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ion intermediate indicates that diol epoxide I can react with 
cellular macromolecules as an alkylating agent. 

Experimental Section 

Materials. Synthetic diol epoxides I and [7-14C] diol epoxide I were 
obtained through National Cancer Institute Contract NOl-CP-
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Abstract: The non-K-region benzo[a]pyrene diol epoxide /•-7,f-8-dihydroxy-f-9,10-oxy-7,8,9,10-tetrahydrobenzo[a]pyrene, a 
potent mutagen and possibly the ultimate carcinogenic form of benzo[a]pyrene, has been found to undergo specific- and gen
eral-acid-catalyzed hydrolysis. The kinetics of hydrolysis was studied in 5% (v/v) aqueous tetrahydrofuran solutions at 25 0C 
with varying concentrations of buffer and ionic strength. The pH of the solutions was controlled by buffers of which the conju
gated acid (HB) bears a negative (H2PO4

-), neutral (CH3COOH), or positive ((CH2OH)3CNH3
+) charge. The observed 

first-order rate constants (£0bsd) are linearly proportional to the buffer concentrations at constant pH. With increasing ionic 
strength at constant pH, A:0bsd increases in Tris buffer, remains relatively constant in acetate buffer, and decreases in phosphate 
buffer. The observed rate constants can be expressed as fc0bsd = Keq H ^ H [ H + ] + £eq, HB&HB[HB], The value for K^ H^H is 
1000 S-1 M-1 and for K«,,HB*HB (S_ 1 M"1) are 1.21, 1.03, and 0.07 for H2PO4", CH3COOH, and (CH2OH)3CNH3

+, re
spectively. These results indicate that the mechanism of hydrolysis involves a prior equilibrium (with equilibrium constant 
ATeq.H and A ^ H B ) involving hydrogen bonding of the diol epoxide with an acid followed by a rate-determining proton transfer 
to form a benzylic carbonium ion intermediate at C(IO). The planar carbonium ion intermediate undergoes an SNI nucleophil-
ic attack by solvent water to form a (7,10/8,9)-tetrahydroxy-7,8,9,10-tetrahydrobenzo[a]pyrene and a (7/8,9,10)-tetrahy-
droxy-7,8,9,10-tetrahydrobenzo[a]pyrene in an approximately 3:1 ratio. The relative amounts of the two stereoisomeric te-
trahydroxytetrahydrobenzo[<z]pyrenes (tetrols) were analyzed by high-pressure liquid chromatography and the formation of 
the major tetrol was found to decrease slightly with increasing pH. 
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Figure 1. Ultraviolet absorption difference spectra between benzo[a]-
pyrene diol epoxides I (dotted curve) and II (solid curve) and their hy
drolysis products. Arrows and wavelengths indicated are those used in 
monitoring the absorbance change in the hydrolysis of I. 

333879'10 and thediol epoxide II by synthesis on NCI Contract NOl-
CP-33385.11 The stereochemistry of the diol epoxides has been elu
cidated.1 1^'2 Information on the availability of these compounds can 
be obtained from the Manager, Information and Resources Segment, 
Division of Cancer Cause and Prevention, National Cancer Institute, 
Bethesda, Md. 20014. 

Difference Spectra. Benzo[a]pyrene diol epoxides I and II are stable 
in dry tetrahydrofuran (THF) solution, but are hydrolyzed to tetrols 
in aqueous THF solutions. Both the ultraviolet absorption spectra of 
I (or II) and tetrols have characteristics of a pyrene ring and their 
absorption maxima differ only by approximately 1 nm. However, these 
minor differences were used to monitor the changes in absorbance 
during the hydrolysis of either I or II. The monitoring wavelengths 
were determined with two cuvettes each containing equal amounts 
(ca. 0.5 Mg) of I (or II); the sample cuvette contains I (or II) in THF 
and the reference cuvette contains completely hydrolyzed I (or II) in 
1% aqueous THF. The difference spectra obtained for I and II are 
shown in Figure 1. The four wavelengths (nm) for absorbance moni
toring of the hydrolysis of I are 250.2, 281.9, 330.7, and 346.1, and 
of II are 248.8, 280.5, 230.0 and 346.1, respectively. 

