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thienylmagiiesium iodide, to give 14 which was oxidizedz0 to 6 
as in Scheme I. 
(20) The mass spectrum of 14 deserves further comment. It would ap- 

pear tha t  of the two possibilities for the condensation product between 
benzaldehyde and 2-thenaldehyde, namely, 14 and 19, it should be possible 

H 
14 

H 
19 

to  distinguish betmeen them on the basis of their mass spectra if cleavage 
occurred between the acyl and carbinol halves of the molecule. It appears, 
however, tha t  the initial process upon electron impact is oxidation of the 
thenil, thus 

H 
+ I 

General Procedure for the Thenil-Thenilic Acid Rearrange- 
ment.-A 0.010-mol quantity of the thenil was suspended in 
25 ml of water containing 2 g of potassium hydroxide. The solu- 
tion was stirred and heated to reflux under X\TZ until solution was 
effected. If solution was not complete in 1 hr, 10 ml of dioxane 
was added, and heating was continued an additional 2 hr. The 
cooled solution was acidified to congo red with concentrated HCl 
and immediately extracted with ether (two 25-ml portions). 
The combined dried (NazSOd) extracts were treated with an ex- 
cess of ethereal diaxomethane. After stirring 1 hr a t  room tem- 
perature, the solvent was removed under reduced pressure, 
and the residue was recrystallized from 60-90' petroleum 
ether. 

Registry No.-1, 7333-07-5; 2, 7333-08-6; 3, 5381- 
27-1; 4, 30135-06-9; 5, 30135-21-8; 6, 30135-07-0; 
7, 30135-23-0; 8, 30135-04-7 ; 9, 30135-26-3; 10, 
30135-25-2; 11,30135-27-4; 12,30226-72-3; 13,30135- 
05-8. 

with peaks observed at m/e 216 (P - 2, 5 % ) ,  111 (2-thenoyl, 55%), 105 
(benzoyl, loo%), and 77 (phenyl, 36%). A literature search failed to un- 
cover any reports concerning the mass spectra of benzoins. A mass spec- 
trum of benzoin taken in these laboratories reveals the same behavior, tha t  
is, no apparent peak bu t  only signals at m/e 210 (P - 2, 3%), 105 (benzoyl, 
loo%), and77 (phenyl, 47%). 
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The kinetics and thermodynamic parameters of the thenilic acid rearrangement have been followed as a func- 
tion of substituent effect in the temperature range of 1230'. A reevaluation of the ionization constants of nine 
theiioic acids has been made in water a t  49.5". Improved Hammett type correlations are obtained basing a new 
set of u values on these ionization constants. The deviation in the Hammett plot caused by the halo substituents 
is discussed in terms of the mechanism of the rearrangement. 

Some years ago Smith2 and Clark3 proposed a mech- 
anism for the beneilic acid rearrangement in which 
attack by hydroxide, 1,2 migration of the aryl group, 
and proton transfer all occurred simultaneously. This 
was in contrast to the earlier concept by Ingold4 that a 
complex5 between the diketone and hydroxide pre- 
ceded rearrangement to  the benzilate skeleton with the 
temporal location of the proton transfer being un- 
specified. It appeared to be of interest to investigate 
the existence of a linear free-energy relationship and 
whatever bearing this might have on the reaction mech- 
anism. 

In  our preceding articlee we have described the syn- 
thesis of a number of dithiengl diketones (thenils). It 
mas shown that, with the exception of the alkoxy 
thenils and 3,3'-benzo [blthenil, these compounds 
undergo the benzilic acid rearrangement to give the 
corresponding thenilic acids in good to  excellent yields, 
Thusly, we were able to make a quantitative study of 

(1) Abstracted, in part, from the Ph.D. dissertation of G. P. N. 
(2) D. G. Ot t  and G. G. Smith, J .  Amer. Chem. Sac., 77,  2325 (1955). 
(3) M .  T .  Clark, E .  G. Hendley, and 0. K,  Neville, ibid. ,  77,  3280 (1955). 
(4) C. K. Ingold, Annu. Rep., Chem. Soc. (London), 124 (1928). 
(5) A claim is made for the isolation of this intermediate complex which, 

depending on reaction conditions, can give benzilic acid or can be decom- 
posed back to  benzil and hydroxide: G. Scheuing, Chem. Ber., 66, 252 
(1923). 

