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The compounds 7-methyl-6,8-bis(methyldisulfanyl)pyrrolo[1,2-a]pyrazine (5; “bis disulfide”) and
methanethiosulfonic acid S-((6-(methanesulfonylsulfanyl)-7-methyl)pyrrolo[1,2-a]pyrazin-8-yl) ester
(6; “bis methanesulfonic acid thioester”) have been synthesized to serve as alternative precursors
to the major metabolite, 4, of the cancer chemopreventive oltipraz, 1, to test whether they possess
similar biological activities. In the present work the mechanisms by which these compounds react
with glutathione have been investigated in order to validate the assumption that they would be
chemically competent in the presence of the biological thiols to give the oltipraz metabolite. A Kinetic
and product study was carried out in mainly aqueous media, <15% ethanol by volume, at 37 °C.
The kinetic analysis and identification of intermediates by electrospray HPLC/MS indicate that
compound 5 decomposes in two sequential reactions via thiol—disulfide interchange involving
removal of the two thiomethyl groups. In contrast, 6 decomposes in three sequential steps, the
first entailing formation of the diglutathionyl adduct, followed by two subsequent thiol disulfide
interchange reactions involving loss of the glutathionyl moieties. Both 5 and 6, as well as oltipraz
itself, give nearly quantitative yields of the metabolite 4 in reactions with glutathione. Analysis of
the decay of 6 by EPR spin trapping methods indicates that less than 0.2% of the reaction flux

proceeds through radicals more stable than the hydroxyl radical.

Introduction

We are currently engaged in trying to understand the
molecular basis for the cancer chemopreventive action
of 1,2-dithiole-3-thiones.2=> A member of this class of
compounds, oltipraz, 1, is currently in phase 2 clinical
trials as a protective agent against environmentally
induced hepatocellular carcinoma.t~8 The biochemical
basis for the action of these and a number of other cancer
chemopreventive agents is becoming increasingly clear.®~1°
Such compounds appear to act in part by increasing the
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levels of the “phase 2” enzymes of xenobiotic metabolism—
a group of enzymes involved in electrophile trapping and
conjugation for export.

The molecular basis by which the increased transcrip-
tion of phase 2 enzymes is mediated is not clear. In
essence two hypotheses have been invoked. The first
posits that oltipraz or some metabolite therefrom acts as
an electrophile at a protein thiol or dithiol that is, or
controls the action of, a transcription mediator, thereby
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altering its activity.* The second hypothesis posits that
reactive oxygen species (ROS) that are formed in the
reactions of dithiolethiones with thiols and metal ions
activate redox active transcription factors.®

The human metabolism of oltipraz was studied some
time ago as it has been previously employed as an
antischistosomal agent and is described in part of eq 1.17
A small amount, 1%, is converted to the oxo analogue, 2,
itself a phase 2 enzyme inducer,'>8 but the major portion
is converted to the dimethylated product, 3, which is
further metabolized to a number of glucuronic acid
conjugates. The compound 3 presumably arises from
biological methylation of the pyrrolopyrazine, 4, which
Fleury has shown is formed by the reaction of thiolates
with oltipraz.t®2
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The observation that compound 3 is not a phase 2
enzyme inducer'® means that, despite the complex me-
tabolism of oltipraz, only three agents can be considered
likely candidates as the active species that mediate the
phase 2 enzyme induction: 1, its oxo analogue, 2, and
the intermediate 4. We do not rule out possible interme-
diates between 1 and 4, but consider them less likely.

In an effort to clarify the molecular basis of phase 2
enzyme induction, we seek to characterize the electro-
philic and ROS-generating potential of these three spe-
cies. We report here the synthesis and characterization
of 7-methyl-6,8-bis(methyldisulfanyl)pyrrolo[1,2-a]pyra-
zine (5; “bis disulfide”) and methanethiosulfonic acid
S-((6-(methanesulfonylsulfanyl)-7-methyl)pyrrolo[1,2-a]-
pyrazin-8-yl) ester (6; “bis methanesulfonic acid thioester”),
in essence putative “prodrugs” for the delivery of inter-
mediate 4, independent of oltipraz. A prodrug approach
was adopted because it was assumed that intermediate
4 would be ionized to some degree at physiological pH,
thus inhibiting its absorption in cells and a direct test of
4 as a phase 2 enzyme inducer. As reported within,
compounds 5 and 6 react readily, but by different
mechanisms, with the biological thiol glutathione at
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physiologically relevant pH and GSH concentrations to
give the intermediate 4 in nearly quantitative yield.