Kinetic Measurements. The changes in absorbances were recorded 
on a Cary 15 spectrophotometer. Rates of hydrolysis were measured 
at 25 ± 1 0C by monitoring the decreases in absorbance (Figure 1). 
The reaction rates were independent of monitoring wavelengths and 
concentration of BP diol epoxides within the limit of solubility (ca. 
5 Mg per mL of 5% aqueous THF). All reactions were initiated by 
adding 5 Mg of the diol epoxides in 0.05 mL of THF to 0.95 mL of 
aqueous buffer in a cuvette of 1 cm light path length. Absorbance 
recording was started at the time of adding the THF solution of the 
diol epoxide into the aqueous buffer. The aqueous THF solution was 
immediately and thoroughly mixed by inverting the cuvette several 
times by hand. The mixing process is achieved in about 10 s. Observed 
rate constants were derived from plots of log {A, -A^) vs. time. The 
semilogarithmic analysis of diol epoxides I and II in 1 mL of solution 
containing 5% (v/v) THF and 95% 0.1 M Tris HCl, pH 7.4 is shown 
in Figure 2. The observed absorbance vs. time curves for diol epoxide 
I were strictly first order. THF concentration dependent measure
ments indicate that the observed rate constants decrease linearly with 
increasing concentration of tetrahydrofuran from 2.5 to 10% (v/v). 
Two first-order rate constants were observed in the hydrolysis of diol 
epoxide II; the fast and the slow kinetic effects constitute 91 and 9% 
of the absorbance change, respectively. 

Quantitation of Tetrols 1-1 and 1-2. Tetrols 1-1 and 1-2 were sepa
rated by high-pressure liquid chromatography. 1^7 The relative 
amount of tetrols produced by [7-14C]diol epoxide I10 at the end of 
hydrolysis was separated by HPLC and determined by liquid scin
tillation counting. 
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Figure 2. Semilogarithmic analysis of I and II in 5% (v/v) THF and 95% 
0.1 M Tris HCl buffer, pH 7.4 at 25.0 ± 0.5 0C. 

Table I. Values of k0bsd in Phosphate and Tris Buffer for Diol 
Epoxide 1° 

Kobsd 

Buffer XlO^s - ' 

0.01MKH2PO4 4.5 
0.01 M Tris HCl 1.2 
0.01 M KH2PO4 + 0.01 M Tris HCl 4.3 

" At 25.5 ± 0.5 0C, M = 0.1 with KCl, pH 7.4. 

Results 

The observed first-order rate constants for hydrolysis of I 
were determined at constant pH in acetate, Tris, and phosphate 
buffers at 25 ± 1 0 C. The &0bSd (Figure 3) increases linearly 
with buffer concentration. Since the ratio [HB]/ [B - ] is con
stant at constant pH, the results in Figure 3 indicate that the 
hydrolysis is a general-acid-catalyzed reaction. The different 
values of nonzero intercepts at pH 5.0 and 7.4 (Figure 3) at 
zero buffer concentration suggest that the reaction is also 
subjected to specific hydrogen ion catalysis. 

At the same buffer concentration, the ratio of /c0bSd in 
phosphate buffer to fc0bsd in Tris buffer is found to be 3.8 
(Table I). However, the concentration of H 2 P O 4

- to that of 
(CH20H)3CNH3+ is 7.9 as calculated by the acid dissociation 
constants ( ^ H B ) at constant pH and buffer concentrations. 
Thus the fcQbsd is not directly proportional to the A^HB values 
of the acids and the results indicate that (CH 2 OH) 3 CNH 3

+ 

is a less effective catalyst than H 2 P O 4
- . 

The &obsd for hydrolysis of diol epoxide I was determined 
over the pH range 4.0-9.0 in acetate, phosphate, and Tris 
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Figure 3. Dependence of &0bsd on the buffer concentration at 25 ± 1 0C. 
All data were obtained with 5% THF-95% buffer (v/v). Acetate buffer 
( • ) , pH 5.0, M = 0.1 with KCI; phosphate buffer (A), pH 7.4, no KCl 
added; Tris HCl buffer (O), pH 7.4, no KCl added. 

buffers at 25 ± 1 0C and at /t = 0.1 (with KCl). The slope of 
the log fcobsd vs. pH plot in acetate buffer (Figure 4) is -0.95, 
which indicates that the hydrolysis of I is subjected to both 
specific and general acid catalysis. This conclusion is further 
supported by the log &0bsd vs. pH plots determined in phosphate 
and Tris buffers (Figure 4). 

A specific- and general-acid-catalyzed reaction can be ex
pressed by either eq 2a or eq 2b with the rate-determining step 
indicated by rds. The observed first-order rate constants con
sistent with eq 2a and 2b are expressed by eq 3a and 3b, res
pectively13* 

I + HB ^ k V HB " ^ 
- H + 

>• 1-1 + 1-2 (2a) 
- B - , rds 

*eq,HB - B - H2O 

I + HB ^ I . HB - ->- I H + - ^ I - I +1-2 (2b) 
rds - H + 

*obsd = ATeq,H^H[H+] [H 2 O] + A"eqiHB£HB [HB] [H 2 O] 

