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Comparison of the Reactions of Lewis and Brjtasted Acids 
with Amines. It seems interesting to compare the addition of 
an amine to a kind of Lewis acid studied here with the analo
gous Br^nsted acid-base reaction. Superficially proton transfer 
between phenols and amines seems to have little in common 
with reaction la. When we consider, however, that the ion pairs 
formed do hardly dissociate in media of low dielectric constant 
such as in chlorobenzene, which was used in this study, we 
observe a very similar sequence of reaction steps:24-25 

AH + B ^ A H , B ^ A H - - B ^ A - - - H B + (4) 

Again a highly polar complex, here an ion pair, is formed by 
a primary addition step and reordering of the encounter 
complex. For comparison we give the reaction and activation 
quantities of an example of this type of reaction, the complex 
formation between 2,4-dinitrophenol and tri-n-octylamine, in 
Table VI.25 Similar to our example large negative values for 
reaction and activation entropies are reported. 

So far we have treated reaction 1 a as a single elementary 
step, not controlled by diffusion, which is consistent with the 
kinetic data (see section II) and the positive value of A//*i2 
or E1*, respectively. Complex formation between phenols and 
amines studied in chlorobenzene behaves somewhat differ
ently24-25 (Table VI): in this case formally negative values of 
AW*n and E3* were obtained which demand a mechanism 
of at least two steps in order to explain the negative sign by a 
preequilibrium. 
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Introduction 
There is presently strong evidence that the ultimate carci

nogenic metabolites of benzo[o]pyrene and benzfa]anthracene 
are dihydrodiol epoxides in which the epoxide function is in the 
bay region1 of the saturated angular benzo ring.2a s On the 
basis of perturbational molecular orbital calculations it has 
been suggested that bay-region epoxides should be more re-

References and Notes 

(1) S. Patai and Z. Rappoport in "The Chemistry of Alkenes", S. Patai, Ed., 
Interscience, New York, 1964, pp 469-583. 

(2) Z. Rappoport and D. Ladkani, Chem. Scr., S, 124-133 (1974). 
(3) P. Schuster, O. E. Polansky, and F. Wessely, Tetrahedron, 8, 463-483 

(1966). 
(4) F. Kunz, P. Margaretha, and O. E. Polansky, Chimia, 24, 165-181 

(1970). 
(5) H. McNab, Chem. Soc. Rev., 7, 345 (1978). 
(6) Meldrum's acid is the convenient shorthand name for 2,2-dimethyl-1,3-

dioxane-4,6-dione.s 

(7) P. Schuster, O. E. Polansky, and F. Wessely, Monatsh. Chem., 95, 53 
(1964). 

(8) R. Bednar, E. Haslinger, U. Herzig, O. E. Polansky, and P. Wolschann, 
Monatsh. Chem., 107, 1115(1976). 

(9) H. A. Benesi and J. H. Hildebrand, J. Am. Chem. Soc, 71, 2703 (1949). 
(10) Throughout this paper we use the symbol cx° for initial and Cx for free 

concentrations. A, B, and S refer to compound L, the base B, and the 
conductive salt: L = c*, B = cB, etc. 

(11) J. E. Crooks, M. S. Zetter, and P. A. Tregloan, J. Phys. E, 3, 73 (1970). 
(12) U. Mayer, Coord. Chem. Rev., 21, 159 (1976). 
(13) G. J. Janz and R. P. Tomkins, "Non-Aqueous Electrolytes Handbook", Vol. 

1, Academic Press, New York, 1972, p 562. 
(14) R. Winkler-Oswatitsch, Doctoral Thesis, Technical University of Vienna 

and Max-Planck-lnstitute for Physical Chemistry, Gbttingen, 1969. 
(15) M. Eigen and R. Winkler-Oswatitsch, Angew. Chem., 91, 20 (1979). 
(16) B. Schreiber, M. Hoffmann-Ostenhof, P. Wolschann, and P. Schuster, 

submitted for publication. 
(17) R. Ta-Shma and Z. Rappoport, J. Am. Chem. Soc, 98, 8460 (1976). 
(18) C. E. Lough and D. J. Currie, Can. J. Chem., 44, 1563 (1966). 
(19) Z. Rappoport and A. Topol, J. Chem. Soc, Perkin Trans. 2, 863 (1975). 
(20) C. F. Bernasconi, R. H. de Rossi, and P. Schmid, J. Am. Chem. Soc, 99, 

4090(1977). 
(21) P. Schuster, A. Stephen, O. E. Polansky, and F. Wessely, Monatsh. Chem., 

99, 1246(1968). 
(22) H. C. Brown and Y. Okamoto, J. Am. Chem. Soc, 80, 4979 (1958). 
(23) Z. Rappoport and S. Gertler, J. Chem. Soc, 1360 (1964). 
(24) E. F. Caldin, J. E. Crooks, and D. O'Donnell, J. Chem. Soc Faraday Trans. 

