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Reaction of l,l-Dichloro-2-ethoxy-3,3-dimethylcyclopropane 
( V )  with n-Butyl1ithium.-The chloride V (20.0 g, 0.11 mole) was 
dissolved in 30 ml of dry ether and cooled to -30". An ethereal 
solution (1.3 M )  of n-butyllithium (100 ml, 0.13 mole) was 
added dropwise with stirring during 1 hr. The reaction mixture 
was stirred for another 0.5 hr while the bath temperature rose 
to 10". Water was added, and the ether layer was separated. 
The aqueous layer wLvb extracted with a small amount of ether, 
and the combined ether layers were dried (NazCOs). Evapora- 
tion of the ether and fractionation of the residue gave 7.3 g 
(597,) of impure l-ethoxy-3-methyl-l,2-butadiene (XVI), bp 
55-57" (65 mm), 71260 1.4344. Redistillation gave a purer sample: 
bp 51' (60 mm); nzoD 1.4400; vmax 1960, 1120 em-'. 

Anal. Calcd for C7Hl2: C, 74.95; H, 10.78. Found: C, 
73.30; H ,  10.68. 

The allene readily formed a 2,4-dinitrophenylhydrazone, which 
recrystallized from ethyl acetate as red needles, mp 187" (lit.46 
mp 179' for the 2,4-dirtitrophenylhydrazone of p-methylcroton- 
aldehyde). 

Anal. Calcd for CllH12N404: C, 50.00; H, 4.58; N, 21.20. 
Found: C, 49.94; H, 4.66; N, 21.14. 

I t  is also interesting that V underwent a slow reaction with 
methyllithium at  room temperature, yielding the allene XVI, 
as evidenced by the band a t  1960 cm-l in the infrared spectrum 
of the crude product 

Reaction of 1,l-Dichloro-2-ethoxy-3-methylcyclopropane (IV) 
with n-Buty1lithium.--The chloride IV was treated with n- 
butyllithiam as described for the homolog V. The infrared spec- 
trum of the total distilled reaction product showed no appreciable 
absorption in the 2000-1 900-em-' region, but strong bands a t  

(46) E. A. Braude and IC. 12. H. Jones, J .  Chem. Soc., 498 (1945). 

2750, 1700, and 1650 cm-l characteristic of an oc,p-ethylenic 
aldehyde. 

The mixture gave a 2,4-dinitrophenylhydrazone, mp 187-188', 
undepressed on admixture with that of crotonaldehyde. 

Kinetic Measurements.-The kinetic runs were carried out in 
a flask inserted in a constant-temperature bath, accurate within 
0.1". At time intervals aliquots were removed, quenched with 
water, and titrated with hydrochloric acid using phenolphthalein 
as indicator. A typical run, as that of the compmnd V in 95% 
ethanol with 0.01 M sodium ethoxide as base, is given in Table 
111. The rate constants used for calculations of relative rates 
were an average value of three or more runs. When the base 
concentration was varied from 0.01 to 0.5 M ,  the rate constant 
of 5' decreased by a factor of 2. 

TABLE I11 
KINETIC MEASUREMENT AT 70" 

Time, min 0.01 N HC1, ml 10ak, min-1 

15 4.50 7.03 
60 3 26 7.13 
90 2.45 7.92 

120 2.06 7.39 
150 1.63 7.47 
175 1.39 7.32 

k = (1.23 =k 0.08) X 10-4 see-1 
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The base-catalyzed reaction of substituted phenyl glycidyl ethers (PGE) with benzoic acid in the presence of 
dimethyldodecylamine was studied in various nonaqueous solvents such as xylene and mono- and o-dichloro- 
benzene, and nitrobenzene. The reaction in these solvents was found to be third order, being first order in each 
of the three reactants. Etherification, hydrolysis, and diesterification did not appear to occur under these 
conditions. The reaction constant, p, is positive and is smaller a t  higher temperature and larger in the solvents 
of higher polarity. 