(6) R.  D. Schuetz and G. P. Nilles, J .  Org.  Chem., 36, 2486 (1971). 

this rearrangement and, in addition, to further elucidate 
the electromeric nature of the thiophene ring, 

Results 

The potassium hydroxide induced rearrangement of 
the nine thenils in Table I was studied in the tempera- 
ture range of 15-80'. Corrections were made for 
thenil consumed prior to t o  and for the nonideality of 
the solvent, 2 :  1 (v/v) dioxane-water. The titri- 
metrically determined loss in hydroxide was used as 
basis to compute the observed second-order rate con- 
stants by the usual equation.'& In  all cases, a plot of 
log [thenil/OH-] vs. time was linear to a t  least 3 half- 
lives of the thenil, the minor component ,8 

Thermodynamic parameters for each reaction were 
calculated in the usual manner from the Arrhenius 
equation and the Eyring equationQ and are presented in 
Table 11. The entropy of activation, A ~ * S ~ ~ O K ,  was 

(7) (a) F. H .  Westheimer, J .  Amer. Chem. Soc., 68, 2209 (1936), has shown 
tha t  the rearrangement is first order in base and first order in diketone. 
Thus, we employed the usual second-order equation as in S. W. Benson, 
"The Foundations of Chemical Kinetics," McGraw-Hill, New York, N. Y.,  
1980, p 18; (b) p 91. 
(8) It became quite tedious with compounds such as 5,5,-dimethyl-2,2'- 

thenil t o  perform rate studies beyond 2 half-lives, since this would have re- 
quired individual runs laeting longer than 3 days. 

(9) J. E. Leffler and E. Grunwald, "Rates and Equilibria of Organic Re- 
actions," Wiley, New York, N. Y . ,  1963, p 71. 
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TABLE I 
SECOND-ORDER RATE CONSTANTS FOR THE THENILIC ACID REARRANGEMENT AT VARIOUS TEMPERATURES 

Registry 
Compda no. 1 6 O  30° 40° 50° 

2,2’-Thenil 7533-07-5 6.07 X 10-6 2.35 x 10-4 5.35 f 0.14 x 10-4 1.22 i 0.04 x 10-3 
5,5’-Dimethyl-2,2’-thenil 30135-04-7 1.22 X 10-6 4.50 x 10-5 9.85 4 0.73 X 10-5 1.96 i 0.30 X 
5-Methyl-2,2 ’-thenil 30135-05-8 3.84 X 10-6 1.28 x 10-4 2.74 f 0.13 X 5.20 f 0.31 X 
5,5’-Dichloro-2,2’-thenil 30135-23-0 1.29 i 0.04 X 4.50 f 0.33 X 10-2 9.18 f 0.14 X 10-2 1.86 X 10-1 
5,5‘-Difluoro-2,2‘-thenil 30135-26-3 5.11 f 0.14 X 10-3 1.81 f 0.07 X 10-2 3.90 X 10-2 8.07 f 0.35 X 
5,5’-D”2’’-thenyl)-2,2’- 30288-11-0 1.24 X ‘4.88 x 10-4 1.12 x 10-3 2.57 0.12 x 10-3 

thenil 
2,2’-Benzo[b] thenil 30125-06-9 8.53 X 3.84 x 10-3 9.77 f 1.23 X 10-3 2.36 4 0.07 X 
2-Thienylphenyl 30135-07-0 1.99 X 10-5 3.11 x 10-5 1.82 i 0.14 X 3.68 f 0.12 X 

3,3’-Thenil 30135-08-1 3.61 X 10-6 7.92 X 1.31 i 0.07 X 10-4 1.87 f 0.15 X 

Compda 60° 70° 800 Tb 

diketone 

2,2’-Thenil 2.46 f 0.08 X 4.96 i 0.11 X 9.36 f 0.11 x 10-3 0.999+ 
5,5’-Dimethy1-2,2’-thenil 3.84 f 0.31 X 7.54 f 0.43 X 1.57 f 0.15 x 10-3 0.999 
5-Methyl-2,2’-thenil 1.00 4 0.02 X lom3 1.93 f 0.07 X 3.40 i: 0.07 x 10-3 0.999 
5,5’-Dichloro-2,2’-thenil 3.60 X 10-l 6.70 x 10-l 1.20 0.999+ 
5,5’-Difluoro-2,2‘-thenil 1.60 X 10-1 3.03 x 10-1 5.55 x 10-1 0.999+ 

