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Product Studies by HPLC on the Hydrolysis of the anti- and syn-
Tetrahydrodiol Epoxides and the 1,2-Tetrahydro Epoxide of Naphthalene
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The arene epoxides from naphthalene, JJ,2¢-dihydroxy-3a,da-epoxy- (1) and 1B,2c~dihydroxy-3B,4B-epoxy-1,
2,3,4-tetrahydronaphthalene (2) (enti- and syn-diol epoxide), 1,2-epoxy-1,2,3,4-tetrahydronaphthalene (3), and 1,
2-epoxy-1,2-dihydronaphthalene (4), are model componds of the ultimate carcinogenic metabolites of po-
lyeyelic aromatic hydrocarbons, ubiquitous environmental pollutants which may be causal in several human
cancers. The product distribution in the hydrolysis of 1-4 have been studied by HPLC analysis of reaction mix-
tures. The yields of the trans product from the hydronium-ion-catalyzed and pH-independent hydrolysis in 9:1
(viv) 20 mM buffer-dioxane at 25 °C, respectively, were; 1: 98, 100; 2: 74, 87, 3: 95, 97, 4:100, 100. The
results were rationalized by conformational equilibria of the epoxides and the carbocationic and zwitterionic in-

termediates from the epoxides.

Introduction

Polycyclic aromatic hydrocarbons (PAH's) are widespread
environmental pollutants which are considered to be an im-
portant class of mutagenic and carcinogenic compounds.
They are metabolized in part by the cytochrome P-450
monocoxygenases to arene epoxides followed by hydrolysis
to the frans-diols and further oxygenation at the adjacent
double bond to form diol epoxides.”* These diol epoxides
may express their electrophilic reactivity by initiating the
carcinogenic process through DNA alkylation.* In an effort
to understand the mechanism of the initiation of the PAH

carcinogenesis, in vitro electrophilic reactivities of several
PAH diol epoxides have been studied in detail *¢

0 -0
-0 O XL
OH OH OH
0 bu oH H

The following epoxides, 1-4 are model compounds of the
metabolites of carcinogenic PAH's.

To date, kinetic studies on the hydrolysis of these epox-
ides have been undertaken by Bruice™ and by the author,?
but no product studies on their hydrolysis have been carried



Product Studies by HPLC on the Hydrolysis

OH

1 2 3 4

out probably due to difficuity in chromatographic separation
of the isomeric products. This paper reports the results of
the product studies on the hydrolysis of epoxides 1-4. Jerina
et al'™' have shown that conformational effects are im-
portant in determining the rates and products of hydrolysis
of PAH diol epoxides and have proposed mechanisms for
these effects. Since 1-4 have no unusual conformational fea-
tures such as existence of bay region'? in the molecule, they
can be used as important reference compounds in ra-
tionalizing the proposed mechanisms.

Experimental

General, 'H NMR spectra were obtained on a Nicolet
NT-300 WB or IBM NR-300 AF NMR spectrometer.
Chemical shifts (§) were determined using TMS as an int-
emnal standard. UV-Vis spectra were recorded on a Varian
Cary 219 spectrophotometer. A Fisher Acumet 815 MP pH
meter was utilized for pH measurement. Liquid chro-
matography was performed on a Beckman 110 A dual
pump system and a Hitachi 100-10 UV-Vis spectrophoto-
meter. Epoxides 1-4 were synthesized by published pro-
cedures.” All buffers were made with water passed through
a Bamnstead NANO-pure water purification system. Dioxane,
a cosolvent for the reaction and a component of the HPLC
mobile phase, was purified by distilling over sodium,

Hydrolysis of the Epoxides. The hydrolysis reac-
tions of the epoxides (1 mM) were run in 9:1 (v/v) 20 mM
buffer-dioxane at 25 °C. The reactions were run at two pH's,
one in the hydronium-ion-catalyzed (ku) and the other in the
pH-independent (k) region. The buffers and pH values
(buffer-dioxane) employed were; for ku reactions, acetatc
(5.11), formate (4.23), cacodylate (6.58) and cacodylate
(6.20) for 1, 2, 3, and 4, respectively, and for %, reactions,
Tris (7.93) for all epoxides.

