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Abstract: The rates of reaction off)-73,8a-Dihydroxy-9u,10a-epoxy-7,8,9,10-tetrahydrobenafijyrene ()

in 1:9 dioxane-water buffer solutions containing primary amines whogg yalues span the range of 54
10.7 have been determined. For those amines Withvplues< ca. 8, only the acid form (RN#) gives rise

to a kinetic term for reaction with. The rate-limiting step of this reaction is general acid-catalyzed epoxide
ring opening to yield a discrete-hydroxycarbocation, followed by a fast reaction of this intermediate with
solvent. The intermediate--hydroxycarbocation is sufficiently stable so that its reactions with external
nucleophiles and bases compete with its reaction with solvent. For those amineKwithga. 8, both acid
and base forms of the buffer react with The magnitude of the kinetic term in the base form of the amine
(RNH,) increases with aminelfy and is attributed to nucleophilic addition of the amine to the epoxide group.
Curvatures in plots of the kinetic term due to buffy.f) as a function of the mole fraction of buffer acid for
substituted ammonium ions withKg > 8 are interpreted in terms of a change in rate-limiting step of the
general acid-catalyzed pathway from epoxide ring opening at low amine base concentrations to reaction of
amine base acting as either a general base or nucleophile witthgdroxycarbocation at higher amine base
concentrations.Thus, epoxide ring opening @fin buffer solutions of the more basic amines is aamsible
reaction Rate and product studies of the reactiorlah acid solutions (pH 5.5) and in Tris buffer solutions
containing sodium azide show that azide ion is effective in trappingrthgdroxycarbocation intermediate,
subsequent to its rate-limiting formation by reactioriafith either H" or Tris-H". These results demonstrate
that the intermediate formed from epoxide ring openindl afith acids has a sufficient lifetime so that its
reaction with azide ion competes with its reaction with solvent.

Introduction

Metabolism of the environmental carcinogen, bealmfrene,
leads in part to a mixture of diastereomeric bay-region diol
epoxides, one with the benzylic hydroxyl group cis to the
epoxide group and the second with the benzylic hydroxyl group
trans to the epoxidel( a “DE-2" stereoisomer}. These diol 1
epoxides react with DNA, proteins, and other biomolecules, and
it is thought thatl is the metabolite primarily responsible for ' ) -
the carcinogenic activity of benzgjpyrene? A recent study is particularly important. o _ o
implicates as a reagent responsible for causing mutations in ~ Diol epoxide 1 reacts readily with nucleophiles and acidic
human lung tissue via covalent modification of guanine residues '€@gents.  In water solutions, it hydrolyzes to tetrols by
at mutational hotspots in the53 gene® Covalent binding of ~ nydronium ion-catalyzéd’ and spontaneofsnechanisms. In
(+)-1 to DNA occurs primarily through bond formation between addition, the hydrolysis of exhibits pronounced general acid
C-10 of1 and the exocyclic amino group of guanine residties. (4) (a) Thakker, D. H.; Yagi, H.; Levin, W.; Wood, A. W.; Conney, A.

Thus, a clear understanding of the factors that control the H.; Jerina, D. M. InBioactivation of Foreign Compound#nders, M. W.,
Ed.; Academic Press: NY, 1985; pp 17Z42. (b) Koreeda, M.; Moore,

T University of Maryland, Baltimore County. P. D.; Yagi, H.; Heh, H. J.; Jerina, D. Ml. Am. Chem. Sod 976 98,

* National Institutes of Health. 6720. (c) Jeffrey, A. M.; Jennette, K. W.; Blobstein, S. H.; Weinstein, I.

(1) Jerina, D. M.; Sayer, J. M; Agarwal, S. K.; Yagi, H.; Levin, W.;  B.; Beland, F. A.; Harvey, R. G.; Kasai, H.; Miura, I.; Nakanishi, KA.
Wood, A. W.; Conney, A. H.; Pruess-Schwartz, D.; Baird, W. M.; Pigott, Chem. Socl1976 98, 5714. (d) Straub, K. M.; Meehan, T.; Burlingame, A.

reactions of epoxide metabolites with amino functional groups

M. A.; Dipple, A. In Biological Reactie Intermediates It|Kocsis, J. J., L.; Calvin, M. Proc. Nat. Acad. Sci. U.S.A977, 74, 5285. (e) Cheng, S.
Jollow, D. J., Witmer, C. M., Nelson, J. O., Snyder, R., Eds.; Plenum C.; Hilton, B. D.; Roamn, J. M.; Dipple, AChem. Res. Toxicol989 2,
Press: New York 1986; pp #130. 334.
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catalysis’® Functional groups that act as general acids may
play an important role in the reactions of epoxides with certain
biological macromolecules. In order to better understand the
mechanisms of reactions of diol epoxides with amino groups,
we have examined the hydrolysis dfin buffer solutions of
amines with widely varying K, values. Rate and product
studies provide evidence for a change in rate-limiting step from
epoxide ring opening by substituted ammonium ions with low
pKa values to reaction of the base form of the buffer (free
amine), acting as a general base or a nucleophile, on an
intermediaten-hydroxycarbocation when the<g of the amine
acid becomes sufficiently high. Only amines whose conjugate
acids possesskp values> 8 are effective as nucleophiles in
epoxide ring opening.