1, 69,993(1973). 
(25) E. F. Caldin and K. Tortschanoff, J. Chem. Soc. Faraday Trans. 1, 74, 1804 

(1978). 

active than corresponding non-bay-region epoxides owing to 
the greater calculated stability of the benzylic bay region 
carbonium ion.3 Studies have confirmed that the bay-region 
dihydrodiol epoxides of benzo[«]pyrene,2g benz[a]anthra-
cene,2a'4 and chrysene5 are more highly mutagenic than are 
the corresponding non-bay-region dihydrodiol epoxides. 
However, it has not been shown that bay and nonbay epoxides 
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Abstract: It has been previously proposed that the great mutagenic and carcinogenic activity of the tetrahydro epoxides of a 
number of polycyclic aromatic hydrocarbons, in which the epoxide moiety resides at a "bay region", is due to the greater stabil
ity of the bay region benzylic carbonium ion formed upon oxirane ring opening. The rate constants for specific-acid-, general-
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ceptions the various second-order rate constants for the various reactions of I and 11 were found to be quite similar with the rate 
constants for I exceeding those of II by an approximate average of threefold. Similar rate ratios are seen in the reactions of the 
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ception is the general-acid-catalyzed oxirane ring opening by H3PO4, where the second-order rate constant for I exceeds that 
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diols to be formed at low and intermediate pHs, while only trans diols are formed at high pH. These results are discussed. 
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Figure 1. pH-rate profile for the solvolysis of 1,2,3,4-tetrahydrophenan-
threne 3,4-oxide (1) and 1,2,3,4-tetrahydrophenanthrene 1,2-oxide (II) 
in aqueous solution, i* = 1.0, at 30 0C. The theoretical lines were derived 
from eq 1 and 2. 

differ significantly in their chemical reactivity as would be 
predicted by the bay-region theory.3 

Accordingly we have synthesized the bay (I) and nonbay (II) 
epoxides of 1,2,3,4-tetrahydrophenanthrene, the simplest 

I II 

system containing a bay region. Their rates of hydrolysis, re
actions with general acids, amines, and thiols, and hydrolysis 
products have been studied in order to determine their relative 
chemical reactivities. 

Experimental Section 

I. Materials. 1,2,3,4-Tetrahydrophenanthrene 3,4-oxide (I) and 
1,2,3,4-tetrahydrophenanthrene 1,2-oxide (II) were prepared from the 
corresponding bromohydrins.6 The bromohydrins were recrystallized 
to constant melting point; the epoxides were used without further 
purification. Epoxide 11 had mp 92-93 0C (lit.6 mp 90-91 0C). Ep
oxide I (mp 62-63 0C; NMR 5 3.75 (H3, 1 H), 4.6 (d, H4, 1 H)) 
contained a small amount (<5%) of the 3-keto compound which did 
not affect the kinetics of the reactions. The epoxides were stored as 
solutions in ethanol at -20 0C and were used within 2 weeks. Au
thentic samples of the tetrahydrophenanthrene c/s-1,2- (mp 157-158 
0C. ethyl acetate) and c/s-3,4-diols (mp 170-171 0C, ethyl acetate) 
were obtained via the reaction of osmium tetroxide with the corre
sponding dihydrophenanthrene. (These diols had acceptable NMR 
spectra and showed one peak by TLC and reverse phase LC.) The 
frans-1,2- and frans-3,4-diols of tetrahydrophenanthrene were ob
tained via the Prevost reaction on the appropriate dihydrophenan
threne.19 AU other materials were purchased from the best available 
source and used as received. 

II. Kinetic Determinations. The hydrolyses of I and Il were carried 

out in doubly glass distilled water with the ionic strength maintained 
at 1.0 with KCl or NaClO4. Salt solutions were extracted with 0.01 % 
dithizone in CCl4 to remove any heavy metal contamination. Rates 
were determined by following the disappearance of 1 at 232 nm and 
II at 237 nm; the concentration of epoxide employed was about 1 X 
10-4 M. The pH-dependent solvolyses of I and 11, the determination 
of the temperature dependence of the solvolytic constants, and the 
reactions of I and Il with /3-mercaptoethanol were carried out in a 
Radiometer pH-stat assembly specifically designed for a Cary 15 
spectrophotometer.73 In order to prevent leakage of Cl - from the 
calomel electrode in reactions where NaClO4 was employed to 
maintain n, a flowing liquid junction was used.7b Reactions in formate 
buffers were monitored at 299 nm with a Durrum stopped-flow 
spectrophotometer. All other investigations of buffer catalysis were 
monitored at 299 nm with a Cary 16 or 118 spectrophotometer 
employing buffers to maintain pH. All spectrophotometers were 
thermostated at 30 0C. Between pH 7.5 and 11, reactions on the Cary 
15 pH-stat assembly were conducted under nitrogen. When buffers 
were used, generally five serial dilutions were employed at each pH 
with the pHs of the serial dilutions agreeing within 0.02 pH unit. 
Readings of pH were determined on a Radiometer Type PMH 26 pH 
meter. Calculation of pseudo-first-order rate constants, least-square 
slopes and intercepts, and generation of theoretical pH -rate profiles 
and pH-product profiles were done using a Hewlett-Packard Model 
9825A computer. 