(3a) 

fcobsd = # e q , H M H + ] + ^eq.HB^HBtHB] (3b) 

where kn and fcHB are the rate constants for the rate-deter
mining step catalyzed by hydrogen ion and acid (HB), re
spectively. *«,,« = [I-H+]/[I][H+], ATeq.HB = [1-HB]/[I] 
[HB], and HB = H2PO4-, CH3COOH, or (CH2OH)3-
CNH3

+. ATeq,H and AT^HB are the equilibrium constants. 
Equation 3a or 3b can be rearranged to eq 4a or 4b by dividing 
through with [H+] [H2O] or with [H+] and substituting the 
[HB] by C[H+V(ATHB + [H+]) 

^'obsd/[H+] = AT6111HArH + K^HBkHBC/(KHB + [H+]) 
(4a) 

fcobsd/[H+] = AT61J1H^H + ATeq,HBA:HBC/(ATHB + [ H + ] ) 

(4b) 

where fc'obsd = kobsd/[H2O], C = [HB] + [B -], and ATHB is 
the acid dissociation constants of the conjugated acid HB. 
Equation 4a or 4b predict that the data in Figure 4 are straight 
lines by plotting fc0bsd/[H+] (or ^ W [ H + ] ) vs. C/(ATHB + 

Ot 
O 

-3 -

O.OOS M KAc 

KCI 

0.01 M KH2PO4 

0.1 M KCI 

• 0.05 M Tris 
1 0.1 M KCI 

PH 
Figure 4. Plots of log kobsd vs. pH for the hydrolysis of I at 25 ± I 0C. The 
samples contains 5% THF (v/v) and 95% 0.005 M acetate buffer ( • ) , 0.Ol 
M phosphate buffer (A), and 0.05 M Tris HCl buffer (O), respectively. 
M = 0.1 with KCl. 

[H+]) with intercept = ATeq,H&H and slope = AT^HB^HB. 
The product analysis of the hydrolysis of I indicated that a 

benzylic carbonium ion at C(IO) was the intermediate.7 In 
order to elucidate the rate-determining step in the specific- and 
general-acid-catalyzed hydrolysis reaction, an ionic strength 
dependent study was carried out in phosphate, acetate, and Tris 
buffers whose conjugated acid (HB) bears negative, neutral, 
and positive charge, respectively. 

The log fcobsd vs. V/I profiles (Figure 5) indicate that with 
increasing y/Jj., log fc0bsd increases linearly in Tris buffer, 
decreases linearly in phosphate buffer, and remains relatively 
constant in acetate buffer. The ionic strength dependence of 
^obsd14 thus suggests that the reactant in the rate-determining 
step is an ionic species. 

A reaction expressed by eq 2a implies that the rate-deter
mining step is bimolecular,13 i.e., the reactants are I-HB and 
H2O. According to activated complex theory,14 this bimolec
ular reaction is independent of ionic strengths regardless of the 
charge of I-HB. If I-HB and O H - are the reactants, with in
creasing ionic strength the A:0bSd should increase if I-HB is 
negatively charged, decrease if I-HB is positively charged, and 
remain constant if I-HB is uncharged. The ionic strength de
pendence of &obsd (Figure 5) clearly eliminates the possibility 
expressed by eq 2a. 

The data in Figure 4 were plotted according to eq 4b (Figure 
6) which confirms the rate equation (3b) and produced straight 
lines with intercept AT65 H^H = 1000 s_1 M - 1 and slope 
ATeqHB̂ HB = 1.21, 1.03', and 0.07 s"1 M~' for H2PO4-, 
CH3COOH, and (CH2OH)3CNH3

+, respectively. 
The relative amounts of tetrols 1-1 and 1-2 produced over 

the pH range 4.0-9.0 (Figure 7) indicate that, within the same 
buffer system, the trans (relative to the C(9)0H) nucleophilic 
attack by H2O is slightly more favored at lower pH. 
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Discussion 

The rate dependence of acid concentration and pH in the 
hydrolysis of BP diol epoxide I indicates that the hydrolysis is 
a specific- and general-acid-catalyzed reaction. The mecha
nism of this hydrolysis will be discussed in light of the kinetic 
data. In contrast to the extensively studied arene oxides,15 it 
is clear from product analysis that I and II do not undergo 
rearrangement. 

For a specific- and general-acid-catalyzed hydrolysis, the 
mechanism can be depicted either according to eq 2a as in 
Scheme I or according to eq 2b as in Scheme II. 

In Scheme I the rate-determining step is a bimolecular re
action. The product of the ionic charges of the two reactants 

- 2 
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Figure 5. Plots of log fcobsd vs. -v/Ji for the hydrolysis of 1 in 0.001 M acetate 
buffer, pH 5.0 ( • ) ; 0.01 M phosphate buffer, pH 7.4 (A), and 0.01 M Tris 
HCl buffer, pH 7.4, (O), Ionic strengths were varied by KCl. 