A considerable number of ring-opening reactions of 
epoxides with compounds having an active hydro- 
gen have been studied kinetically. Kinetic studies of 
various epoxides in basic or neutral solutions have 
been carried out as for the reactions with 
a m r n ~ n i a , ~ - ' ~  and various  amine^.'^'^^^^-'^ The acid- 
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catalyzed reactions with water3~4~1'8-21 and amines22,23 
have been studied for a series of epoxides. Boyd and 
X!IarleZ4 studied the reaction of substituted phenols 
with ethylene oxide in the presence of corresponding 
sodium phenoxides in ethyl alcohol, and proposed an 
ionic mechanism. PatatZ6rz6 studied the same reaction 
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Figure 1.-Reaction of phenyl glycidyl ether and benzoic 
acid with dimethyldodecylamine in various solvents a t  106.5’. 
The initial concentrations of phenyl glycidyl ether, benzoic 
acid, and dodecyldimethylamine are 2.7 X l O - l ,  2.7 X loF1, 
and 2.3 X 10-2 M ,  respectively. I, in nitrobenzene; 11, in 
o-dichlorobenzene; 111, in chlorobenzene; IV, in xylene. 
0, phenyl glycidyl ether; (3, benzoic acid. 
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Figure 2.-Plot of P / (  1 - P )  vs. reaction time in the reaction 
of phenyl glycidyl ether and benzoic acid with dimethyl- 
dodecylamine in various solvents a t  106.5’. I, in nitrobenzene; 
11, in o-dichlorobenzene; 111, in chlorobenzene; IV, in xylene. 

without any solvent and confirmed Boyd’s conclu- 
sion. Recently, however, Patat2* proposed a new 
modified mechanism, in which an activated complex 
composed of phenol, phenoxide, and ethylene oxide 
was assumed to play an important role a t  a transition 
state. Ishii, et aZ.,28--30 determined the rate of succes- 
sive addition of ethylene oxide to phenol and proposed 
a mechanism via a complex for this reaction. 

(27) E. Patat  and B. Wojtech, Makromol. Chem., 87, 1 (1960). 
(28) Y. Ishii, Y. Nishikawa, and H. Kato, Kogyo  Kagaku Zasshi, 68, 

(29) S. Sakai and Y. Ishii, zhid., 61, 358, 147.3 (1958): 62, 413 (1959). 
(30) S. Sakai, T. Sugiyama, and Y. Ishii, ihid., 67, 333 (1964). 

2177 (1960). 

SCHEME I 

R- 4 base e 

I 

II 

I L 
TV 

v 
a, R = R’ = H e, R = C2HsCOO; R‘ = NO2 
b, R = R’ = CHs 
C, R = CH30; R’ = C(CH3) 
d, R = R’ = C1 

f ,  R = NOz; 
g, R’ = CHgOCO 
h, R’ = C a s  

R‘ = CH30 

The base-catalyzed reaction of phenyl glycidyl 
ether (IIIa) and substituted benzoic acids (I) in a 
nonpolar solvent such as xylene was studied and dis- 
cussed by Sakai, et aL31 They proposed the similar 
mechanism in which the first step is an equilibrium 
reaction between a base and a benzoic acid (I) to pro- 
duce an activated complex (11) (see Scheme I). The 
complex I1 formed reacts with phenyl glycidyl ether 
(IIIa) through an activated complex or a transition 
state species (IV) to produce the monobenzoate of 3- 
phenoxy-1,2-propylene glycol (V) . They also showed 
that the reaction mechanism was affected by the re- 
action conditions such as temperature, solwilt, and 
substituents of benzoic acid (I). 

In this paper we studied the reaction of substituted 
phenyl glycidyl ethers (111) with benzoic acid (Ia) 
in the presence of a tertiary amine in such solvents 
as xylene, mono- and o-dichlorobenzene, and nitro- 
benzene, estimated the effect of substituents of phenyl 
glycidyl ether and of solvents, and discussed the re- 
action mechanism. 