III. Product Determinations. Hydrolysis products in 1 M KCl or 
1 M NaClO4 were determined by LC using a Spectraphysics RP-8 
reverse phase C-18 column in a solvent of 50:50 water-methanol. The 
effluent was monitored at 280 nm with a Schoeffel Spectroflow de
tector and the data collected with a Varian CDS-101 integrator. 

Results 

The pH-rate profiles for the hydrolysis of I and II in 1 M 
KCl and 1 M NaClO4 are shown in Figure 1. The profiles 
observed in 1 M NaClO4 may be fit to the usual8a equa
tion27 

<obsd = kHaH + k0 (D 
for acid (A;H« H) and spontaneous or water catalysis (A:0). The 
more complicated profiles observed in 1 M KCl are due to the 
occurrence of a specific effect of chloride ion as proposed by 
Whalen (Scheme l).8b'9 Steady state for the intermediates 4 
and 5 of Scheme I provide the rate law Sd 

&obsd = kHaH + 
A: I [Cl-

1 + 
k-xK, 

+ *„ + *OH[OH- (2) 

kia H 

Similar specific chloride effects have been observed in the cases 
of indene oxide,8b phenanthrene 9,10-oxide,9 and 1,2,3,4-te-
trahydronaphthalene 1,2-oxide,l0a but to our knowledge have 
not been observed for any non-K-region arene oxide9'1 or any 
arene dihydrodiol oxide.10b The bump between pHs 6 and 10 
in the profiles of 1 and II in 1 M KCl is well accounted for by 
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Table I. Rate Constants for Hydrolysis of 1,2,3,4-Tetrahydrophenanthrene 1,2-Oxide (II) and 3,4-Oxide (I) 

epoxide electrolyte k», M"1 
<o, s" ^ O H - , S ku M-' s- kiKJki 

I 
I 

II 
II 

a Not determined 

1 MKCl 
1 M NaCIO4 

1 MKCI 
1 M NaClO4 

1.4 X 10" 
1.1 X 10" 
5.5 X 103 

3.5 X 103 

8.OX 10-" 
5.2 X 10-" 
1.7 X 10-" 
1.2 X 10-" 

1.3 X 10-3 
a 

8.1 X 10-" 
a 

1.5 X 10-" 

4.2 X 10-" 

5.0X 1 0 - " 

6.3 X 10- '° 

Figure 2. Plots of £0bsd (corrected for chloride contribution to rate) vs. total 
cacodylate buffer concentration for the general-acid-catalyzed solvolysis 
of 1,2,3,4-tetrahydrophenanthrene 1,2-oxide at three pH values. 

the second term in eq 2. At intermediate pHs addition of 
chloride ion to I becomes competitive with the acid and spon
taneous rates. At high pH the equilibrium between 1 and 5 
shifts to the epoxide, and the pH-independent spontaneous rate 
(ko) predominates, while above pH 13.5 direct attack of H O -

becomes significant. Values of the rate constants k^, ko, and 
^i for I and II are shown in Table I. 

Reaction with General Acids and Bases (Nucleophiles). A 
variety of general acids catalyze the hydrolysis of epoxides I 
and II with the rate constants shown in Table II. In each case 
rates were measured at a minimum of three different pHs, 
employing five buffer dilutions at each pH. Rate constants 
were obtained by dividing the slope of plots such as those shown 
in Figure 2 by OHHK11 + aH) where K3 is the acid dissociation 
constant of the general acid. As has been noted,9b for epoxides 
exhibiting a chloride effect, the contribution of the chloride 
term to the observed rate must be accounted for when KCl is 
used to maintain constant ionic strength. Tris, imidazole, and 
glycinamide buffers were made from the amine hydrochloride 
and diluted with 1 N KCl, giving serial dilutions with a con
stant chloride concentration of 1 M. Phosphate buffers were 
held to constant ionic strength with sodium perchlorate. Ob
served rates for the cacodylic acid buffer were corrected before 
plotting by subtraction of the chloride contribution (calculated 
from eq 2). For the acetate and formate buffers, contributions 
to the observed rate by chloride attack were negligible in the 
pH range studied. 