2,2’-Benzo [b ]  thenil 5.46 5 0.23 X 1.12 i 0.08 X 10-1 2.33 X 10-1 0.999+ 
5,5’-Di(2’’-thienyl)-2,2’-thenil 5.11 f 0.38 X 10-3 1.14 i 0.07 X 2.01 f 0.34 x 0.998 

2-Thienylphenyl diketone 8.79 4 0.62 X 1.48 f 0.07 X 10-3 3.65 f 0.25 x 10-3 0.996 
3,3’-Thenil 3.07 i 0.11 X 4.60 f 0.24 X 6.85 X 0.997 

a Rate constants shown without standard deviations are those extrapolated from the Arrhenius plot. Correlation coefficient for 
the Arrhenius plot. 

TABLE I1 
THERMODYNAMIC CONSTANTS FOR THE THENIL~C ACID REARRANGEMENT 

CompdaJJ AHfaw, AS*ataox AF*aZaoi< Log AC 
2,2’-Thenil 15.0 f 0.3  -25.6 f 1.3 23.3 i 0.7 7.676 
5,5’-Dimethyl-2,2’-thenil 14.5 f 1.0  -30.8 f 5 .5  24.4 f 2.8  6.622 
5-Methyl-2,2’-thenil 13.3 f 0 . 4  -32.5 f 2.4 23.8 i 1.2 0.162 
5,5’-Dichloro-2,2’-thenil 13.5 i 0 .6  -20.3 f 1.6  20.0 i 1.1 8.820 
5,5’-Difluoro-2,2 ’-thenil 14.6 f 0.4  -20.5 f 1 . 5  20.6 i 0 .9  8.773 

5,5’-Di(2”-thienyl)-2,2’-thenil 15.2 =!= 1 . 3  -23.6 f 4 . 0  22.8 i 2 .6  8.104 
ZThienylphenyl diketone 15.6 4 0.6 -26.1 rt 3 . 0  24.0 4 1 . 6  7.569 
3,3’-Thenil 8.40 f 0.8 -49.5 f 5.4 24.4 f 2 .5  2.447 

3,3’-Benzo [ b] thenil 16.8 f 1.0  -14.2 f 1.8 21.4 f 1.6  10.155 

a AH * and AF * are in units of kcal/mol; AS * is in cal/(“K mol). A plot of AS * us. AH *, omitting the values for the halo- 
thenils, gives an isokinetic temperature of 242 f 24’K. A is the preexponential factor from the Arrhenius equation. 

cal~ulated’~ by eq 1. The uncertainties in the energy 
of activation and, consequently, the enthalpy of activa- 

ASS3z3 = 4.576 log A - 60.689 (1) 

tion were calculated by Benson’s method7b with the 
errors due to temperature being assumed negligible. 
Errors in the entropy of activation were estimated 
from Wiberg’s expression. l1 

Previous efforts a t  correlating physical parameters in 
thiophene compounds with Hammett’s u values based 
on the ionizations of benzoic acids have been only 
partially successful. l 2  

Accordingly, potentiometric determinations of the 
ionization constants of nine thenoic acids in Table I11 
were made in water a t  49.5’. From these, the corre- 
sponding “uo” values mere calculated as the log of the 

(10) A simple combination of the Eyring equation with the Arrhenius 
equation together with the relationship that  AH* = Ea. - RT gives eq 1 
which is valid a t  323OK, although in the range 293-363OK the maximum 
error within 30°K of this temperature is only 0.4%. 

(11) K. I3. Wiberg, “Physical Organio Chemistry,” Wiley, New York, 
N. Y., 1964, p 379. 
(12) For example, see H. H. Jaffe and H. L. Jones, Adunn. Heterocycl. 

Chem., 8 ,  240 (1964); R. D. Schueta and D. M. Teller, J .  O w ,  Chem., 8 7 ,  
410 (1862); P. A. TenThile and M. J. Janssen, R e d .  Trau. Chem. Pays-Bas, 
84, 1169 (1965). 

ratio of the ionization constants of the unsubstituted 
us. the substituted acids. 

Discussion 
The entropies of activation are in agreement with 

those expected for a reaction involving considerable re- 
stricted geometry in the transition state. The en- 
tropy of activation of -14.2 eu for the rearrangement 
of 2,2‘-benzo[b]thenil indicates that a lesser degree of 
ordering may be necessary in going from the ground 
state to the transition state for the reaction. This may 
be due to steric interactions in the ground state which 
invoke a specific conformation of the benzo [b jthienyl 
rings. Coincidentally, this geometry may be similar 
to that required by the transition state and hence 
shows up as a less negative entropy of activation, rela- 
tive to the other thenils. 