Experimental Section

Materials. Oltipraz was a generous gift of Dr. James
Crowell, Chemoprevention Branch, National Cancer Institute,
NIH. All other reagents were obtained from commercial
sources and typically ACS grade or better.

Synthesis. (a) 7-Methyl-6,8-bis(methyldisulfanyl)pyr-
rolo[1,2-a]pyrazine (5). A 5 equiv amount of sodium thio-
methoxide was added to a 50 mL ethanolic suspension of 300
mg of oltipraz. Within 1 min, the cloudy, bright orange
suspension clarified to an orange-brown solution. The mixture
was allowed to stir for 30 min. A 7 equiv amount (to oltipraz)
of methyl methane thiol sulfonate (MMTS) was added, and
the reaction was stirred for 1 h. Within a few minutes of
addition of MMTS, the solution turned yellow, and after 30
min, the reaction became milky orange. Ethanol was removed,
and the crude product was placed under high vaccuum for 24
h. The orange solid was resuspended in 10 mL of chloroform
and filtered. Chloroform was removed from the filtrate by
rotary evaporation; the product was redissolved in 4 mL of
boiling ethanol and allowed to recrystallize at room temper-
ature in the dark. Spectral data: UV (EtOH) Amax 227 nm (e
19 900), 266 nm (e 20 900), 351 nm (e 5600); H NMR (300
MHz, CDCls) 6 9.08 (d, 1H, J = 1.50 Hz), 8.24 (dd, 1H, J =
1.50, 4.76 Hz), 7.82 (d, 1H, 3 = 4.76 Hz), 2.57 (s, 3H), 2.48 (s,
6H); *C NMR (300 MHz, CDCl3) 6 142.61, 137.16, 132.55,
129.04, 116.26, 115.11, 107.88, 22.48, 22.22, 10.50. Anal. Calcd
for CioH12NL,S,: C, 41.64; H, 4.19; N, 9.71. Found: C, 41.79;
H, 4.13; N, 9.74.

(b) Methane Thiosulfonic Acid S-((6-(Methanesulfo-
nylsulfanyl)-7-methyl)pyrrolo[1,2-a]pyrazin-8-yl) Ester
(6). A 4 equiv amount of sodium thiomethoxide was reacted
with 200 mg of oltipraz in 20 mL of an argon-flushed metha-
nolic solution for 1.5 h. The reaction transformed from a bright
orange-red suspension to a clear orange-red solution. Methanol
was removed by heating the reaction in a 35 °C water bath
under an argon stream. The reaction was further dried in
vacuo for a 1 h. A 20 mL volume of acetonitrile was added
and maintained under an argon atmosphere. The reaction
solution was cooled to —15 °C before 0.34 mL of methyl sulfonyl
chloride was added dropwise and allowed to stir for 20 h at
room temperature. The suspension changed from reddish-
brown to a pale orange color overnight. The solvent was
removed in vacuo, and the solid was partially dissolved in 40
mL of dichloromethane. The suspension containing orange-
brown solids was filtered. Silica gel (5 gm) was mixed into the
dichloromethane filtrate, and the solvent was removed in
vacuo. The product incorporated in the silica gel was packed
onto the top of a silica gel column and purified using 60/40
CHCI,/EtOAC (v/v) as the eluant. A yellow fraction (R = 0.4
on thin layer chromatography (TLC), 100% ethyl acetate) was
collected and dried to solid. The solid was recrystallized in CH,-
Cl,. The crystals were dried under high vacuum; extended
drying (3 days) failed to remove all CH,Cl, as indicated by H
NMR. The molar equivalents of residual solvent indicated by
IH NMR were in agreement with the elemental analysis
indicated. Spectral data: UV (MeCN) Amax 268 nm (e 17 000),
327 nm (e 7500); *H NMR (300 MHz, CDCls) 6 9.14 (s, 1H),
8.46 (dd, 1H, J = 1.1, 4.76 Hz), 8.03 (d, 1H, J = 4.76 Hz), 3.22
(s, 3H), 3.19 (s, 3H), 2.63 (s, 3H); **C NMR (300 MHz, CDCls)
0142.3,141.7,133.9,131.0, 117.1, 109.4, 99.8, 48.0, 47.6, 10.9.
Anal. Calcd for CloH12N28404‘(0.1 mol Cchlz): C, 3361, H,
3.41; N, 7.76. Found: C, 33.48; H, 3.35; N, 7.70.