5 10 

C/(KH 8+(H+)] , 

Figure 6. Plots of A:0bsd/[H+] vs. C/(Km + [H+]) for the hydrolysis of 
I according to eq 4b. The kinetic data are identical with those shown in 
Figure 4. 

(I-HB, and H2O or OH -) can be positive, zero, or negative. 
The activation complex theory14 predicts that the rate con
stants of this bimolecular reaction in ionic solution depend on 
the product of the charge of the reactants. If H2O is one of the 
reactants, changes in ionic strength should have little effect 
on the reaction rate. For a system such as H2PC^- where I-HB 
is negative, the rate of reaction with a negative hydroxide ion 
would be increased by increasing ionic strength, whereas the 
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Figure 7. pH dependence of tetrol formation in the hydrolysis of I. The 
products of [7-l4C]diol epoxide I (specific activity 53.9 mCi/mmol)'0 were 
analyzed on HPLC. Samples were directly injected into HPLC without 
organic solvent extraction at the end of hydrolysis in the following 95% 
(v/v) buffers and 5% THF-. 0.005 M acetate buffer (pH 4.0-5.5), • ; 0.01 
M phosphate buffer (pH 6.0-8.0), A; and 0.05 M Tris HCl buffer (pH 
7.0-9.0), O. 

rate would decrease if I-HB were positive and remain un
changed for a neutral I-HB. However, the rate constants were 
found (Figure 5) to increase with increasing ionic strength 
when I-HB was positively charged and to decrease with in
creasing ionic strength when I-HB was negatively charged. The 
results above are inconsistent with a bimolecular reaction and 
the mechanism depicted in Scheme I can therefore be ruled 
out. Similar arguments also rule out the direct proton transfer 
(i.e., I + HB - • IH+ + B -) as the rate-determining step. 

A single reactant in the rate-determining step (Scheme II) 
satisfies the requirements of the ionic strength dependence for 
the observed first-order rate constants. With increasing M at 
constant pH, in addition to specific acid catalysis by H3O+, 
the A:0bsd in the general-acid-catalyzed reaction increases lin
early with the positively charged (CH2OH)3CNH3

+, remains 
relatively constant with uncharged CH3COOH, and decreases 
with negatively charged H2PO4-. Thus the results are con
sistent with the mechanism (Scheme II) that the ring opening 
of I-HB to the C(IO) benzylic carbonium ion intermediate IH+ 

is the rate-limiting step. Subsequent S N I nucleophilic attack 
by H2O at both sides of the planar C(IO) benzylic carbonium 
ion yields 1-1 and 1-2. The tetrol (1-1) resulting from the trans 
(relative to the C(9)OH) is expected to be the major product 
due to the steric hindrance of C(9)OH.7 However, within the 
same buffer system, the amount of tetrol I-1 relative to that 
of tetrol 1-2 decreases slightly with increasing pH (Figure 

Diol epoxide II, the minor diol epoxide formed metabolically 
from BP (-)-rra/u-7,8-diol by the mammalian microsomal 
enzyme systems,1-3 undergoes hydrolysis more complex than 
that of I. At pH 7.4 in 0.1 M Tris buffer, 91 and 9% of the 
absorbance changes of II (Figure 2) are associated with the 

rate constants which are 4 times faster and 18 times slower 
than that of I, respectively. The fast kinetic effect in the hy
drolysis of II which is 4 times faster than that of I is presumably 
due to the anchimerically assisted ring opening of the 9,10-
epoxide by the C(7)OH group.12 The ratio of the two rate 
constants of II indicates that the two kinetic effects are sepa
rated by a factor of 73. Therefore the elucidation of the hy
drolysis mechanism of II requires detailed kinetic studies of 
both the fast and the slow kinetic effects. In nonaqueous sol
vent, II was found to be 160 times more reactive than I toward 
p-nitrothiophenolate in ferf-butyl alcohol.12 The difference 
in reactivity of I and II toward H2O and p-nitrothiophenolate 
is most likely due to their different reaction mechanism toward 
the nucleophiles. 

In contrast to a previous hypothesis,16 our results demon
strated that I can undergo SNI reaction mechanism. A car
bonium ion as the intermediate in the hydrolysis of I indicates 
that I can react with cellular macromolecules as an alkylating 
agent. Previous reports demonstrated that I is the predominant 
diol epoxide formed metabolically from benzo[a]pyrene1-3 and 
its exceptionally high mutagenic activity in mammalian 
cells1,17,18 thus supports the conclusion that I is a major car
cinogenic form in benzo[a]pyrene carcinogenesis.1'17'19 
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