Results 

The following five reactions might occur in a mixture 

(1) 
(2) 

of the epoxide I11 and benzoic acid (Ia). 
Ia + I11 + Va 

Va + 111 -+- CGH&OOCH&HOCHZCHOH 
1 7 1  A I !  R!‘ I 

Ia + Va + CeH&OOCH&HOOCCsHs + HzO (3) 
I 

VI1 R” 
I11 + H10 + CHz(OH)CHR”(OH) 

Va or VI1 + HzO - Ia + VI11 
R” = CHIOCRHIR’ 

(4) 

(5) 

VI11 

(31) 9. Sakai, K. Ueta, and Y. Ishii, ihid., 64, 2159 (1961). 
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Figure 1 gives the data of a typical experiment to 
determine the reaction rate and shows that the rates 
of the reaction between the epoxide and benzoic acid 
hardly changed whether the solvent is xylene, mono- or 
o-dichlorobenzene, or nitrobenzene. Since the disap- 
pearance of benzoic acid was completely accounted 
for by the appearance of ester and hydroxyl groups by 
infrared spectral analysis, the reactions shown by eq 
2-5 may be ignored in these conditions. This is con- 
trary to the findings of Malkemus and Swana2 and 
Wrigley, et al.,aa who studied the addition reaction of 
ethylene oxide and fatty acids and found that re- 
actions 2-5 did occur. 

I n  Figure 2, P/(1 - P) is plotted against the reac- 
tion time; P is the extent of the reaction, defined by 

P = (C, - C,)/C, = 1 - c,/c, 
The slope of the best line drawn through the points is 
kzCi, the product of the observed second-order reac- 
tion rate constant arid the initial concentration of the 
two reactants. As is seen in Figure 2, the base-cata- 
lyzed reaction is in good agreement with second-order 
kinetics, according to 

P/(l - P )  = knC,t = kz't (k2Ci = kf ' )  

The order of reaction with respect to the tertiary 
amine was determined through a series of experiments 
with constant initial Concentrations of the epoxide and 
the acid (2.70 X lo--' M) and with varied concentra- 
tions of dimethyldodecylamine (from 1.20-6.70 X 
lo+ M). The various values of the rate constant, kz, 
were plotted against the concentrations of the tertiary 
amine, and a straight line was obtained as shown in 
Figure 3. This shows that the observed second-order 
rate constant, kz,  was proportional to the concentra- 
tion of the tertiary amine as the catalyst. The rate 
equation, then, is expressed as 

-d(epoxide)/dt = -d(acid)/dt = ks(amine)(acid)(epoxide) (6) 

where k3 is the third-order rate constant. The results 
are shown in Tables I and 11. 

TABLE I 
THIRD-ORDER RATE CONSTANTS AND HAMMETT'S p VALUES 

FOR THE REACTION OF SUBSTITUTED PGE (111) WITH 

BENZOIC ACID IN XYLENE AT VARIOUS TEMPERATURES" 
CHzC"CHzOCsH4R' (111) 

'd 
F- ks X 102, 1.2 mole-Zsec-1- 

I11 R' 80' 106.5' 1200 130' 

e p-NO* 0.356 2.00 4.08 8.36 
g p-COzCHs 0.323 1.82 4.00 7.96 
d p-C1 0.246 1.67 3.60 7.24 
a H  0.231 1 .54  3.48 7.09 
b p-CH3 0.211 1.40 3.33 6.77 
f p-OCHs 0.175 1.28 2.89 6.61 

Hammett's p value 0.26 0.17 0.13 0.097 
Correlation 0 989 0.996 0.982 0.992 

coefficientb 
0 The initial concentrations of PGE (111), benzoic acid (Ia), 

and dimethyldodecylamine are 0.270, 0.270, and 0.0230 M, 
respectively. See ref 35. 

(32) J. D. hlalkemus and J .  D. Swwn. J. A m .  Oil Chemietu' SOC., 34, 342 

(33) A. N. Wrigley, D. F. Smith, and A. J. Stirton, ibid., 36, 34 (1959). 
(1957). 
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Figure 3.-Effect of concentration of dimethyldodecylamine, 
CA, on the observed second-order rate constant, kn, in the 
reaction of phenyl glycidyl ether and benzoic acid in xylene a t  
106.5'. The initial concentrations of phenyl glycidyl ether 
and benzoic acid are 2.7 X 10-l M. 

