphonate (~). 

solvent - 1:1 v/v dioxane + HCl (0.9 N) + D2o (16%) 

(A) solution of <;v, (C3) 0 = ~· 0.45 M, spectrum 
~ 

observed (prior to decoupling) after t + 4 hr 
0 

and 64 ACQ (18 min of signal accumulation) 

(B) solution of (3), (C3) = ca. 0.45 M1 broad 'H 
..... 0 -

decoupled spectrum observed after t + 4.33 hr 
0 

and 48 ACQ (12 min of signal accumulation) 

(C) solution of (la), (c1 ) = ca. 0.07 M, broad 1 H 
,...., ,_.90 -

decoupled spectrum after t + 30 hr and 160 ACQ 
0 

(45 min of signal accumulation) 

Symbolism 

letter for signal, cpd, ppm, lJ 
PH(or D) 

in Hz 

a, a I I a", HP (O)(OEt)2 ( 3) , 10.15, 710 
"" 

b, b I I b", HP (O)(OEt) (OH) (~)I 6.59, 680 

c, c' I DP (O)(OEt)2 (3D) I 9.32, 109 -
dl d I I d"l DP (O)(OEt)(OD) (45D), 6.32 1 102 _..... 
el e I 1 e" I HP(O)(OH)2 (52) 1 3.971 670 

f, intermediate hydrate of la, 43a 1 or 51 a (?) - ,........ 
~ 

17.41 0 

gl intermediate hydrate of la1 ~· or Sla ( ?) 
~ ......... 

16.301 0 

h, intermediate hydrate of la, ~a, or 51 a ( ?) I 0.01 
,.-.J ......... 

il PhC (0) P (O)(OEt)(OH) (43a), ,........., - 1.341 0 

jl PhC (0) P (O)(OH)2 (Sla) , - 2.35, 0 _..., 

0 
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PlATE VII 

a 

(B) 

a' d' e' 

85% H3Po4 

l 
(C) i 

b" 

j 

~ ... 



PLATE VIII. 31P NMR FT Spectra of Diethyl Benzoylphosphonate 
(la) in 1.06 mM Aqueous HCl at Different ,....., 
Intervals of Time (From t + 5 min to t + 
52 hr (c1 ) = 17 mg of lg in 3 mL of H81). ao ,..., 

(A) t + 15 min + 3500 ACQ (15 hr of signal 
0 

accumulation) 

(B) t + 27.5 hr (ca. 2 half lives) + 3500 
0 

ACQ (15 hr of signal accumulation) 

(C) t + 52 hr (ca. 4 half lives) + 3500 
0 -

ACQ (15 hr of signal accumulation) 

Symbolism 

letter for signal, cpd, ppm, lJ 
PH(or DP) 

a, a I, a", HP (O)(Et)2 ( 3) , 11. 3, 720 -b, bIt b", hydrated carbonyl intermediate 

(40a), 17.9, o 
.,-..; 

in 

c, c 1 , c", hydrated phosphonyl intermediate 

(39a),- 0.30, 0 ....-
d, HP(O)(OEt)(OH) (45), 6.6, 660 

---

Hz 
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PLATE VIII 

(A) 
c b a 

(B) 

b' c• 

a .. 

(C) 

b II 
c" 



PLATE IX. 31P NMR FT Spectra of an Aqueous Suspension of 
Diethyl Benzoylphosphonate (~) at t 0 + 5 min 
and Effects of Addition of Excess of Esters 
la and 3. 
;"J ,...., 

(A) (C10_) 0 17 mg of ~ in 3 mL of H2o, t 0 + 5 min 
rJ 

+ 216 ACQ (ca. 60 min of signal accumulation) 

(B) spectrum observed after addition of large 

excess (ca. 100 mg) of the parent ester la to ,.._, 

the above suspension described under (A) at 

t + 65 min followed by 36 ACQ (10 min of 
0 

signal accumulation) 