In  a similar manner, the high value of AS*  of 
-49.5 eu for the 3,3’-thenil rearrangement could indi- 
cate that the geometry of the transition stat,e bears 
little resemblance to the geometry of the ground state. 
It must be kept in mind, however, that according to the 
Ingold mechanism for the rearrangement the observed 
thermodynamic data would be a function of either the 
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TABLE 111 
IONIZATION CONSTANTS AND u VALUES FOR NINE THENOIC ACIDS 

Compd Registry no. pKaalb re 8 
2-Thenoic acid 527-72-0 3.617 f 0.016 0 .  OOOd 

5-Methyl-2-thenoic acid 1918-79-2 3.784 f 0.019 -0.167 f 0.035 -0.170 & 0.02 
5-Chloro-2-thenoic acid 24065-33-6 3.341 f 0.014 0.276 f 0.030 0.227 f 0.02 
5-Nitro-Zthenoic acid 6317-37-9 2.620 f 0.018 0.997 f 0.034 0,778 f 0.02 
5-Fluoro-2-thenoic acid 4377-58-6 3.430 f 0.014 0.187 f 0.030 0.062 f 0.02 

3-Thenoic acid 88-13-1 4.137 f 0.014 
3-Benzo[b] thenoic acid 5381-25-9 4.032 f 0.036 0.125 f 0.0506 

5-Methoxy-Zthenoic acid 292 12-22-4 3.842 f 0.014 -0.225 dz 0.030 -0.268 & 0.02 

0.042 ZIZ 0.02 
3.336 f 0.012 0.251 f 0.028 0.042 i= 0.02 2-Benzo [b] thenoic acid 6314-28-9 

a At 49.5’; ranges are the average of the standard deviations of three runs of nine determinations each, b Sorrections to thermody- 
namic pK values may be made from the extended Debye-Huckel equation with the ion size parameter = 9 A, and the ionic strength 
-0.001, D. H. McDaniel and H. C. Brown, 
J. Org. Chem., 23,420 (1958). d By definition. e Based on the pKa of 3-thenoic acid. 

This will raise the pK values given by 0.015, but this value cancels in calculating uQ. 

I I I I I I I I  from the active site of the diketone rearranges a t  a 
rate much closer to  that of benzil. 

From Table 111, it is evident that while electron- 
donating substituents have roughly the same magnitude 
electron-withdrawing substituent effects are enhanced 
in thiophene compounds compared to  the corresponding 
benzene compounds. Thus, it appears that there 
cannot be an accurate, simple relationship between 

0 . 6  .- substituent effects in benzene vis-d-vis substituent 
effects in 5-substituted 2-thiophenes, especially those 
with electron-withdrawing groups. This is further 

This 
plot (Figure l), shows only a “fair”14 correlation, Y = 
0.943. Considerable improvement in correlating reac- 

stead of u. 

either the concerted (Smith-Clark) or the two-step 
(Ingold) mechanism, the rate of rearrangement should 

carbons (plural) and to some extent on the stabilization 
of the developing negative character a t  the migration 
origin. 

Ingold mechanism 

1.0 - 
0.9 - 
0.8 - 
0.7 - 

- 
0 .5  - 

- exemplified by a plot of u us. ug from Table 111. 

tivities in thiophenes might be expected by using ug in- 

Returning to  the benzilic acid rearrangement, in 

be dependent on the electrophilicity of the carbonyl 

0.4 - 
- 
- 

0.3 - 
0.2 

0.1 

- 
- - 
- 
- 
- 

-0.2 -0.1 0.0 0.1 0.2  0.3 0.4 0.5 0.6 0.1 

Figure 1.-Plot of u vs. ue based on the data in Table 111. 

equilibrium reaction between the thenil and hydroxide 
or the rearrangement of that intermediate to  the 
thenilate anion, depending on the relative free energies 
of activation for each step. 

Other factors, such as differences in solvation be- 
tween the ground state and the transition state, will 
also affect the entropy of activation, but such effects 
should be small relative to steric effects. 