TABLE I1 
THIRD-ORDER RATE CONSTANTS AND HAMMETT'S 9 VALUES 

FOR THE REACTION OF SUBSTITUTED PGE (111) WITH 

BENZOIC ACID IN VARIOGS SOLVENTS AT 106.5"" 
In X 102,l.z mole-2 sec-1 

I11 NOZCEHS O - C ~ C E H ~  ClCoHs 

e 4.31 3.20 2.52 
g 4.03 2.86 2.32 
d 3.14 2.41 1.92 
a 2.80 2.18 1.79 
b 2.52 2.04 1.71 
f 2.40 1 .88  1.58 

Hammett's 0.26 0.22 0.19 
p value 

coefficientb 
The initial concentrations of PGE (111)' benzoic acid (Ia), 

and dimethyldodecylamine are 0.270, 0.270, and 0.0230 MI 
respectively. b See ref 35. 

Correlation 0.992 0.996 0.991 

The effects of substituents of phenyl glycidyl ether 
(PGE) on the reaction of PGE-benzoic acid-dimethyl- 
dodecylamine (0.270 : 0.270 : 0.0230 M) a t  various 
temperatures and in various solvents are shown in 
Tables I and 11. Hammett plots of the logarithms of 
the observed third-order reaction rate constants, 
k3, DS. u are given for the reaction at various tempera- 
tures in xylene and at  106.5' in the other solvents. 
The best straight lines for these reactions have been 
found by the least-squares method, and, from the slopes, 
p values are found to be +0.26, 0.17, 0.13, and 0.097 
at  80, 106.5, 120, and 130' in xylene, as shown in 
Table I, and to be +0.26,0.22, and 0.19 in nitrobenzene 
and o-di- and monochlorobenzene at 106.5', as shown 
in Table 11. The u values used in these plots or cal- 
culations have been taken from Jaffd's review.34 The 
fact that p values are positive indicates that electron- 
withdrawing substituents enhance the rate and that 
the reaction is that of S N ~  type. Phenyl glycidyl 
ethers substituted by electron-releasing groups had 
lower rate constants as shown in Tables I and 11, larger 
activation energies, EA, and larger frequency factors, 
as shown in Table 111. 

(34) H. H. Jaffk, Chem. Rev., 68, 101 (1053). 
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Figure 4.-Temperature dependence of p value in the re- 
action of phenyl glycidyl ether and benzoic acid with dimethyl- 
dodecylamine in xylene. 

0.3 I I 

0.2 d. 

0.1 

0.6 

&j 0.4 
bo 
L + 
hi 0.2 

0 0.5 1.0 1.5 

Log D .  

Figure 5.-Plot of p and log ka us. log D in the reaction of para- 
substituted phenyl glycidyl ethers and benzoic acid with di- 
methyldodecylsmine in various solvents at 106.5’. I, in ni- 
trobenzene; 11, in o-dichlorobenzene; 111, in chlorobenzene; 
IV, in xylene. 0, NO,; 0, C1; (Dl H ;  (3, CH30. Symbols are 
R from RCeH40CH~CHCH2. 
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0 

TABLE I11 
ARRHENI7JS PARAMETERS AND HEAT AND ENTROPY O F  

ACTIVATION FOR REACTION OF SUBSTITUTED PGE WITH 
BENZOIC ACID IN XYLENE 

EA, H*198, G*, 
I11 kcal/rnole Log A S * m ,  eu kcal/rnole kcal/mole 

e 17.3 8.30 -24.4 16.1 23.3 
g 17.7 8.47 -23.6 16.5 23.5 
d 18.7 9.04 -21.5 17 .5  23.9 
a 18.9 9.09 -20.9 17.7 23.9 
b 19.2 9.25 -20.2 18 .0  24.0 
f 19.5 9.37 -19.6 18.3 24.6 