Experimental Section

Materials.  (£)-74,80-Dihydroxy-9o,10a-epoxy-7,8,9,10-tetra-
hydrobenzaf]pyrene () was prepared by published procedutes.
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Figure 1. Plots ofkssqreaction ofl versus total concentration of Tris
buffer in 1:9 dioxane-water (v/v) solutionsy = 0.2 (NaClQ), 25.0
+ 0.1°C.

Dioxane was distilled from sodium prior to use. Amines used to prepare Yield of azides was assumed to be the difference between the percent
buffer solutions were taken from freshly opened bottles of commercially Yield of tetrols in sodium azide solution compared to that in the absence
available amines and were distilled if any discoloration was present. Of sodium azide. The ratio of trans:cis tetrols from the acid-catalyzed

All other reagents were purchased from commercial sources.
Kinetic Procedures. For each kinetic run, approximately:&. of

a stock solution ofl in dioxane (ca. 1 mg/mL) was added to 2.0 mL

of reaction solution in the thermostated cell compartment (2501

°C) of a UV—vis spectrophotometer. Reactions were monitored at 348

hydrolysis ofl in the absence of sodium azide at pH 5.5 was determined
by HPLC to be 94:6?

Product studies for the reaction af in Tris/Tris-HCIO, buffer
solutions in 1:9 dioxanewater solutions (0.2 M total buffer concentra-
tion, pH 8.34) containing varying concentrations of sodium azide were

nm, and pseudo-first-order rate constants were calculated by nonlinearc@'Tied out as outlined in the proceeding paragraph for reactiaraof

regression analysis of the absorbance versus time data. Vallkgsqof
for reaction ofl in the pH range of 4.511.0 in 1:9 dioxanewater
solutions & = 0.2, NaClQ) were fit to the equatiofonis= kn[H] T +
ko to yield values of 1.83t 0.15x 10° M~* s7* and 1.03+ 0.04 x
104 st for ky andk,, respectively’? For determination oky andks,
approximately 2« 10-3 M MES (2-[N-morpholino]ethanesulfonic acid),
HEPES N-2-hydroxyethylpiperaziné¥-2-ethanesulfonic acid), and
CHES (2-N-cyclohexylamino]ethanesulfonic acid) buffers were used
for pH control for those reaction solutions with pH-%0. The
contribution of the buffer at this concentrationkgsqis small relative
to ko.

Product Studies. Aliquots of 10.0uL of 1 in dioxane (1 mg/mL)
were added to vials containing 2.0 mL of 1:9 dioxaneater solutions
at pH 5.5 ¢ = 0.2, NaClQ) containing sodium azide in concentrations
up to 0.015 M. The vials were capped, shaken, and allowed to stand
at room temperature for ca. 20 min<&0 half-lives). An aliquot of
10.0 uL of 2-(1-naphthyl)ethanol in dioxane (4.1 mg/mL) was then
added to each vial to serve an HPLC standard, and the solution was
immediately analyzed by HPLC on a reverse phagecGlumn, with
60% methanot40% water as the eluting solvent. Products were
monitored by UV detection at 254 nm. The retention times for the
trans tetrol, cis tetrol, and 2-(1-naphthyl)ethanol standard were 6.5, 8.3,
and 10.8 min, respectively, and the retention times for the trans and
cis azides were 16.8 and 15.2 min, respectiv&li§rthe HPLC retention
time and UV spectra of the azide product assigned the trans stereo-
chemistry were identical to those of ttrans-azidohydrin prepared by
the method of Lakshman et Hl. Yields of tetrols were determined by
comparing the areas of the tetrol peaks with that of the standard. The

(8) Islam, N. B.; Gupta, S. C.; Yagi, H.; Jerina, D. M.; Whalen, DJL.
Am. Chem. Sod99Q 112, 6363.

(9) Yagi, H.; Hernandez, O.; Jerina, D. Nl. Am. Chem. Sod.975 97,
6881.

(10) Yagi, H.; Thakker, D. R; Hernandez, O.; Koreeda, M.; Jerina, D.
M. J. Am. Chem. S0d.977, 99, 1604-1611.

(11) Yagi, H.; Akagi, H.; Thakker, D. R.; Mah, H. D.; Koreeda, M.;
Jerina, D. M.J. Am. Chem. S0d.977, 99, 2358-2359.