The free amine base of glycinamide as well as its conjugate 
acid react with both I and II. The reaction obeyed the rate law 
given in the equation 

*obsd ~' ^ Iy ' 
fcgaflH 

• + • 
knKa 

where k\y = &H«H + 

(K, + aH) (Ka + flH) 

MCl 

[B1 

+ k2aH 

+ k0 

(3) 

(3a) 

Table II. Rate Constants for Gene 
of I and II 

general acid P*a 

elec
trolyte 

ral-Acid-Catalyzed Hydrolysis 

* g a , M - 1 S - ' 

I II 

H3O+ 

D3O+ 

H3PO4 
H2PO4-
(HOCHj)3-

CNH3
+ 

imidazolium 
H3N+CH2-

COHN2 
cacodylic 

acid 
acetic acid 
formic acid 

-1.75 
-2.1/ 
1.6" 
6.42* 
8.25c 

7.14f 

8.13c 

6A2d 

4.62rf 

3.45rf 

KCl 
KCl 
N3ClO4 
NaClO4 
KCl 

KCl 
KCl 

KCl 

KCl 
KCl 

1.4 X 10" 
3.1 X 10" 
9.4 X 103 

2.3 X 10-
1.7 X 10" 

5.5 X 103 

1.9 X 10" 
2.2 X 102 

3.4 X 10-2 

0 

2.2 XlO"2 0 
4.0X10-3 4.4 X 10-" 

2.3 X 10" 

1.6 
4.4 

3.4 X 10-2 

2.6 X 10-' 
0 

a G. M. Loudon and D. E. Ryons, J. Org. Chem., 40, 3574 (1975). 
* P. Y. Bruice and T. C. Bruice, J. Am.Chem.Soc, 98,2023(1976). 
' P. Y. Bruice, T. C. Bruice, H. Yagi, and D. M. Jerina, ibid., 98, 2973 
(1976). d Determined by half-neutralization. e Ionic strength 1.0. 
f Approximate pKa. 

where K3 is the dissociation constant for protonated glycin
amide. A plot of /fobsd vs. [BT] gives a line with an intercept k \ y 

and a slope given by the equation 

slope = 
_ £BaaH + knKa 

(K, + aH) 
(4) 

A secondary plot of slope/(A^3/(a H + Ka)) vs. «H as shown in 
Figure 3 provides a line whose slope is kga/K3 and whose in
tercept is the second-order rate constant for reaction of epoxide 
with amine free base. Similar behavior is observed in the hy
drolysis of the 3,4-oxide (I) in Tris buffer; no reaction of Tris 
with II was observed. 

In contrast, the disappearance of epoxides I and II from 
Na 2HPO 4

-ZNaH 2PO 4 buffers over the pH range 5.5-6.5 are 
described by the expression 

*obsd = fciy + ^ 8 3 1 Q H [ H 2 P O 4 - ] + ^ 3 2 [ H 2 P O 4
- ] (5) 

A plot of /c0bsd vs. total phosphate concentration [PT] will have 
an intercept of k\y and a slope as given in the equation 

slope = — 8 ^ t « » i ( l H ) 2 + /Cg32A
-JiQH 

(6) 

6\11 

(aH)2 + KaiaH + Ka]K.d2 

where KM is the dissociation constant for H3PO4 (10 
and K32 is the dissociation constant for H 2 P O 4

- (1O - 5 4 2). Over 
the pH range in question ( « H ) 2 may be neglected. A secondary 
plot of slope/[aH /(aH + Ka2)] vs.aH has an intercept of kga2 

(the second-order rate constant for general-acid-catalyzed 
hydrolysis by H 2 PO 4

- ) and a slope of km/Kav The term 
Q H [ H 2 P O 4

- ] can be interpreted as general acid catalysis by 
H3PO4 at four pH units above its pA"3, or as preequilibrium 
protonation of the epoxide followed by nucleophilic attack by 
H 2 PO 4

- . Either possibility leads to rate constants which do 
not exceed the diffusion-controlled limit. Unexpectedly large 
general-acid rate constants for H3PO4 are general for phen
anthrene and naphthalene tetrahydrooxides. Product studies 
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aHX IO 

Figure 3. Secondary plot of slope/(Ka/(A^a + an)) vs. <JH for the solvolysis 
of 1,2,3,4-tetrahydrophenanthrene 3,4-oxide in glycinamide buffer. The 
theoretical line was computer generated by a least-squares program. 

Table III. Rate Constants for the Reaction of Nucleophiles with 
Epoxides I and II a 

nucleophile 

imidazole 
glycinamide 
Tris 
benzylamine 
allylamine 
ethylamine 
methylamine 
dimethylamine 
CO3