Chromategraphy. To analyze the reaction mixtures
by HPLC, samples were eluted isocratically on a Rainin Mi-
crosorb C-18 column (5 pum, 4.6 mm X25 c¢m) at 0.8 mL
min ! Detection was made spectrophotometrically at 210
nm. The mobile phase used were methanol-dioxane-water
(34:1:65) for 1 and 2, or acetonitrile-dioxane-0.01% Na;-
HPO. or acetonitrile-dioxane-water (44 :1:55) for 3 and 4,
respectively. The product distribution in each reaction after
complete epoxide disappearance was analyzed by HPLC us-
ing mobile phases with much higher water content. The hy-
drolysis products were isolated by preparative HPLC using
a DuPont Zorbax C-18 column (10 pm, 2.1X25 cm). A
sample solution of 1.7 mL was injected and eluted at a flow
rate of 4.5 mL min .

Products from Epoxide 1. Reaction mixtures after
completion of hydrolysis were combined and the major pro-
duct (5) was isolated by preparative HPLC using 20:80
CH;CN-H,O as the mobile phase (fx 17 min). The minor
product {6) could not be separated from the major product

Bull. Korean Chem. Soc. 1997, Vol. 18, No, 8 857

by preparative HPLC. Analytical HPLC, however, allowed
its isolation in a gquantity sufficient only for obtaining UV-
Vis spectrum.
1c,2p,3B,4c-Tetrahydroxy-1,2,3,4-tetrahydro-
naphthalene (5). UV (5% MeOH-H;0O): Anu 210 nm.
'H NMR (300 MHz, CD:CN}): 8 7.45-7.40 (m, 2H, H-5 and
H-8), 7.34-7.31 (m, 2H, H-6 and H-7, symmetrical to 8 7.
45-7.40 multiplet), 4.62 (d, 2H, H-1 and H-4, J,,=5.3 Hz),
3.99 (d, 2H, H-2 and H-3, symmetrical to 3 4.62 doublet).
1o,2¢,3x,4p-Tetrahydroxy-1,2,3,4-tetrahydro-
naphthalene (6). UV (5% McOH-H,0): Ama 211 nm.

Products from Epoxide 2. Both the trans (7) and
cis (8) product were isolated by preparative HPLC using 30:
70 MeOH-H:O as the mobile phase. The retention times
were 17.3 and 19.4 min, respectively.

1¢,28,3x,4p-Tetrahydroxy-1,2,3,4-tetrahydro-
naphthalene (7). UV (30% MeOH-H,0): Amue 210(100)
& 260(3) nm. 'H NMR (300 MHz, CDsCN): 8 7.46 (g, 2H,
H-5 and H-8), 7.28 (g, 2H, H-6 & H-7, symmetrical to 8
7.46 quartet), 4.50 {q, 2H, H-1 & H-4, J=5.7 & 2.5 Hz),
3.47 (g, 2H, H-2 & H-3, symmetrical to § 4.50 quartet).

1c,20,3p,40-Tetrahydroxy-1,2,3,4-tetrahydro-
naphthalene (8). UV (30% MeOH-H:0): Anac 210(100)
& 260(3) nm. '"H NMR (300 MHz, CD,CN): & 7.51-7.29
(m, 4H, aryl), 4.71 (d, iH, J=4.9 Hz), 438 (d, 1H, J=8.2
Hz).

Products from Epoxide 3. The major product (9)
was isolated by preparative HPLC using 30:70 CH;CN-
H:0O as the mobile phase (fz 18 min). The minor product
was identified as ¢is diol (10) by coeluting the reaction mix-
ture with the cis diol which was synthesized by hydro-
xylation of 1,2-dihydronaphthalene with OsQO,.

trans-1,2-Dihydroxy-1,2,3,4-tetrahydronaphtha-
lene (9). 'H NMR (300 MHz, CD;CN): § 7.46-7.05 (m,
4H, aryl), 4.38 (d, 1H, H-1, J.:=7.0 Hz), 3.69 (ddd, 1 H, H-
2, Jz,;(ci,)=3.4, Jz_}(”mF].O.]. HZ), 2.84 (m. IH, H'4), 1.97 (m,
1H, H-3), 1.75 (m, 1H, H-3).

cis-1,2-Dihydroxy-1,2,3,4-tetrahydronaphtha-
lene {10). 'H NMR (300 MHz, CD;CN): § 7.36-7.06 (m,
4H, aryl), 4.55 (d, 1H, H-1, J,»=2.5 Hz), 3.89 (ddd, 1H, H-
2, Jaxas=3.4, J230an=9.7 Hz), 2.91 (m, 1H, H-4), 2.88 (ddd,
1H, H-4, J.4=8.8, 6.3, 5.8, 5.8 Hz, J,4=17.1 Hz), 1.94 (m,
1H, H-3), 1.80 (m, 1H, H-3".