The rearrangement of 2,2’-thenil is faster [k = 
1.22 X l./(mol sec)] than benzil [k = 1.00 X 
lo4 l./(mol sec13) 1 a t  50” in 2: l  dioxane-water. This is 
a rather clear manifestation of the electron-with- 
drawing nature of the 2-thienyl group which parallels 
the acidity of benzoic acid (pKa = 4.229 a t  49.5’) 
vs. 2-thenoic acid (pK, = 3.617 at  49.5’). One is 
tempted to postulate stabilization of the incipient nega- 
tive charge at  the migration origin via d-orbital inter- 
action, although at  this point there is nothing to sub- 
stantiate this. It can be noted, though, that 3,3’- 
thenil in which the sulfur is one more carbon removed 

$0- d H  

Smith-Clark mechanism 

0 0  0 OH 

C-C p .\ ,’ \ 
4. 0-C-CAR 

It I1 
I 

ARC-CAR’ - 
0’ AR AR‘ AR’ 

f 
HO- 

Evidence of this is shown in the Hammett plot 
(Figure 2) for which a linear relationship is given when 
using the sum of the substituent constants for 2,2’- 
thenil, 5-methyl-2,2’-thenil, and 5,5 ’-dimet hyl-2,2’- 

(13) J. Hine and H. W. Haworth, J .  Amer. Chem. SOC., 80,2274 (1958). (14) H. H. JaffB, Chem. Reo., 58,191 (1953). 
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2.4- 

1 1 1 1 1 1 1 1 1 1 1  I 1  

- 
0 c1 

2.0- 

1.6- 

1.2- 

0.8- 

0.4- 

I I I  I I  I I I I I I I I J  
-0.2 0.0 0.2 0 .4  0.6 0.8 

Figure 2.-Hammett plot a t  50" based on c for the first six 
compounds in Table I1 (T = 0.923). The line through the first 
three points has been extended to show the deviation from 
linearity as a result of the electron-withdrawing substituents. 

thenil.l5 Thus, in all of the Hammett plots the sub- 
stituent constants were summed, 

The correlation coefficient far the plot in Figure 2 is 
only fair, r = 0.923. The main deviation is caused by 
the electron-withdrawing groups. If the plot is made 
using (76 (Figure 3) instead of u, the correlation is much 
improved, r = 0.964, although still less than desirable. 
It can be noted that the benzo group now falls in line, 
but the halo substituents are still considerably dis- 
placed from linearity.16 If the sum of the bg's for 
chloro and fluoro are multiplied by 1.5, the fit to  the 
Hammett plot in Figure 3 becomes excellent, r = 
0.994. 

It is tempting to  conclude that this rate enhance- 
ment due to  the halo substituents, above that pre- 
dicted on the basis of their u@ values, would be evi- 
dence for the equilibrium step in accord with the In- 
gold mechanism. However, the observed kinetic data 
can give information concerning only the overall en- 
ergy of activation encountered in going from reactants 
to  products. 

If the AF * for the formation of the complex is much 
less than the AF * for the rearrangement of the com- 
plex, we would observe kinetically only substituent 
effects on the latter. Such results would be indistin- 
guishable from the case with no prior equilibrium, i . e . ,  
the Smith-Clark mechanism. A break in the Hammett 
plot could he ascribed to other mechanistic perturba- 
tions. However, it may he noted that the effect of the 
substituents may be disproportionate in regard to  the 
magnitude of the free energies of activation for each 
step especially in going from electron-donating to elec- 
tron-withdrawing groups, This would also cause a 
break in the Hammett plot." 

The slope of the regression line ( p )  for the plot in 
Figure 3 was virtually temperature independent, 

(15) The rate constants for the rearrangement are also related by  k: - 
(kok')'/z where k is for the hybrid compound and ko and k, are the rate con- 
stants for the symmetrical thenils. The same relationship holds (within 
experimental error) for 2,2'-thenil, 2-thienylphenyl diketone (the "hybrid"), 
and b e n d .  

(16) A plot of AF* for the rearrangement of these thenils u s .  ro also ex- 
hibits a break for the halo substituents. 

(17) J. 0. Schreck, J. Chem. Educ., 48, 103 (1971). 
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2.0 
2.4 I 

I I, 1 1  I I I I 1 1  1 1  1 I I 
-0.2 0.0 0.2 0 .4  0.6 0.8 

Figure 3.-Hammett plot a t  50" based on U6 for the first six 
compounds in Table 11: a, plotted by 2ug (T = 0.964); b, same 
as a but with the chloro and fluoro U6 values multiplied by 3 
rather than 2 (T = 0.994). 