(12) Rate and product studies of the reactior by acid-catalyzed and
spontaneous pathways in 1:9 dioxatveater solutionsy = 0.1 (NaClQ)
have been reportefd.

(13) Thecis andtrans prefixes for tetrols3 and azidohydrin$ refer to
the relative stereochemistry of the C-9 and C-10 groups.

(14) Lakshman, M.; Nadkarni, D. V.; Lehr, R. B. Org Chem199Q
55, 4892.

pH 5.5 in solutions of sodium azide, except that the reaction solutions
were allowed to stand for 3660 min (8-10 half-lives) before the
standard was added. The pH of these reaction solutions was adjusted
to between 5 and 7 before they were analyzed by HPLC. The ratio of
trans:cis tetrols from the spontaneous reactiorl et pH 8.1 in the
absence of sodium azide was determined by HPLC to be 55:45.

Results and Discussion

Reaction of 1 with Amines. We have determined the rates
of reaction ofl in 1:9 dioxane-water solutions of primary
amines whoself, values span the range of 5:40.7. The first-
order rate constant&dpsg for reactions ofl increase signifi-
cantly with increase of buffer concentration at constant pH. For
those amines withlg, < ca. 8, rate data for a given buffer plot
were fit to eq 1, wherey, ko, andkyy are the specific rate
constants for the hydronium ion-catalyzed, spontaneous, and
buffer-catalyzed reactions, respectively. Figure 1 shows kinetic
data for the reaction of 1 in Tris (tris-hydroxymethyl-
aminomethane) buffer solutions at several pH values.

bsd — (kH[H+] + ko) + kbuff[BUffer]tot (l)
The slope Kqutr) of any given buffer plot at constant pH that
complies with eq 1 is a weighted sum of the kinetic terms due

to acid and base forms of the buffer (slopekput = faka +
fsks), wherefa is the mole fraction of acid form anig is the
mole fraction of base form. A plot ofy. versus the mole
fraction of the base form of the buffefg] will be linear.
Extrapolation of the plot to a mole fraction of unity for the acid
form of the buffer {z = 0) yieldska, and extrapolation of the
plot to a mole fraction of unity for the base form of the buffer
(fs = 1) yieldsks. The plot ofkys for reaction ofl versus the
mole fraction of base form of Tris buffefg] is provided in
Figure 2. This plot is linear, with & intercept afg = 0 equal

to ka and a intercept atfg 1 equal to zero within
experimental uncertainty. Thus, for the reactionlah Tris
buffer solutions, only the acid form of Tris is found to contribute
a significant kinetic term to the rate expression. For the other
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Figure 2. Plots ofkyu for reaction ofl in Tris buffer solutions as ]Iczigur_e 4. F;Ior:s Ofktl’“ﬁffor r_ezacti?nhofl in arfnine b]t’f[]er solgtions_ as
functions of the mole fraction of the base form of the amifag (L:9 du_nctlons of the n/wo e rlac_tlon of the base Cl"'m of the amifag, (1:9
dioxane-water (v/v) solutionsy = 0.2 (NaClQ), 25.0=+ 0.1°C. ioxane-water (v/v) solutionsy = 0.2 (NaClQ), 25.0+ 0.1°C.
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Figure 3. Plots ofkspsafor reaction ofl versus total concentration of ~ Figure 5. Plot of kepsafor reaction ofl in solutions of methoxyprop-
2-methoxyethylamine buffer in 1:9 dioxarevater (v/v) solutionsy ylamine at constant 0.15 M concentration as a function of the mole
= 0.2 (NaClQ), 25.0+ 0.1°C. fraction of the base form of the aming); 1:9 dioxane-water (v/v)

solutionsu = 0.2 (NaClQ), 25.0+ 0.1°C. The solid line is theoretical,

amines with K, < 8 studied, the acid form of the buffer, but gisi: Enzegq foagg bels(tr-fsit erifllrz[rleﬂkel/rf —Zfoi 01.24Mx_ ll(kTB/lEAj
not the base form, reacts with » K = 2. 04 x , kalks = , kealks =