Results and Discussion

The pH vs. rate profile for the epoxide hydrolysis follows
the rate law:

koss=ko+ku[HiO*] +koa[ OH " |

where %o is the pH-independent, and ky and kox are the hy-
dronium-ion-catalyzed and hydroxide-ion-catalyzed rate con-
stant, respectively.' Thus the mechanism of the hydrolysis
is changed as the pH of the reaction medium is varied, and
the reactions in this study were run at two pH's, one in the
kg and the other in the k) region. The kon process com-
tributes only at very high pH and is usuaily not of phy-
siological relevance.

The analytical HPLC chromatograms from the kx and &
reaction of epoxide 1 are presented in Figure 1(a) and 1(b),
respectively. When the reaction mixtures from the iy reac-
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Figure 1. Time course by HPLC monitoring of the hydronium-ion-catalyzed (a) and pH-independent (b) hydrolysis of epoxide 1. Reac-
tion was carried out at 25 °C in pH 5.11 (a) or 7.93 (b) 9:1 (v/v) buffer-dioxane. Aliguots of reaction mixture withdrawn at indicated
times were eluted on a C-18 analytical column using a mobile phase of 34: 1 : 65 MeOH-dioxane-water at a flow rate of 0.8 mL min ! De-
tection was made spectrophotometrically at 210 nm. Ep: epoxide, HP: hydrolysis product, St: standard, cis-1,2-dihydroxyindane.
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Figure 2. The HPLC product peak at the mobile phase of 5%
MeOH from the hydronium-ion-catalyzed (a) and pH-in-
dependent (b) hydrolysis of epoxide 1. See the legend of Figure 1
for the reaction conditions and HPLC procedures.

tion after complete epoxide disappearance was chromato-
graphed using the mobile phase of 5% MeOH instead of
35% MeOH, the product peak was separated into two peaks
(Figure 2(a)). The major product isolated by preparative
HPLC has 'H NMR spectrum with two symmetrical doub-
lets with equal coupling constant (J=5.3 Hz) in addition to

0Oh 2h

a symmetrical multiplet in the aromatic region. The sym-
metry in the spectrum indicates that the product itself
possesses a C; axis or a plane of symmetry. The trans pro-
duct (5) which has a plane of symmetry (an AA'BB' spin
system) is consistent with the spectrum. The minor product
was obtained in a quantity sufficient only for obtaining UV-
Vis spectrum. The spectum (An=211 nm) resembled close-
ly that of the major product (Amw=210 nm). Thus, the minor
product must be the cis product (6). No minor product was
observed in the &, reaction (Figure 2(b)).

Hydrolysis of epoxide 2 yielded a substantial amount of a

OH
2 OH

: : :OH
OH

5 6

(o)

H
OH
OH
H

Opetnn

minor product at both pH's (Figure 3). '"H NMR spectrum
of the major product isolated by HPLC consists of two sym-
metrical doublets of doublets at § 3.47, 4.50 and in the aro-
matic region. The splitting pattern is consistent with the
trans product (7) having a C, axis. The '"H NMR spectrum
of the minor product has two doublets at § 4.71 (J=4.9 Hz)
and & 4.38 (J=8.2 Hz). From the splitting pattern and the
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Figure 3. Time course by HPLC monitoring of the hydronium-ion-catalyzed hydrolysis of epoxide 2. Reaction was carried out at 25 °C in
pH 4.23 9:1 {(v/) buffer-dioxane. Aliquots of reaction mixture withdrawn at indicated times were eluted on a C-18 analytical column us-
ing a mobile phase of 34:1:65 MeOH-dioxane-water at a flow rate of 0.8 mL min ', Detection was made spectrophotometrically at 210
nm. Ep: epoxide, HPs: hydrolysis preducts, St: standard, cis-1,2-dihydroxyindane.
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chemical shift values of C-2 and C-3 protons (& 3.5), the
two doublets must be benzylic protons. The spectrum is con~
sistent with the cis product (8) having no symmetry element.