The Arrhenius parameters and the enthalpies and the 
entropies of activation are obtained from eq 7-9 and 
are collected in Table 111. 

k = (KT/h)eAS*/Re-AH*IRT (7)  
AH* = EA 4- (An* - l )RT (8) 

AG* = AH* - TAS* (9) 

where k, K ,  h, R, and T are the observed rate con- 
stant, Boltzmann’s constant, Planck’s constant, the 
gas constant, and the absolute temperature, respec- 
tively, and AH*, AS*, AG*, and An* are the enthalpy, 
entropy, Gibbs free energy of activation, and the 
change of moles in activation, defined as the number 
of molecules of the activated complex minus the 
number of molecules of the reactants, respectively. 

Sakai, et ~ 1 . ~ ~ ~  showed that there was a little steric 
effect for the reactions of substituted benzoic acids 
(I) with PGE in the presence of trimethylbenzylam- 
monium hydroxide in such solvents as xylene and 
nitrobenzene. In this case, however, there may be no 
steric effect of substituents of PGE, since the substi- 
tuents are further away from the site of reaction. 

Hammett’s p values for a given reaction depend on 
the conditions under which the reaction takes place. 
The higher the temperature becomes, the smaller the 
p value becomes for the reaction in xylene as shown in 
Table I. In Figure 4, p is plotted against the reciprocal 
of the temperature, 1/T, for the reaction in which four 
reaction constants were evaluated under the con- 
ditions differing only in the temperature of the experi- 
ment. With due allowance for the large uncertainties 
in reaction constants, the plots appear to be linear. 
The best straight line has been found by the least- 
squares method35 and shown by 

p = -1.054(1 - 440.5/T) (10) 

The correlation coefficient has been found to be 0.999. 
The reaction rates and reaction constants appear to 

increase with increasing dielectric constant, D, of the 
solvent as shown in Table 11. Neither log k3 nor p is 
found to hold a linear relationship with D, (D - 1)/ 
(2D - l), or 1/D, but a good linear relationship be- 
tween log k3 or p and log D has been found as shown 
in Figure 5. The best straight line has been found by 
the least-squares method35 and is shown by eq 11. The 
slope, a, and intercept, b, are collected in Table IV. 

(11) log k3 = u log D + b 

TABLE IV 
CONSTANTS IN THE RELATIONSHIP: LOG k3 = a Log D + b 

Correlation No. of data used 
111 U b coefficient- for calcn 

e 0.296 0.235 0.992 4 
g 0.305 0.190 0.996 4 
d 0.251 0.158 0,996 4 
a 0.232 0.130 0.987 4 
b 0.227 0.100 0.992 4 
f 0.241 0.0565 0.995 4 

a See ref 35. 

Discussion 

Boyd and Marle24 showed that CsHsO- was an 
active species directly related to the base-catalyzed 
reaction between ethylene oxide and phenol in ethanol- 
water. The ionic mechanism might be a reasonable 

(35) C. A. Bennett and N. L. Franklin, “Statistical Analysis in Chem- 
istry and the Chemical Industry,” John Wiley and Sons, Inc., New York, 
N. Y., 1954. 
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explanation for the reaction in such a highly polar 
solvent. Since amine salts of benzoic acid have poor 
solubilities and small dissociation constants in non- 
polar solvents such as xylene, the reaction may not 
have the same kinetics as in polar solvents such as 
alcohol and water. ‘The theory in which the CeHb- 
C0,- ion (X) has a direct relationship with the reac- 
tion rate as shown in eq 12-14 cannot account for the 
fact that the reaction in these solvents was third order, 
being first order with respect to each of the three re- 
actants, an amine, an acid, and an epoxide, and that 
the p value was dependent on the temperature as shown 
in Figure 4. Here, I X  is dimethyldodecylamine and 
kl4 are rate constants. 