2.624-2.667 in the range of 15-80'. The magnitude of 
p again emphasizes the enhancement of the reaction 
rate by electron-withdrawing groups. 

Evidence has shown18 that the 2-thienyl group can 
function as a resonant electron donor or an inductive 
electron-withdrawing group. While 5-(2'-thienyl)-2- 
thenoic acid was too insoluble to permit potentiometric 
pKa determinations, a secondary value for b g  could be 
determined. Using a value of 2.66 for p ,  the Hammett 
plot yields a value of +0.04 for bg of 2-thienyl. While 
this figure is agreeably comparable to  the u value for 
phenyl (-0.01 0.05), it is probably more evident 
that the substituent constant for 2-thienyl will be reac- 
tion dependent and no one value can be properly as- 
signed. 

Experimental Section 
The thenoic acids, whose pK,'s were determined, were pre- 

pared by silver oxide oxidation of the corresponding aldehydes .ID 
They were purified by three crystallizations from water followed 
by drying in a pistol a t  56" (1 Torr) and then stored over phos- 
phorus pentoxide for 1 week. The ionization constants were 
determined in water according to  the method of Albert and Ser- 
jeant,*" using a Beckman Model 1019 research pH meter 
equipped with Corning No. 476002 reference electrode and a 
Beckman No. 40498 glass electrode. The cell in which the 
pK, determinations were made was thermostated at  49.5". 
Care was taken to ensure temperature equilibrium of the entire 
system including the electrodes before measurements were made. 
The titrant, Cot-free potassium hydroxide, was prepared from 
0.1 N "Acculutes" (Anachemia Chemical Co., Champlain, 
N. Y .). Only distilled freshly boiled water was used in all dilu- 
tions. Reagent grade dioxane was further purified by stirring 
over lithium aluminum hydride for 24 hr, followed by a 6-hr 
reflux and then distillation. It was stored over 5A molecular 
sieves. After 3 days, any unused dioxane was repurified. Tem- 
peratures were determined using a Will Scientific No. 26846, 
- 5  to +101O thermometer stated to comply with NBS Circular 
No. 8. The temperatures were further checked by a calibrated 

(18) S. Gronowitz, Aduan. Heterocycl. Chem., 1, 89 (1963); E. A. 
Hill, M. L. Gross, M. Stasiewios, and M. Manion, J .  Amer. Chem. SOC.,  91, 
7381 (1969); D. S. Noyce, C. A. Lipinski, and G. M. Loudon, J .  Ow. Chem., 
36,1718 (1970). 

(19) See part I of this aeries and ref 9 for the preparation of the aldehydes. 
The oxidation prooedure was essentially that of E. Campaigne and W. M .  
Lesuer, Org.  Syn., 38, 94 (1953). 

(20) A. Albert and E. P. Serjeant, "Ionization Constants of Acids and 
Bases," Wiley, New York, N. Y., 1962, Chapter 2. 



METAL-CATALYZED HYDROPEROXIDE REACTIONS 

Hewlett-Packard No. 2801A quartz digital thermometer. Tem- 
peratures are believed accurate to $0.04". 

Kinetic measurements for all of the thenils, with the exception 
of 3,3'-benzo[b]thenil, Z,Z'-benzo[b]thenil, and 5,5'-di(2''- 
thienyl)-2,2'-thenil, were carried out in the same manner. A 
sample of the thenil, in the range of 2.5-3.0 mmol, was weighed 
to 0.1 mg and placed in a 250-ml Teflon screw cap bottle, along 
with a magnetic stiriing bar. The thenil was dissolved in 100.0 
ml of equilibrated dioxane with stirring. The solution was con- 
tinuously stirred during the kinetic run by means of a submersible 
magnetic stirrer mounted directly beneath the reaction vessel. 
A 50.00-ml quantity of 0.1 Ar temperature equilibrated potas- 
sium hydroxide solution was pipetted into the thenil solution 
with vigorous stirring. The vessel was sealed with a screw cap 
arrangement that permitted the insertion and withdrawal of a 
pipette. A 10.00-ml aliquot of the thenil solution was imme- 
diately withdrawn. The aliquot was quenched in a 10-ml sample 
of ice cold acetone and the clock was started. 