(C) spectrum observed ~fter addition of large 

excess (ca. 300 mg) of ~ to the above sus­

pension described under (B) at t + 75 min 
0 

followed by 36 ACQ (10 min of signal accumu-

lation) 

Symbolism 

letter for signal, cpd, ppm, 1J in Hz 
PH (or D) 

a, a', a", hydrated carbonyl intermediate 

(40a), 17.9, 0 
.,.-.J . . 

b, b', b", hydrated phosphonyl intermediate 

( 39a) , - 0. 30, 0 ,......._, 
c, c', carbonyl form of ester (la),- 1.9, 0 

""' d, HP(O)(OEt)2 '2), 11.3, 720 



PLATE IX 

., I='=G= ' 

(A) 
a 

a' 

a" 

b' 

b" 

c' 

-. 
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PLATE X. 31P NMR FT Spectra of Diethyl p-Chlorobenzoyl­
phosphonate (}8) in Dioxane and Aqueous HCl. 

(A) solvent-dioxane, (c1b) = ca. 0.2 M, t + 5 
0 -- 0 

min + 64 ACQ (18 min ~ signal accumulation 

(B) solvent-aqueous HCL (0.1 roM), (c1b)o = ~· 
.,...._ 

17 mg of lb suspended in 3 mL of HCl, t + 5 
~ 0 

min + 360 ACQ (90 min of signal accumulation) 

(C) spectrum of the suspension described in 

(B) after 3200 ACQ (~. 14 hr of signal 

accumulation) 

Symbolism 

letter for signal, cpd, ppm 

a, a', a", carbonyl form of ester, lb, - 1.92 
~ 

b, b', hydrated carbonyl intermediate from ester 

lb (40b)(?), 17.56 ,..., ,.-_, 

c, c', hydrated phosphonyl intermediate from 

ester lb (39b) (?),- 0.65 

d, HP (O)~Et);(2), 11.35 (l JPH = 720 Hz J 
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PLATE X 

~ a -(A) • 

85% H3Po4 

l 
A 

a• 
(B) 85% H3Po4! 

)_ 
b 

(C) 



PLATE XI. 31P NMR F'l' Spectra of Diethyl E_-Toluoylphosphonate 
(lc) in Dioxane and Aqueous HCl. ,..._, 

(A) solvent-dioxane, (C1 ) = ca. 0.3 M, t + 5 ,so 0 

min + 20 ACQ (6 min of signal accumulation) 

(B) solvent-aqueous HCl (0.1 mM), (C1 ) =ca. 
c 0 

17 mg of lc suspended in 3 mL of HCl, t + 
l'"'"oJ 0 

5 min + 3200 ACQ (~. 14 hr of signal accumu-

lation) 

Symbolism 

letter for signal, cpd, ppm 

a, a', carbonyl form of ester lc, - 1.40 

b, HP(O)(OEt)2 (2), 11.53 [1JPH = 730 Hz] 

c, hydrated carbonyl intermediate from ester lc ,._ 

( 40c) (?) , 18.12 _.........., 

d, hydrated phosphonyl intermediate from ester lc 
,..._; 

(39c) (?), 0.0 
~ 



b 
I 

PLATE XI 

d~ 

r c · 1 
~J\.J.~I'J.'I/~/I~"IN'I'f4W"-t~'IJ't.hr~Wft'~Wl'.l~~~. 
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PLATE XII. 
1 

H NMR Spectrum of Diethy1 ~-To1uoy1phosphonate (1c). 
,-.J 

So1vent .•••• DCC1 3 

F.B .•••• 2.0 Hz 

s.w ••.•. 1000 Hz 

s.o ..... 87091 Hz 
1 

Lock ••••• H 

S.F ••••• l00.1 MHz 

R.F .•••• 60 dB 

S.T .•••• 250 sec 

S.A ••••• 3.2 
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PLATE XIII. IR Spectrum of Diethyl E-Toluoylphosphonate 
(lc), Film on NaCl Plates. 
~ 
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