Ia + N b ’ ”  A O c m -  + Nh’l’H (12) 

Ix X xr 
kz 

x + m --L O C O O C H ~ C X F W -  (13) 

XII 
kd 

x I I + x I -  v + I x  (14) 

Briegleb and Bieber36 showed that the p value for 
the dissociation of substituted benzoic acids in water 
a t  15-50’ is independent of the temperature. 

Now let us see what kind of rate equation is obtained 
if eq 12-14 take place. By assuming that (1) dCx/ 
dt = dC,I/dt = dCxIrI/dt = 0, and (2) kl, k2 >> ~DCIII ,  
we obtain 

dCr/dt = ( k ~ k ~ ~ / k z ) ’ / ~ C r r ~ ( C r , C r ~ ) ~ ~ ~  (15) 

Equation 15 disagrees with eq 6, which was found by 
experiment. 

If the reaction proceeds as shown by eq 16-18 
ki 

k1 
[a + IX e I1 

ks 

kr 
I1 + I11 e IV (17) 

kS 
IT + v + IX  (1%) 

and if dCII/dt = dCIv/dt = 0, the rate equation be- 
comes 

With a reasonable assumption that IC2 is much larger 
than k3CIII, then eq 19 becomes 

dCv/dt == (kik3/kz)CraCIrICIx (20) 

Equation 20 can reasonably explain the experimental 
results. 

The equilibrium reaction shown by eq 16 can be sug- 
gested from the of association products, 
R3N(RCOOH), (where n > 2),  from carboxylic acids 
and a tertiary amine, and their 1:1 acid-amine salts 
in nonpolar media. The catalytic effect of the com- 
plex I1 might be suggested from the fact that a quater- 
nary ammonium salt plays an important role on the 
formation of chlorohydrin ester from epichlorohydrin 
and a carboxylic acid.3n-42 

dCv/dt = ~ , ~ ~ ~ ~ C I ~ C I I I I C I X / [ ~ Z ( ~ ~  + k5) + hk5C1111 (19) 

(36) G.  Briegleb and .I, Rieber, Z. Elektrochem., 56, 250 (1951); 63, 

(37) L. J. .Indrews and R .  31. Keefer. J .  A m .  Chem. Sac., 84, 2886 (1962). 
350 (1949). 
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Figure 6.-Isokinetic relationship in the reaction of phenyl 
glycidyl ether and benzoic acid with dimethyldodecylamine 
in xylene. Symbols are R from RCBH~OCH~CHCH~. 

\/ 
0 

Table I11 and Figure 6 show that the isokinetic rela- 
t i ~ n s h i p ~ ~  or the linear enthalpy-entropy relationship, 
eq 21, holds for this reaction 

AH* = AH*o + @AS* (21) 

where AH*o = 27.2, and 0 = 450. The correlation 
~oefficient~~ is 0.999. 

Reaction constants for a given reaction depend on 
the conditions under which the reaction takes place. 
Hammett44 proposed that reaction constants can be 
expressed in the form of the following equation 

P ( B d D  + Bz)/RTd2 (22) 

where R is the gas constant, T is the absolute tempera- 
ture, D is the dielectric constant of the solvent, and d 
is the distance from the substituent to  the reaction 
site. B1 was assumed to depend on purely electro- 
static interaction between the reacting benzene de- 
rivative and the medium, and B2 was assumed to 
measure the susceptibility of the reaction toward the 
changes in the charge density at  the reaction site. 

The best straight line was obtained between p and 
1/T for the reaction of substituted PGE with benzoic 
acid in xylene, as shown in Figure 4 and eq 10. Equa- 
tion 22 satisfactorily explains the temperature depend- 
ence of p ,  but cannot explain the fact that p approached 
zero as the temperature approached the isokinetic 
t e m p e r a t ~ r e , ~ ~  (in this case, 445OK from the experi- 
mental eq 10 or 21), as shown by eq 10. 