2" 
2-mercaptoethanol 
hydroxide ion 

P*a* 

7.14 
8.13 
8.25 
9.50 
9.92 

10.73 
10.85 
11.05 
9.68 
9.45 

15.75 

fcn, M-
I 

0 
6.1 X 10-3 

1.4 X 10-3 

1.8 X 10"2 

1.0 X 10-2 

9.1 X 10"3 

2.2 X 10"2 

4.5 X 10-2 

0 
5.1 

1.3 X 10"3 

1 S - ' 

II 

0 
3,8 X 10-3 

5.0X 10-4 

9,6 X 10~3 

6.8 X 10~3 

3.6 X 10-3 

1.0 X 10-2 

3.7 X 10~2 

0 
2.45 

8.1 X 10-4 

a All reactions at 30 0C with an ionic strength of 1 maintained by 
KCl. The concentration of Cl - was constant in each dilution. * P. Y. 
Bruice, T. C. Bruice, H. Yagi, and D. M. Jerina, J. Am. Chem. Soc, 
98,2973(1976). 

on the hydrolysate of 1,2,3,4-tetrahydronaphthalene 1,2-oxide 
in phosphate buffers have shown that there is no significant 
amount of attack on protonated epoxide by H2PO4~.10b Large 
general acid rate constants have been reported for the hy
drolysis of vinyl ethers in phosphate buffers and have been 
interpreted as H 3PO 4 catalysis at pHs 4-5 units higher than 
the p £ a OfH3PO4.1 ' The logarithms of the second-order rate 
constants for the general-acid-catalyzed hydrolysis of I and 
II are plotted in Figure 4 as a function of the p/Ta of the general 
acid. Statistical correction of the rate constants does not result 
in any significant change in the Br^nsted plots. The claim by 
Whalen9b that general acid catalytic rate constants differ de
pending on the presence of KCl or NaClO4 to hold constant 
ionic strength has not been substantiated in our laboratory,12 

provided that the concentration of chloride ion is constant 
throughout the experiment. 

A variety of nucleophilic species (amines, /3-mercap-
toethanol anion, and hydroxide ion) react with I and II in 
aqueous solution. The second-order rate constants were de
termined by dividing the slope of a plot of &0bsd vs. [BT] by 
^a/( f lH + ^ a ) , where Ka is the dissociation constant of the 
conjugate acid. These rate constants are shown in Table III. 
No rate enhancement was observed in H C 0 3

_ / C 0 3
2 _ buffers 

for either I or II. In these reactions the buffers could be acting 
as general bases, assisting in the removal of a proton from an 
attacking water molecule, or as nucleophiles. It is almost cer
tain that the amines and the /3-mercaptoethanol anion are 

4 

2 

O 

- 2 

- 4 

A0+ 

Q H n + a _V3° Q H3PO4 £ ^ 

\ Oy 
l-l 

t 

\ HCO2H 

\ Acet ic Acid 

N p H2P04~ 
Caeodylic \ 

Acid V Imidazole -HCI 

C! Glycinamide 
Tris HCI o \ HCI 

- 1 I I I I I I \ ,. 
4 6 

PKn 

0,0+ f* 

V * QOr 
\ H3P04 

\ O 5 H 

\ Acetic Acid 

\ - > H 2 P 0 4 
Cacodylic 1V 

Acia \ 

Glycinamide-HCI o \ 

i i i i i i \ 

£o 

8 IO 
P K0 

Figure 4. Brcjnsted plot of the logarithm of the second-order catalytic 
constants for general-acid-catalyzed solvolysis of 1,2,3,4-tetrahydro
phenanthrene 3,4-oxide (I) and 1,2,3,4-tetrahydrophenanthrene 1,2-oxide 
(II) vs. the pKa of the general acid. The pKa of D3O

+ was estimated to be 
-2.1.2 6 

acting as nucleophiles and not as general bases, since carbonate 
ion gives no catalysis, although its pA â is higher than those of 
some of the amines which do show catalysis.13 The logarithms 
of the second-order rate constants for attack of amines on I and 
II are plotted in Figure 5 as functions of amine pKa. The neg
ative deviation of Tris can be accounted for by its sterically 
hindered nature.14 Ethylamine also gave rate constants lower 
than would be predicted from its pK.d. Similar negative de
viations of ethylamine have been observed in its reaction with 
phenanthrene 9,10-oxide15 and ethylene oxide.16 The value of 
0n u c is 0.25 for attack of amines on both epoxides I and II. 

The activation parameters for hydrolysis of epoxides I and 
II in acidic and basic media are shown in Table IV. The values 
of AS* under acidic conditions argue for an Al mechanism 
for the acid-catalyzed reaction path, but are not conclusive. 
A AS* of -1 .6 eu has been found for acid-catalyzed hydrolysis 
of tetramethylethylene oxide, but product studies indicate an 
A2 mechanism;'7 although acidic hydrolysis of ethylene oxide 
has a A S * = —6.1, the evidence is contradictory as to whether 
an Al or A2 mechanism is involved.18 
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-I 

-2 

-6 

(X 

- 0QJ 
i 

Glycinamide 

O Tris 

i i 

(MeLNH 
Benzyl ^ J ^ 
Amint - o 

J B - - MeNH, 
AHy' EtNH, 
Amine *-

i i i 

7 8 9 

PKa 

IO Il 

O 

^ J O - Ou 
i 

. 
Glycinamide 

0 -

0Tris 
i i 

(MeLNH 
0 

Benzyl ^ ^ — — 
Amine Q ^ ~ ^ o 

^ - - ^ 3 MeNH0 

- — - ^ AIIyI 0 2 
Amine E t N H 2 

i i i 
IO 

P K 

Figure 5. Br̂ nsted plot of the logarithm of the second-order rate constants 
for the reaction of amine nucleophiles with 1,2,3,4-tetrahydrophenanthrene 
3,4-oxide (I) and 1,2,3,4-tetrahydrophenanthrene 1,2-oxide (II) vs. pKa 
of the amine. 