A ) . 34+ 7 ML, The dotted line is also theoretical, based on eq 5 with the
For amines with Ka values greater than that of Tris, some  assumption thak./k, = 0. In this case, computer fit of the data yielded
of the buffer plots ofkypsq for reaction ofl versus [buffer)y values ofk, = 2.1+ 0.04x 103 M1 s ks = 3.0+ 0.08 x 1073
appear to be slightly curved. Figure 3 shows kinetic data for M~ s 1 andk_1/ks = 12+ 2 ML,
the reaction ofl in methoxyethylamine solutions at several pH
values. The amount of curvature that is present in several of To facilitate the quantitative analysis of rate data for reaction
the plots is very slight, however, and might easily be attributed of 1, we have determined the rates of reactiorl @f solutions
to nonrandom experimental error. Linear least-squares correla-of methoxypropylamine in which the total concentration of
tion lines are arbitrarily drawn through data for each buffer plot. amine is constant, but the mole fraction of the amine in its base
What is clear from these plots and similar ones for reaction of form is varied. A plot ofkyysq for reaction ofl versusfg for
1 with other amines with I§, values greater than that of Trisis  methoxypropylamine should also be linear if the rate expression
that the kinetic term in the base form of the amine becomes for reaction ofl conforms to eq 1. However, this plot, shown
significant. For example, the rate constants for reaction of the in Figure 5, is also clearly nonlinear. There is a substantial
base forms of 4-hydroxybutylamine and propylamine with negative deviation okopsg from a straight line connecting the
are larger than the rate constants for reaction of the correspondinterceptsfz = 0 andfz = 1.
ing acid forms withl. The nonlinearity of the plots shown in Figures3 are not
In an effort to obtain rough estimates of the rate constants consistent with a mechanism in which the epoxide ring opening
for reaction ofl with the acid and base forms of the more basic reactions ofl induced by both acid and base forms of the buffer
amines, we analyzed the plotslgfs, the slopes of plots such  are irreversible. For this mechanism, the rate expression of eq
as those in Figure 3, versus the mole fraction of the base form1 should hold. However, the nonlinearity of these plots is
of the buffer. Plots oky,s for reaction of methoxyethylamine,  consistent with the mechanism outlined in Scheme 1, in which
methoxypropylamine, and hydroxybutylamine withwhich are the rate-limiting step for the general acid-catalyzed reaction of
provided in Figure 4, deviate substantially from linearity. This 1 changes from epoxide ring opening to form carbocafion
observation and the apparent nonlinearity of buffer plots in solutions containing mostly the acid form of the buffer (RNH
Figure 3 indicate that the rate expression given in eq 1 for to partially rate-limiting reaction a2 with the base form of the
reaction ofl in solutions containing amines wittKg > ca. 9 buffer (RNH,) in solutions containing higher concentrations of
does not hold. unprotonated amine. The reaction of RNWith a-hydroxy-
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carbocatior® to form ring-opened products can occur with direct
attack of amine at the electron-deficient C-10 carbon to yield
amine produc8 or via general base-catalyzed addition of water
to C-10 to yield tetrol product # The kinetic term for the
reaction ofl with the base form of the aminkg) is presumably

nucleophilic attack of the amine on the epoxide group, since

this term does not exist for Tris and other amines wikh,

8, but becomes significant for the more basic amines and

increases with their base strength.

The rate expression for reaction &fby the mechanism
outlined in Scheme 1, with the assumption thatydroxycar-
bocation2 is a steady-state intermediate, is given by €§ 2.
This rate expression holds for reactionlcdt pH > ca. 8, where
the kinetic term due to the hydronium ion-catalyzed reaction is

much smaller than that due to the spontaneous reaction. In this

kobsd: ko + kaB[bUffer]tot +
ky(1 — fg)[buffer], (ks + k; fg[buffer],,)

kst (kg + kyfg[buffer],,,

expressionk, is the first-order rate constant for the spontaneous
reaction kg is the second-order rate constant for the reaction of
the base form of the amine with fg is the mole fraction of the
amine in its base fornk; is the second-order rate constant for
reaction of the acid form of the amine with to yield
a-hydroxycarbocation intermedia® k-1 is the second-order
rate constant for the reversal of this stépjs the first-order
rate constant for reaction &fwith solvent, and; is the second-
order rate constant for reaction Bfwith the base form of the

ky[RNH2]

_—
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conjugate acid formfg — 0), eq 3 reduces thyy = ki. Under

B (ks + fgky[buffer],,,)
Kourt = faks + (1 — fa)k ks + fg(k_; + k;)[buffer],,

®3)

these conditions, the rate-determining step for the buffer-

catalyzed process is ring opening, since the carbocation proceeds

to products (vieks) faster than it returns to starting material via
the base-catalyzed proceds {). As the proportion of the

conjugate base is increased, both base-catalyzed ret@toof
reactants K-1) and cation trappingkg) become kinetically
significant relative toks. Thus, ko becomes the dominant
pathway for conversion of the carbocation to products (kifg.,
[buffer]iot > ks) and eq 3 reduces to eq 4. This equation provides