OH OH
OH C@:OH
OH OH
OH OH
7 8

A small amount of a minor product is produced in the hy-
drolysis of epoxide 3 at both pH 6.58 and 7.93 (Figure 4).
The major product isolated by preparative HPLC exhibited
'H NMR spectrum with a doublet at § 4.38 (J=7.2 Hz),
whereas in the minor product, it is 2.5 Hz. While the vi-
cinal coupling coostant of the trans diol grovp in cy-
clohexenyl ring can be 2-10 Hz, that of the cis group can
not be greater than 5 Hz.”” Therefore, the major product is
the trans product (9) and the minor one is the cis product

(10).
OH OH
: : LJOH : :l JOH
9 10
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Table 1. Product distribution” in the hydrolysis® of epoxides 1-4

Epoxidle pH Trans Cis Epoxide pH Trans Cis
1 511 98 2 3 6.58 95 5

793 100 0 7.93 g7 3
2 423 74 26 4 620 100 0
7.93 87 13 7.93 100 0

“The yields of the products were determined by HPLC analysis
of reaction mixtures. * Reaction was carried out at 25 °C in 9:1
{v/v) buffer-dioxane.

epoxides. Now that the data have been obtained in this
study, the proposal may be applied. For the benzo-ring diol
epoxides in which hydroxyl groups are trans to each other,
two rapidly interconvertable conformations are possible.'
The two such conformations, the pseudodiequatorial (1a)
and pseudodiaxial (1b) conformations of epoxide 1 are
shown below. The carbocation formed by epoxide ring
opening, likewise, would be in conformational equilibrium.
The two conformations (1a' and 1b') of the carbocation
formed by ky reaction of epoxide 1 are shown below.

Since the predominant ground state conformation of epox-

OH
%OH
OH —»
Epoxide 4 was found to be quantitatively converted to 1- 0 0
naphthol at both acidic and neutrat pH's. Product iden- HO
tification was accomplished by coeluting the reaction mix- la 1b
ture with 1-naphthol under various chromatographic con-
ditions. Apparently, the tendency of this arene oxide to l i
rearomatize by NIH shift' is too high for the carbocation oH
trapping by water to compete. _OH
The product distribution determined by HPLC for the hy- OH ==
drolysis of the epoxides are shown in Table 1. * On tio
Because of a lack of data, the Jerina's proposal'®™" of con-
formational effects in the hydrolysis of PAH diol epoxides HO
could not be previously applicd to the naphthalene diol la' 1b'
0 min 1280 min L, 7 days
STRT BT TR!
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Figure 4. a) Time course by HPLC monitoring of the pH-independent hydrolysis of epoxide 3. Reaction was carried out at 25 °C in pH
7.93 9:1 (v/v) buffer-dioxane. Aliguots of reaction mixture withdrawn at indicated times wese eluted on a C-18 analytical column using a
mobile phase of 44: 1: 55 acetonitrile-dioxane-0.01% Na,HPQ, at a flow rate of 0.8 mL min . Detection was made spectrophotometrically
at 210 nm. b) The product peaks at the mobile phase of 30% acetonitrile. ¢) The product peaks after addition of cis-1,2-dihydroxy-1,2,3,4-
tetrahydronaphthalene. Ep: epoxide, HP: hydrolysis product, St: 2-indanol.
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ide 1 is 1a (/,,=8.9 Hz) and 1a‘ is calculated to be more
stable than 1b",' epoxide ring opening should occur from
1a', and the diaxial approach of water to 1a' from the top
would give the trans product.

Epoxide 2 prefers conformation 2a to 2b {J,.=2.9 Hz).
Of the two conformations of the carbocation from epoxide 2,

2b’ is estimated to be more stable than 2a'.!"

OH
<: i;%/ OH
—
H
o , OH

2a 2b

|
OH
¢ OH
——— .
;* iﬂ OH Ho OH
2a’ 2b'

The diaxial approach of water to this conformer would
give the cis product. However, although the yield of the cis
product from epoxide 2 is much higher than that from epox-
ide 1, the trans product is still the major product. Hence, it
is believed that the reaction begins largely from 2a' and the
carbocation formed is not so stable as to undergo facile con-
formational conversion.

It is difficult to predict the favorable conformation of
epoxide 3 from its nmr data. However, exclusive trans hy-
dration indicates that carbocation trapping by water occurs
largely from the conformation in which hydroxyl group is
axial.

It is observed that less cis product is formed in &, reac-
tions of epoxide 1-3. This could be attributed to the in-
volvement of less stable zwitterionic intermediates and thus
lesser probability of conformational conversion in & process.
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