Leffler and G r ~ n w a l d ~ ~  proposed that reaction con- 
stants can be expressed in the form of the following 
equation 

pT = ~ ~ ( 1  - P/T) (23) 

where p T  and p ,  are the reaction constants a t  tempera- 
ture T and 00, and parameter 0 has the dimension of 

(38) G. Stein, U. S. Patent 2,224,026 (Dee 3, 1940); German Patent 

(39) E. C. Shokal, W. Creek, and A.  C. Mueller, U. S. Patent 2,895,947 

(40) P. Edwards, U. S. Patent2,537,981 (Jan 16,1951). 
(41) G. Maerker, J. F. Carmichael, and W. S. Port, J .  O r g .  Chem., 26, 

2681 (1961). 
(42) N. Fukugawa, F. Kato, K. Shimomura, and hi. Yoshihara, Report, 

17th Annual Meeting of the Chemical Society of Japan, Tokyo, Bpril 1964. 
(43) J.  E. Leffler, J .  Org. Chem.. 20, 1202 (1955). 
(44) L. P. Hammett, J .  A m .  Chem. Soc.. 69, 96 (1937). 
(45) J. E. Leffler and E. Grunwald, “Rates and Equilibria of Organic 

Reactiona,” John Wiley and Sons, Inc., New York, N. Y.,  1963, Chapters 

708,463 (June 12, 1941). 

(July 21, 1959). 

7 , 9 .  
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TABLE V 
SUBSTITUTED PHENYL GLYCIDYL ETHERS 

BP (mm) 
or mp, OC 

100-106 (5) 

144-146 (3) 
117-122 (7) 

115-118 (3) 
64-66 
46-48 
54-56 
69-71 

n% 

1 ,5288 
1 ,5242 
1.5130 
1.5422 

. . .  

. . .  

. . .  

. . .  

d 9s 

1.1057 
1.0773 
1.0234 
1.2478 

. . .  

. . .  
* . .  
. . .  

-Mol wt- 
Calcd Found5 

150 147 
164 161 
207 199 
185 188 
195 193 
180 175 
208 201 
226 216 

Oxiran oxygen, % 
Calcd Found 

10.67 10.58 
9.77 9 .66  
7.74 7.52 
8.65 8 .64  
8.21 8 .16  
8.89 8.59 
7.70 7 .58  
7.08 6.93 

-c, %- 

72.06 72.07 
73.19 72.95 
75.72 75.61 
58.38 58.10 
55.38 55.27 
66.67 66.69 
63.46 63.60 
79.62 79.45 

Calcd Found* 
--H. %- 
Calcd Found 

6 .73  6.86 
7.37 7.33 
8 .74  8.73 
4 .86  4.91 
4.65 4 .68  
6.67 6 .60  
5.81 5 .90  
6.19 6 .24  

a Determined by a cryoscopic method using benzene. Determined with the HC1-DMF method: Y .  Tanaka and H. Kakiuchi, 
Kobunshi Kagaku, 20, 629 (1963). Recrystallized from methanol-water solution. Recrystallized from petroleum ether. 

absolute temperature and can be identified as an actual 
or virtual temperature at which all the differences in 
the rate or the equilibrium constants will vanish, that 
is, &AG* = 0 at  T = 0. Equation 23 appears to repre- 
sent the temperature dependence for this reaction. 
As Table I shows, the p-a relationship holds well even 
when the temperature is changed. This fact can be 
explained only by eq 23, not by eq 22. 

Equation 22 also predicts the change of p with the 
dielectric constant of the solvent. However, as 
Table IV shows, the linear relationship was found to 
hold between log k3 and log D in nitrobenzene, o- 
dichlorobenzene, monochlorobenzene, and xylene. It 
was also found that the following relationship held 
between p and log D 

p = a l o g D  + b (24) 

where a and b are 0.0784 and 0.149, and D is the di- 
electric constant taken from Lange's handbook.& 
The correlation coefficient% is 0.991. Until the sig- 
nificance of the results shown in Table IV is better 
understood, tke significance of eq 24 cannot be inter- 
preted adequately. 

The mechanism shown by eq 16-18 can clearly ex- 
plain the Sacts that the electron-donating tertiary 
amine is the effective catalyst for this reaction, and 
that the p value observed for substituted benzoic acids3I 
was positive. 