Koutt = [Kg — KiKo/(K_ + K)fg + kiko/(k_; + k) (4)

a linear dependence &, on fg, with Y intercepts okg when

fs = 1 andkiky/(k-1 + kz) whenfg = 0. The plots ofkyys for

reaction ofl versusfg for methoxypropylamine and hydroxy-
butylamine solutions in Figure 4 become linearfmt> 0.2—
0.4, consistent with this interpretation. The negative deviations
of kouir in Figure 4 andkopsq in Figure 5 from a straight line
connecting the intercepty = 0 andfg = 1 are therefore
attributed to a change in the rate-limiting step of the buffer acid-
dependent component from rate-determining epoxide ring
opening k;) to partially rate-determining carbocation trapping
[kiko/(k-1 + k2)] as the fraction of conjugate base in increased.
Values ofk; for reaction ofl in buffer solutions of the more

amine, in which the amine acts as a general base and/or as gasm amines were evaluated by several approaches. For

nucleophile. This equation predicts a nonlinear dependence of

kobsaON [buffer}e: and would account for the nonlinear plots of
Figures 3-5.
Combining egs 1 and 2 yields eq 3, in whikhy represents

that portion of the observed rate constant (eq 1) that is due to

buffer catalysis. When the buffer is predominantly in the

propylamine, the slope Okspsq Versus [buffer] in solutions
containing a very high [RNEf]/[RNH;] ratio (>100) was
determined. For methoxyethylamine, methoxypropylamine, and
hydroxybutylamine, values d¢§psqwere measured in solutions

in which the total buffer concentration ([buffex] was held
constant, but the mole fraction of the base form of the buffer

was varied. Revision of eq 2 by dividing both numerator and

(15) Facile general base-catalyzed addition of solvent to a number of denominator of the third term of the rate expressiotkdyields

carbocations has been established: (a) Ritchie, C. D.; Virtanen, PJO. I.
Am. Chem. Sod972 94, 4966. (b) Ritchie, C. DAcc. Chem. Red.972

5, 348. (c) Richard, J. P.; Jencks, W. R.Am. Chem. Socd984 106,
1396.

(16) For this mechanism it is assumed that the spontaneous reaction of

1 does not proceed to a significant extent via thdaydroxycarbocation
intermediate2, although this reaction pathway cannot be ruled out as a
minor component oK.

eqg 5. Nonlinear fitting of the data of Figure 5 to eq 5 yields

values ofkg, ki, k-1/ks, andko/ks. Table 1 summarizes kinetic

parameters for reaction df with various amines of differing
pKa values.

Our rate date for reaction df in amine buffers provide
reasonably well-defined values flor andkg but do not provide
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Table 1. Values ofk; andks for Reaction ofDE-2 with 1.0
Substituted Ammonium lons in 1:9 Dioxan&Vater Solutionsy =
0.2 (NaClQ) at 25°C) e -
o84 g
acid K2 ki (M~tsh)b ke(M?*sh
NCCH;NHz" 5.44 3.0x 107t 1
CFsCH,NH3* 5.77 2.3x 107 0.6
EtO,CCH,NH3* 7.82 4.5% 1072 N
(HOCH,)sCNHz* 8.20 3.2x 102 b
CHsO(CHb)oNHs* 9.49 7.4% 102 2.0x 1072 04 ® 02MTrisi. pH 8.34
CH3O(CH,)sNH3* 10.11 2.5x 10°° 25x 108 o1 pHS5.5
HO(CH,)aNHz* 10.38 2.2x 1073 29x 1073 od
CHs(CHy)oNH3* 10.66 1.4x 1072 3.6x 1078 B 2R
a Determined by titration in 1:9 dioxarevater,u = 0.2 (KCl or oollamzzozmT T
NaClQy). ® Values ofk; for those acids with . < 9 correspond to 0.000 0.005 0.010 0.015
values ofka. [NaNgJ, M
kObsd k0 + kaB[buffer]tot Figure 6. Plots of yield of azide productd,f) from reaction ofl as
K a function of sodium azide concentration in 1:9 dioxanater (v/v)
k(1—f)|1+ _sz[bUffer]tot [buffer],, solutl_ons,y = 0.2 (NaClQ), 25.0#: 0.1 °C. Fitting of the datg for
kS reaction ofl at pH 5.50 to eq 6 with values &f; andky determined
Kk, ) independently by kinetic measurements and fixed atd 1* s~ and
14+ f5[buffer] 9.3 x 102M~1s!yielded a value foka/ks of 2.6 = 0.1 x 1? M2,
kS kS tot Fitting of the data for reaction df at pH 8.34 in 0.2 M Trig; to eq 6,

with kaq[H] replaced bykrig[TrisH'] and fixed at 2.76x 1073 s7,

Aef ; i yielded a value fokadks of 2.5+ 0.1 x 10?° M. The dotted line is a
well-defined values for the rate ratiisy/ks andko/k; for reaction plot of the yield of azide product calculated on the assumption that it

of 1 in methoxyethylamine, hydroxybutylamlne,. and pr_opyl- is derived only from the second order reaction of Nvith 1 at pH

amine buffers. Values df_1/ks and ky/ks for reaction ofl in 550

methoxypropylamine solutions are provided in the legend of

Figure 5. Values ok-i/k; for reaction ofl with those amines ~ Scheme 2

with pK; > 9 are estimated to be close to unity, and therefore,

the change in rate-limiting step that occurs with increase inthe 9, o HO, X K HO.,,

concentration of the more basic amines is not complete. The ( _k“u, ' C —so—» C

marked curvatures of the plots given in Figures 4 and 5 require wo* 2 :

that the base form of the amine reacts witto reform epoxide H

at a rate comparable to or greater than that at wRichacts 1

with solvent, thus establishing the reversibility of the epoxide .