Table IV. Activation Parameters for Hydrolysis of Epoxides I and 
II 

epoxide 

I 
I 

II 
11 

PH 

5 
10 
5 

10 

\H*a 

10.0 
14.1 
13.5 
16.5 

AS*h 

- 7 
-26 
+3 

-21 

In kcal/mol. * In eu. 

The solvent primary deuterium isotope effects in the spon
taneous and acid-catalyzed portions of the pH-rate profiles 
of I and II are given in Table V. 

Product Studies. The hydrolysis products of epoxides I and 
Il (Figure 6) in 1 M KCl and 1 M NaClO4 solution were de
termined by LC analysis, using authentic cis and trans diols. 
At all pHs cis and trans diols were the only products. Other 
possible products would have been detected in the analysis or 
in the UV spectrum of the product mixture. At high pH, the 
UV spectrum of the crude reaction mixture was identical with 
that of authentic trans diol. No ketonic products were observed 
at any pH. However, the hydrolysis of the bay-region oxide I 
in 0.1 M NaClO4 solution has been previously reported25 to 
give substantial amounts of cis diol and ketones at alkaline pHs. 
We have no explanation for the disagreement of our results. 

The product mixtures in the presence of chloride ion arise 
in part via the formation of chlorohydrins, which can either 
react via an SN2 process or by solvolysis to give a benzylic 
carbonium ion, as in Scheme II, which was derived from 
Whalen's scheme for the kinetic rate expression.813'9 It is clear 
that in the acidic range attack of chloride on the protonated 
epoxide (or carbonium ion) must be significant since more cis 

o 
£ 

O = IM KCI 

A = IM NoCIO4 

Figure 6. (a) Mole fraction after normalization of cis diol observed from 
the hydrolysis of 1,2,3,4-tetrahydrophenanthrene 3,4-oxide (I) in 1 M KCI 
and 1 M NaClO4. The solid line is theoretical and was generated as de
scribed in text, (b) Mole fraction after normalization of cis diol observed 
from the hydrolysis of 1,2,3,4-tetrahydrophenanthrene 1,2-oxide (II) in 
1 M KCl and 1 M NaCIO4. The solid line is theoretical and was generated 
as described in text. 

Table V. Solve 

epoxide 

I 
Il 

nt Isotope 

*H 

Effects in 

H >°7*D 

0.5 
0.3 

the Hydrolys 

D3O+ 

s of I and II 

kH
Hi°/kD

Di° 

0.8 
0.75 

diol is formed in the presence of chloride than in its absence. 
At intermediate pHs attack of chloride on the unprotonated 
epoxide to give initially the trans chlorohydrin predominates. 
At very basic pH, the equilibrium between chlorohydrin and 
epoxide shifts in favor of epoxide formation, and the sponta
neous pathway is favored, giving only trans diol. 

A good approximation of the actual fraction of cis diol 
formed can be obtained from the equation 

(ciSH^HflH + 
(ciSintJATi 

1 + 
fraction cis diol = • 

k2aH 

kHaH+- * i 
(7) 

1 + 
* - i A T . 

k2aH 

+ ko 

which is derived from Scheme III. The cisH and cisint are the 
mole fractions of cis diol which would be observed if only the 
acid pathway (or intermediate pathway, respectively) were 
operating as derived from the theoretical fit. These theoretical 
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Scheme II ^ ' [ H 3 O + ] [ H 2 O ] 

^ T ^ fcH"[H30
+] 

trans diol 
cis and trans 

" ' 2 ^ - diols 

trans diol 

Scheme III 
CIS 

feH°H >r H 

..*° 1/Ka 

trans diol only cis int 

fits are shown in Figure 6. The values of the rate constants, 
cisH, and cisjnt employed to fit the experimental product 
analyses to pH profiles are given in Table VI. 

The k\ and k-\Kajk2 constants derived from product 
analysis do not fit the log /c0bsd vs. pH rate profiles as well as 
the kinetically derived constants given in Table I. The as
sumption that the three pathways are independent is to some 
extent incorrect. That cisjnt equals 1.0 for both epoxides indi
cates that solvolysis of the chlorohydrin to give the benzylic 
carbonium ion is at best a minor pathway. The cis diol arising 
from reaction of epoxide with Cl - must be formed mainly by 
nucleophilic displacement of Cl - by H2O from the interme
diate trans chlorohydrin. 