Experimental Section4' 
Materials.--Substituted phenyl glycidyl ethers were prepared 

from epichlorohydrin and corresponding substituted phenols 
with an aqueous solution of sodium hydroxide by the one-step 
method of K u ~ a m u r a . ~ 8  A modification of this method was 
necessary in the procedure; the reaction temperature was 50- 
60' in some cases, p-phenylphenol waa treated a t  70-80" and 
the methyl ester of hydroxybenzoic acid was treated a t  45-55' 
with a sodium hydroxide solution of lower concentration. This 
method was similar to those used by 0thers.~g-6~ The properties 
of the epoxides are given in Table V. p-Methoxyphenol waa ob- 

(46) N .  A. Lunge and G. M .  Forker, "Handbook of Chemistry," 10th 

(47) Boiling and melting points are uncorrected. The molecular weights 

(48) T. Kuwamura, Kagya Kagaku Z a a d i ,  68, 595 (1960). 
(49) A. Fairbourne, G. P .  Gibson, and D. W. Stephens, J .  Chem. Sac., 

ed, McGraw-Hill Book Co.. Inc., New York. N .  Y. ,  1961, p 1222. 

were determined by the cryoscopic method with benzene. 

1965 (1932). 
(50) D .  R. Boyd and E. R. Marle, ibid., 98, 838 (1908). 
(51) E. R. Marle, ibid. ,  101, 305 (1912). 
(52) K. E. Marple, E. C. Shokal, and T. W. Evans, U. 9. Patent 2,260,753 

(1941); 2,327,053 (1943): 2,380,185 (1945). 
(53) T. W. Evans and E. F. Bullard, U. 5. Patent 2,156,724 (1939). 
(54) R. Oda, Kogyo Kagaku Zasshi, 66,  673 (1952). 

tained from hydroquinone and dimethyl sulfate by the method of 
Robinson and Smith.66 Phenols except p-methoxyphenol were 
commercial. 

Dimethyldodecylamine and benzoic acid, both reagent grade, 
were either distilled in Vacuo or recrystallized before use. 

Solvents were purified as usual.6E Xylene (mixed isomer) was 
shaken successively with sulfuric acid and a sodium bicarbonate 
solution, dried with calcium chloride, and then fractionally 
distilled. A fraction boiling at 137-139" was collected and 
used. Chlorobenzene was purifieds7 by shaking it repeatedly 
with portions of sulfuric acid until the acid no longer became 
colored. It was then washed with water and with a dilute 
sodium bicarbonate solution, dried with calcium chloride, and 
fractionally distilled through a 40-cm column. A fraction boiling 
at 131.5'' was collected; n% 1.5248. o-Dichlorobenzene was dis- 
tilled through a 60-cm Widmer column and the middle fraction 
boiling a t  179-180" was collected.68 

Reaction  procedure.^^ A reaction flask containing benzoic 
acid and a solvent was heated to a desired temperature, and to 
this was added a solution of substituted PGE preheated to the 
same temperature. The measurement of time was started a t  
the time of mixing in all cases. The lapse of time introduced no 
detectable error into any of the runs. The reaction mixtures 
were stirred by bubbling dry nitrogen gas, and the aliquots (3  or 
4 ml) of the reaction mixtures were taken out a t  convenient 
intervals and analyzed. The epoxide and acid contents of the 
reaction system were determined by the method of Durbetakiw 
and by the direct neutralization method.61*62 The initial con- 
centrations of PGE, benzoic acid, and dimethyldodecylamine 
were 2.70 X IO-l, 2.70 x lO-l, and 1.20-6.70 x 10-2 M .  
Attempts were made to hold the temperature of the reaction 
mixtures constant (d~0.2') .  The extent of reaction, P, is 
defined as 

(25) 
where Ct and Ci are the concentrations of reagents in the reaction 
system a t  times t and 0, respectively. The rate equation of the 
second-order reaction is expressed as 

P/(l - P )  = k2Cit = kz't (kZCi = kz') (26) 
when the initial concentrations of both PGE and benzoic acid 
are the same. 
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