ring-opening step? Curvature in these plots would also be lkN[Na-) l"az[Ns]

present if the ring-opening step is reversible and the reaction

of 2 with the base form of the amine to form ring-opened N, Na

products is negligiblekg/[RNH;] < ks); however, a considerably g, HO.,,

worse fit of the data (dotted line in Figure 5) results if this ’ C | C

assumption is made. Ho"' HO'
Trapping of Carbocation 2 with Azide. The mechanism H

of Scheme 1 involves the intermediacyochydroxycarbocation 6a 6a, trans

2, with a sufficient lifetime in water solutions to allow it to be b, cis

“trapped” by the base form of the amine in a second-order

reaction. In order to gain some insight on the relative stability

of 2, we have carried out rate and product studies of reactions

of 1in solutions containing sodium azide. Azide ion is a very

effective nucleophile in capturing carbocatiéfand also reacts

with 1 by nucleophilic addition to the benzyl C-10 carbon to

yield trans-azidohydrin6a.'* Scheme 2 provides a mechanism

for the reaction ofl in aqueous solutions containing azide ion.
From plots ofkypsqfor reaction ofl versus [N7] at pH 5.5

and at pH 8.2, a value of the bimolecular rate conskarnwas

determined to be 9.3 102M~1s L. For reaction ofl at pH

8.1in 0.1 M NaN, kn[N3™] > (ky[H™] + ko) and a single azide

product assigned the trans structé@is detected by HPLC.

For reaction ofl at pH 4.7 in 0.04 M total azide concentration,

kq[H™] > kn[N3~] and two azide products are formed in a 1:4

ratio. The major azide product has the same retention time as

H

that of thetrans-azidohydrin6a. The minor azide product was
assigned the cis stereochemistry. The formation of a mixture
of azidohydrin products from reaction bfat pH 4.7 in solutions
containing N~ is consistent with a mechanism in whick™N
reacts with carbocatio@ from both faces of the carbocation
via the ky; route (Scheme 2), with trans attack of nucleophile
favored over cis attack. Collapse of solvent wtlgives 94%
of trans tetrol and only 6% of cis tetrol, and thus trans attack of
solvent on2 is also preferred. A rationale for this favored trans
attack of solvent o2, involving axial attack of solvent at the
electron-deficient carbon of the more stable conformation, has
been proposet?

The yield of azide products from reaction bat pH 5.50 as
a function of N~ concentrations is provided in Figure 6. The
calculated yield of azide product formed from the bimolecular
reaction ofl with N3~ via theky pathway under this condition
(17) A change in rate-limiting step with change in pH and buffer is given by the dotted line. The observed yield of azide products

concentrations has been observed in the solvolysis of precocene | oxide:is much greater than that expected solely from the increase in
Sayer, J. M.; Grossman, S. J.; Adusei-Poku, K. S.; Jerina, DJ.Mm.
Chem. Soc1988 110 5068. (19) (a) Gillilan, R. E.; Pohl, T. M.; Whalen, D. L1. Am. Chem. Soc.

(18) (a) Bunton, C. A.; Huang, S. K. Am. Chem. S0d972 94, 3536. 1982 104, 4481. (b) Sayer, J. M.; Yagi, H.; Silverton, J. V.; Friedman, S.
(b) Ritchie, C. D.J. Am. Chem. Sod975 97, 1170. L.; Whalen, D. L.; Jerina, D. Mlbid. 1982 104, 1972.
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rate of reaction ofl with increasing [N~], and therefore, jI
must be capturing carbocati@ subsequent to its rate-limiting
formation. Thus, for reaction of at pH 5.5, azide products
are formed mostly by capture @fby N3~ (kay) and to a lesser
extent by reaction of p with 1 (ky). Consistent with this
interpretation is the observation that the ratio of azide products
is ca. 85:15, and the ratio of the major azide:minor azide
products increases slightly with increasingsffN The mole
fraction of azide products formed by both theandk,, routes

of Scheme 2 is given by eq 6. Nonlinear fitting of the yield of

_ kN
uINg 1+ kyH ]

az

( ky[H ] N kN3 ]
(Ka[N5 T+ ky[H D) ) \(kadN5 T+ k)

azide products as a function of {N to eq 6, withky = 1.8 x
1M 1sL ky=93x 102M1s and [H] = 107550
yields a value of 2.6< 10?2 M~1 for the ratioka,/ks. It has been
observed thak,/ks ratios for activation-limited attack of 4N

on stable carbocatioHsare orders of magnitude greater than
that calculated for reaction & with N3~. Consequently, it

(6)

Lin et al.