Discussion 

The pH-rate profiles (Figure 1) for solvolysis of 1,2,3,4-
tetrahydrophenanthrene 3,4-oxide (I) and 1,2-oxide (II) are 
very similar to those observed for phenanthrene 9,10-oxide9a 

and indene oxide.8 A mechanism consistent with the rate laws 
for the hydrolysis of I and II in the presence of Cl - is given in 
Scheme I. Under acid conditions (slope of - 1 in the pH-rate 
profile), the epoxides undergo acid-catalyzed opening of the 
epoxide ring to provide a carbocation. The entropies of acti
vation and the solvent kinetic isotope effects in this region are 
compatible with either specific acid catalysis or general acid 
catalysis. However, since log ky\ falls on the Brjinsted plot (a 
= 0.7) with other general acids (Figure 4), the H30+-catalyzed 
reactions appear to be of a general acid nature. 

At intermediate pHs, attack of Cl - on the epoxide to yield 
chloroalkoxide becomes competitive with acid- and water-
mediated solvolysis;19 protonation of the intermediate chlo
roalkoxide followed by solvolysis provides diol products. At pH 
11-12 spontaneous ring opening to give a zwitterion followed 
by addition of water is the predominant pathway. The very 
negative values of AS* for spontaneous solvolysis of I and II 
are similar in size to those observed for phenanthrene 1,2- and 
3,4-oxide21 and require water structuring in the transition state. 

Table VI. Product Derived Constants for Hydrolysis of Epoxides 1 
and II in KCl 

I II 

A:H, M-'S-
A:,, M- ' s -
* - i * . / * 2 
*o.s-' 
cisH 
CiSin, 

1.4 X 104 

2.8 X 10-3 

4.5 X 10-" 
8.OX 10-4 

0.4 
1.0 

5.5 X 103 

3.0X 10~4 

5.0X 10"u 

1.7 X 10-" 
0.23 
1.0 

Scheme IV 

feH "H H2O 
-»• trans diol 

*H 0 H 

trans diol X) *̂' ' 50% trans diol 
_H+ 50% cis diol 

However, the solvent kinetic isotope effects (koH2°/ko°2°) for 
spontaneous solvolysis of I and II are significantly smaller than 
those determined previously for phenanthrene 1,2- and 3,4-
oxides (0.75 and 0.8 compared to 1.24 and 1.36). This is due 
to the water molecule acting more as a nucleophile with the 
incipient carbonium ion in the case of the tetrahydro epoxides 
I and II, while in the arene oxides the greater stability of the 
carbonium ion allows the water molecules to serve as proton 
donors. (Because the NIH shift to give phenols predominates 
with the phenanthrene 1,2- and 3,4-oxides, water cannot be 
involved as a nucleophile.) Even greater values of koH2°/koDi° 
(=1.8) have been recently reported for the spontaneous ring 
opening of tetramethylethylene oxide.17 The role (nucleophile 
vs. proton source) of the water molecule(s) frozen into the 
transition states for spontaneous hydrolysis of epoxides is 
clearly dependent upon the structure of the epoxide. Above pH 
13 direct attack of hydroxide ion on the epoxide becomes sig
nificant.20 For epoxides I and II, the chloride term remains 
significant up to pH 11, while in phenanthrene 9,10-oxide and 
indene oxide the ko rate exceeds the rate due to chloride attack 
atca. pH9.5. 

The amounts of cis diol formed in the hydrolysis of I and II 
are shown in Figure 6 as a function of pH. In 1 M NaC104 
solution the electrolyte does not interfere in the reaction, and 
the product distribution arises from reaction with lyate species 
(Scheme IV). The amount of cis diol formed depends on the 
rate constants for A2 (/cH'tf H[H2O]) and Al hydrolysis which 
in turn has some dependence on the free energy of formation 
of the benzylic carbonium ion. The greater fraction of cis diol 
formed from the bay-region epoxide I indicates that the bay-
region benzylic carbonium ion is more stable than is the non-
bay-region benzylic carbonium ion. At higher pHs the k0 rate 
predominates and only trans diol is formed. 

It has been previously shown in this laboratory that the 
Br^nsted line for acid-catalyzed solvolysis of arene oxides 
changes from - 1 for H3O+ (specific acid catalysis) to ca. zero 
for H2O catalysis (encounter controlled protonation of the 
intermediate zwitterion) so that general acid catalysis was 
observed inthepH region of 5-7.2I Both land II exhibit gen
eral acid catalysis with a values of 0.7. For the bay-region 
epoxide I the value of ^H3PO4 exhibits a positive deviation of 
50-fold from the Br^nsted line provided by nine other general 
acid species (Figure 4), including H 2PO^. For both I and II 
the logarithm of the second-order rate constant for H3O+ ca
talysis (A:H) fits accurately to the Brjjnsted plot for general 
acids. These constants are associated with AS* ~ 0 and solvent 
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kinetic isotope effects {kH
H3°+/kD

D^°+) of 0.5 and 0.3 for I 
and II, respectively. These values are compatible with either 
specific or general acid catalysis. It must be concluded that the 
catalysis of the solvolysis of I and II is general acid in na
ture. 