The sample was titrated to either a phenolphthalein (pH 8.3) 
or thymol blue (pH 8.0) end point with 0.01 *V hydrochloric acid. 
At various intervals, depending on the rate of potassium hy- 
droxide disappearance, 10-ml aliquots were withdrawn and ti- 
trated in the same manner. Simultaneously with the kinetic 
runs, a blank sample was determined under the same conditions 
described above, except that the thenil was omitted. In this 
manner it was possible to correct for any acidic impurity present 
in the thenil and also for any reaction of the base with the sol- 
vent. During the 80" runs and to a lesser extent at 70", a small 
correction (by never more than 3$&) was found to be necessary. 
At other temperature, the correction was too small to be mea- 
sured. 
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Samples of 3,3'-benzo[b] thenil, 2,2'-benxo[b] thenil, and 5,5'- 
di(2"-thienyl)-2,2'-thenil were too insoluble to be determined 
at  the concentrations used above for the other thenils. Ac- 
cordingly, samples in the range 0.3-0.8 mmol, but never less 
than 0.1000 g, were used in the kinetic determinations. The 
amount of dioxane used was 100 ml, but the 50 ml of potassium 
hydroxide was replaced by 15 ml of potassium hydroxide and 35 
ml of water. 

Since a mixture of dioxane and water does not constitute an 
ideal solution in the thermodynamic sense, the following equa- 
tion was used to calculate the actual volume of the reaction mix- 
ture a t  the start of a given kinetic run 

All other conditions were the same. 

f f l (P1)  + V Z ( P 2 )  
V m i x  = 

Pmix 

where V I  and vz are the volumes of dioxane and water measured 
out, PI and pn are the densities of dioxane and water at a given 
temperature,21 and pmix is the density of the mixture a t  the same 
temperature.a2 In  these calculations, the thenils and potas- 
sium hydroxide are assumed to behave ideally. All linear plots 
were refined by least-squares analysis. All calculations were 
preformed on a Wang 320 electronic calculator. 
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A kinetic study has been carried out on the epoxidation of styrene and some substituted styrenes by tert-butyl 
hydroperoxide in the presence of molybdenum naphthenate. In benzene solution the reaction is first order in 
peroxide (in the range 0.1-0.3 M ) ,  in alkene (0.2-0.4 M ) ,  and in catalyst (0.0-4.58 X g-atom of Mo kg-l). 
The rates for the substituted styrenes show considerable scatter for attempted correlations with various free- 
energy relationships; however, a ,OU plot gives P = - 1.4 f 0.6 (9,5% confidence levels). Thus, the rate-de- 
termining step presumably involves electrophilic attack upon the alkene. With styrene as solvent the reaction 
is first order in hydroperoxide but displays no simple dependence on molybdenum concentration. The apparent 
order in catalyst decreases as its concentration is increased in a manner which, though not fully understood, sug- 
gests either some form of special complexing or lack of true solubility in the medium. 

Alkenes are readily epoxidized by organic hydroper- 
oxides in the presence of catalytic amounts of molyb- 
denum and vanadium The kinetics of 
the epoxidation have been reported for 1- and 2-octene 
in the presence of molybdenum hexacarbony14J and for 
cyclohexene with vanadium acety1acetonate.l The 
former reaction is first order in catalyst and alkene14 and 
apparently first order in peroxide, but the first-order 
rate constants obtained vary with initial peroxide con- 
centrati0n.j The vanadium-catalyzed cyclohexene 
epoxidation is also first order in catalyst and alkene, but 
the rate dependence on peroxide has been shown to be 
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analogous to the Michaelis-Menten equation for enzyme 
catalysis.' Two noticeable features of this latter reac- 
tion are the marked inhibition by small quantities of tert- 
butyl alcohol, a reaction product, and rapid catalyst 
deactivation, effects apparently absent in the molyb- 
denum-catalyzed octene e p ~ x i d a t i o n . ~ ' ~  The proposed 
mechanism4-' involves rapid reversible complex for- 
mation between peroxide and catalyst preceding a 
rate-determining heterolysis of the complex 0-0 bond. 

This paper describes a kinetic investigation of the 
molybdenum catalyzed epoxidation of styrene and 
some substituted styrenes, in order to clarify the posi- 
tion with regard to  the kinetics and mechanism of the 
molybdenum-catalyzed epoxidation and also as part of 
a general study of substituent effects in aromatic sys- 
tems. 

Results and Discussion 

Epoxidations were carried out using tert-butyl hy- 
droperoxide (subsequently referred to  simply as "per- 
oxide") and followed by iadometric titrations of re- 