Scheme 3
2,

Ho, X
C + H é " C K o Tetraols
Ky HO""
H
2

that for reaction ofl via Scheme 2, wittky[H™] replaced by
krisp[TrisHT]. In this mechanismk-; and k, (reaction of2
with Tris base, Scheme 1) are considered negligible. Fitting
of the yield of azide products from reactionbin Tris solutions

to eq 6, withky[H™] replaced bykrisy[TrisH*], yields a value

for kadks of 2.5 x 102 M~ This value is within experimental
error of that calculated for reaction dfat pH 5.5 in azide
solutions, and provides support for the proposal that reaction
of 1 with TrisH' and presumably other amine acids yields the
same discrete carbocati@that is generated from reaction of
1 with HT.

Reaction of 1 with H*. Kinetic parameters for the reaction
of 1in amine buffer solutions also provide important information
that can be used to estimate the energetics of the reactibn of
with H* to form a-hydroxycarbocatior?2. The magnitude of
k_; for reaction ofa-hydroxycarbocatior? with MeO(CH)s-

has been argued by Jencks and co-workers that low values ofNH2 to reform 1 is calculated from the value ca. 34-Mfor

kadks for reaction of certain carbocations indicate that the
reaction of N~ with the carbocation occurs at the diffusional
limit, whereas reaction of the carbocation with solvegj (s
activation limited?® If it is assumed that azide ion reacts with
2 at the diffusional limit, with a bimolecular rate constant of
ca. 5x 10°® M~1s1 then a value ok for reaction of2 with
solvent can be estimated to be ca. %0107 s 71820 These
data establish that-hydroxycarbocatior2 has a sufficient
lifetime in water solution to be able to undergo bimolecular
reactions with external nucleophiles in competition with its
reaction with the solverfd

We have also carried out rate and product studies of the
reaction ofl in Tris buffer solutions at pH 8.2, a pH at which

1 reacts primarily by the spontaneous reaction in the absence,

of buffer® In 0.1 M Tris-H" solution, pH 8.2, the reaction of
1is >30 times faster than that in the absence of buffer and
yields tetrols in a 94:6 (trans:cis) ratio. The trans:cis hydration
ratio for reaction ofl in the absence of buffer under these
conditions, where the spontaneous reactiof pfedominates,

is 55:45. The 94:6 trans:cis hydration ratio for reactiorl af

0.1 M Tris-H" solution is indistinguishable from the hydration
ratio of its reaction with hydronium idn’ and suggests that
the reaction ofl with Tris-H* yields the same carbocation
intermediate 2) as that formed from reaction dfwith H™. In

the reaction ofl in 0.1 M Tris solutions containing increasing
[NaNj3], a decrease in tetrol yields and an increase in the yields
of two new products with the same HPLC retention times and
relative yields as the azide products from reactiori @ft pH

5.5 in NaN; solutions (Figure 6) is observed. The yield of azide

products is much greater than that calculated with the assumption

that azide product arises only from the second-order reaction
of azide with1 and is consistent with a mechanism similar to

(20) Reactions of carbocations with/ks ratios similar to that fofl have
been proposed to occur at the diffusion-controlled limit: (a) Richard, J. P.;
Rothenberg, M. E.; Jencks, W. P.Am. Chem. Sod.984 106 1361. (b)
Richard, J. P.; Jencks, W. P. Am. Chem. S0d.982 104, 4689. (c) Ta-
Sha, R.; Rappoport, 4bid. 1983 105, 6082.

(21) The rate constant for reaction afhydroxycarbocatior? in 1:9
dioxane-water solventks ~ 2.0 x 107 s7%) is very similar to that calculated
for reaction of thex-hydroxycarbocation derived from epoxide ring opening
of a “DE-1" diol epoxide, isomeric witH, in which the C-7 hydroxyl group
is cis to the epoxideki ~ 1.6 x 107 s71, ref 8).

k_1/ks (Figure 3) and 2.0< 10’ s71 for ks to be ca. 6.8x 1(P

M~1 s71. The value of the equilibrium constark{k-,) for
reaction of1l with MeO(CH,)sNH3" is therefore estimated to
be 3.7x 1072 From this equilibrium constant an, for
ionization of MeO(CH)3NH3s*™, the equilibrium constant
Kn(kn/k-p) for reaction ofl with H* to form o-hydroxycar-
bocation2 (Scheme 3) is calculated to bex51072 M~1. This
equilibrium constant cannot be determined directly because of
the high reactivity of2 with solvent.