The values of fcga (with the exception of /CH3PO4) were be
tween 0.6- and 9-fold greater for I than for II. For H3PO4, /cga 
for the bay-region epoxide (I) was ~40 times greater than for 
II. Also, no rate enhancement for hydrolysis of II was observed 
in formate buffer, though HCC^H-catalyzed solvolysis of I was 
determined. These data indicate that the bay-region epoxide 
is more sensitive to catalysis of solvolysis by very acidic general 
acids. General-acid-catalyzed hydrolysis of both K-region and 
non-K-region arene oxides has been reported.9a'21 General-
acid-catalyzed hydrolysis of a non-arene oxide has been re
ported in only four cases: 1,3-cyclohexadiene monoxide,22" 
cyclopentadiene monoxide,2213 tetramethylethylene oxide,17 

and 1 -methoxy-1 -phenyl-2-methyl-1,2-epoxypropane.23 

The slopes of the Br^nsted plots (/8nuc) for the reaction of 
I and II with amine nucleophiles (Figure 5) are identical just 
as are the a values for general-acid-catalyzed oxirane ring 
opening. The values of the second-order rate constants for I 
are but ca. three times greater than are those for II. The value 
of $nuc for land II (0.25) is similar to the value of/3nuc for re
action of primary and secondary amines with phenanthrene 
9,10-oxide (0.4) and with ethylene oxide (0.3).15 In contrast, 
arene oxides such as phenanthrene 1,2-oxide and 3,4-oxide are 
not attacked by hard, nonpolarizable nucleophiles such as 
amines, owing to their higher rates for spontaneous ring 
opening and concomitant aromatization.13-15 

The second-order rate constants for attack of /3-mercap-
toethanol on I and II can be used to determine their relative 
susceptibility to nucleophilic attack. A "nucleophilic suscep
tibility index" (NSI) has been defined15*24 as the ratio (A/B) 
of the second-order rate constant for attack by /3-mercap-
toethanol anion (A) to the first-order rate constant for sol
volysis with water (B), all divided by the same ratio for eth
ylene oxide. When an epoxide has an NSI > 1, it has a "lasting 
ability in water" combined with an electrophilicity that makes 
it a better alkylating agent (in water) than ethylene oxide. 
Epoxides I and II were found to have NSIs of 0.1 and 0.2, re
spectively. In comparison, phenanthrene 9,10-oxide has an NSI 
of 2.0, while non-K-region arene oxides have values ranging 
from 10-2to IO-4.24 

In general the reactions of epoxides I and II are seen to be 
remarkably similar. Rate constants for the 3,4-oxide (I) are 
greater than those for the 1,2-oxide (II) by about threefold. 
The bay-region oxide I differed from oxide II in that its hy
drolysis was catalyzed by formic acid and in the much greater 
value of its general acid rate constant with H3PO4. The average 
rate difference of threefold for all the other reactions corre
sponds to a difference in energy of less than 1 kcal rnol-' and 
is too small to attribute to any particular cause. Approximately 
the same relative reactivity is seen for phenanthrene 3,4- and 
1,2-oxides; hydrolysis of the bay-region arene oxide is two to 
three times faster than that of the non-bay-region arene oxide, 
even though in the case of the arene oxides the intermediate 
is an ally lie, and not a benzylic, carbonium ion.15 Clearly the 
approximately threefold greater rate of hydrolysis of the tet
rahydro epoxide I as compared to II is not necessarily attrib
utable to the greater stability of the bay-region benzylic car
bonium ion since the same ratio is seen for the arene oxides 
where formation of the bay-region benzylic carbonium ion is 
not involved. However, the product studies indicate a somewhat 
lower energy for the bay-region benzylic carbonium ion than 

for the nonbay (7% cis diol for II vs. 20% cis diol for I). 
It should be noted that the results in the phenanthrene sys

tem may not be strictly applicable to the corresponding 
benzfa]pyrene derivatives. The difference in energy between 
the bay and nonbay benzylic carbonium ions has been pre
dicted to be greater for benz[a]pyrene than for phenanthrene.3 

Therefore the difference in reactivity of the bay- and non-
bay-region epoxides of benz[a]pyrene may be much larger 
than in the phenanthrene systems. However, the bay-region 
epoxide (I) has been reported25 to have 10-15% of the muta
genic activity of 7,8,9,10-tetrahydrobenzo[a]pyrene 9,10-oxide 
in S. typhimurium strain TA 100. 
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