It is often assumed that the epoxide ring opening step in
hydronium ion-catalyzed hydrolysis of epoxides is irreversible.
For those epoxides that hydrolyze via carbocation intermediates,
this requires that the intermediate reacts with solvent to give
ring-opened products faster that it undergoes epoxide ring
closure to reform reactant. The acid-catalyzed rate conktant
for reaction ofl in 1:9 dioxane-water ¢+ = 0.2, NaClQ) to
yield 2 was measured independently to be «.80° M~1s™!
(see Experimental Section). From this valugfind a value
of 5 x 1072 M~1for Ky, k_ is calculated to be 3.& 10*s™1.
However,ks for reaction of2 with solvent is estimated to be
2.0 x 10" s'1. Therefore, intermediat reacts with solvent
via the ks route approximately 5< 1(? times faster than it
reforms epoxide reactant via they pathway.

Brgnsted Correlation. In the reactions of with those amine
acids possessingkp values< ca. 8, epoxide ring opening is
always rate-limiting and the kinetic term due to the acid form
of the buffer is equal té&;. For reactions of with ammonium
ions having K, values> ca. 8, however, epoxide ring opening
is reversible under certain conditions, and valuek,ohust be
arrived at by fitting of eq 2. A plot of lody versus K, for the
general acid-catalyzed hydrolysis bfby all substituted am-
monium ions studied, shown in Figure 7, gives a reasonable
correlation with a Brgnsted of 0.45. This value is similar to
the Brognsted: of 0.51 observed for the phosphate/phosphonate
general acid-catalyzed hydrolysis bf for which a concerted
general acid catalysis mechanism was propdséthe epoxide
ring-opening reaction oflL with substituted ammonium ions
possessing i, values less than that ef-hydroxycarbocation
2, estimated to be ca. B3 must also be a concerted procéss.

For reaction ofl with methoxypropylamine buffer (Figure
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changes from epoxide ring opening to form carbocafoat
low amine base concentrations to partially rate-limiting product
formation from reaction oR at higher base concentrations.

CFﬂczé“gimg Under this latter condition, the epoxide ring opening step is
reversible. The kinetic data thus far obtained are most consistent
:jw r EOLOMNE with the inclusion of a kinetic term for reaction of amine base
f:, $HOCHEISCNHS with the intermediaten-hydroxycarbocatior? to form ring-
o o MeO(CHz):NHY opened products; omitting this term results in a poorer fit of
B MeOCHI & the kinetic data. Thus, the change in rate-limiting step is a
,°“=<°Hz>z"'5‘ consequence of the fact that there are two reaction pathways

for 2to form product, an uncatalyzed pathway involving solvent
(ks) and a second pathway involving amine balsg. (

' s 8 10 12 The main conclusions that can be drawn from this work are
PKa (1) that epoxide ring opening dfwith acidic reagents yields a
Figure 7. Bransted plot of log for general acid-catalyzed hydrolysis ~ discreteo-hydroxycarbocatior?, with a sufficient lifetime in
of 1 by substituted ammonium ions versukapof the general acid. ~ water solutionsKs ca. 2 x 107 s71) to undergo reactions with
Data are from values df, listed in Table 1. external nucleophiles, and (2) that the epoxide ring opening
reaction ofl to form a-hydroxycarbocatior® is reversible in
5), a value ofk-1/ks is estimated to be ca. 34 ™M From this buffer solutions containing strongly basic amines. Thus,
value and an estimate of 2 10" s for ks, k-1 for reaction of sufficiently basic amines react witk-hydroxycarbocatior2 as
2 with methoxypropylamine to reforr is estimated to be ca. 3 pase to reforni at a rate comparable to or greater than that
7 x 10° M~ts™L. This rate constant is within approximately ¢ which they react witf2 to form ring-opened products. From
an order of magnitude of the diffusional limit for bimolecular oy product studies, we are not able to conclude whether amines
reactions in water solution. For reactiondiith amines more  fynction as general bases to assist in the addition of water
basic than methoxypropylamine, the bimolecular rate constant scheme 2) or as nucleophiles to yield amine products. Product
should approach the diffusional limit. studies necessary for this determination are complicated by the
fact that significant yields of amine products are formed from
the bimolecular reaction betweérand the more basic amines.

Summary

The rate of reaction of benzgpyrene diol epoxidd. in water
solutions is enhanced significantly in the presence of amine  Acknowledgment. This work was funded in part by a
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which reacts with water in a fast, subsequent skgpté yield
tetrol products. For those amines witkgvalues> ca. 8, both Supporting Information Available: Plot of kypsqfor reaction

acid and base forms of the buffer react withIn the reactions  of 1 versus [NaN] in 0.2 M Trise; buffer, 1:9 dioxane-water,

of the less acidic ammonium ions with the rate-limiting step 25 °C and a derivation of eq 2 (3 pages, print/PDF). See any
(22) The X, for an a-hydroxycarbocation isomeric withis estimated current masthead page for ordering information and Web access

to be ca. 13, ref 8. instructions.
(23) For a summary of requirements for concerted general acid catalysis,
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