(c) 7-Methyl-6,8-bis(methylsulfanyl)pyrrolo[1,2-a]pyr-
azine (3). A 250 mg amount of oltipraz was dissolved in 70
mL of 50/50 (v/v) aqueous 0.01 M ammonium acetate/MeOH
solution. To this was added 780 mg of sodium thiomethoxide,
and the reaction was allowed to proceed for 2.5 h. The bright
orange suspension turned orange-red and became more vis-
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cous. Methyl iodide (1.2 g) was added, and the reaction turned
orange within 30 s after the addition. The solution clarified
within 10 min and was allowed to react for an additional 2 h.
The product was extracted with ethyl acetate and washed with
saturated sodium chloride solution. The ethyl acetate, after
drying with sodium sulfate, was removed in vacuo. The yellow
solid was dissolved in 20 mL of ethanol. The product was
purified by semipreparative HPLC using an isocratic elution
by 70/30 MeOH/H-0 on a Phenomenex Luna 5u C(18)2 250 x
21.2 mm column. The product was collected at 40 min and
dried, in vacuo, to a light yellow solid. Purity was confirmed
by 'H NMR and elemental analysis and is consistent with
published data.’*?° *H NMR (300 MHz, CDCl3) ¢ 8.97(d, 1H,
J =1.10 Hz), 8.19 (dd, 1H, J = 1.1, 4.76 Hz), 7.69 (d, 1H, J =
4.76 Hz), 2.50 (s, 3H), 2.35 (s, 3H), 2.28 (s, 3H); 13C NMR (300
MHz, CDCl;) 6 142.6, 135.4, 130.7, 127.9, 115.7, 107.6, 19.9,
17.3, 10.1. Anal. Calcd for C1oH12N,S,: C, 53.56; H, 5.40; N,
12.50. Found: C, 53.55; H, 5.36; N, 12.50.

Kinetics. Kinetic experiments were performed at 37 °C on
a standard UV—visible spectrophotometer and a stopped-flow
spectrophotometer. Reactions were initiated by addition of
substrate after temperature equilibration. Typical substrate
concentrations were ~60 uM and [GSH] > 0.001 M. The final
reaction conditions for 5 were 1 mM EDTA, 0.01-0.05 M
buffer, and 15% ethanol by volume and ionic strength = 0.1
M. The final reaction conditions for 6 were 1 mM EDTA, 0.01—
0.05 M buffer, and 4% acetonitrile by volume. Values of pH
for reactions were recorded at the end of the reactions at 37
°C and were used without corrections of any kind.

Product Analyses. Product analysis was carried out by an
indirect method in which the reaction product (4, eq 1) was
methylated (to give 3, eq 1) and quantified by means of HPLC
separation and UV/vis detection. A chromatography system
with diode array detection and vendor software was used for
analysis. The product 3 was separated from the reaction
solution by use of a Phenomenex Luna C-18 column (250 x
4.6 mm). A gradient of 100% aqueous 25 mM ammonium
acetate from 0 to 5 min followed by a linear change to 100%
methanol from 15 to 25 min was employed for the separation,
the methylated product 3 eluting at 14.6 min with a flow rate
of 1 mL/min. Typically for 5 and 6, the reaction was allowed
to proceed to endpoint, reaction conditions generally as
described in the kinetic runs (above). A 3 mL reaction volume
was employed, and, at endpoint, 3 uL of CH3l was added to
the stirred reaction solution and the methylation reaction
proceeded for 50 min. An initial time course study indicated
that at pH = 7, the methylated product was maximal after 50
min and did not decrease after up to 100 min. Analyses were
performed in triplicate. Yields were based on the gravimetri-
cally determined amount of 5 and 6 and on standard curves
generated with the authentic 3. In the case of the product of
oltipraz decomposition, this much slower reaction was quenched
well before completion and the extent of reaction, typically 50—
70%, was quantified by the decrease of oltipraz. The reported
yields were calculated on the basis of the percent of oltipraz
that had undergone reaction.

Mass Spectrometry. The intermediates and the products
of the reactions of 5 and 6 with GSH were analyzed on a HPLC
spectrometer equipped with a photodiode array detector and
a mass spectrometer. The mass spectrometer conditions were
electrospray negative ion mode with the source temperature
set at 125 °C, desolvation temperature at 325 °C, cone voltages
between 10 and 80 V, cone gas flow at ca. 73 L/h, and the
desolvation gas flow at ca. 376 L/h. Separations were per-
formed using a Phenomenex Luna 3u C18(2) 150 x 2 mm
column at a flow rate of 0.15 mL/min.

EPR Measurements. EPR measurements were carried out
on an X band spectrometer with HS resonator at room
temperature. General instrument settings are as follows:
microwave power, 10 mW; modulation amplitutude, 1.0 G;
receiver gain, (3.17—3.56) x 10°; scan time, 84 s; time constant,
328 ms; center field, 3507.9 G; sweep width, 123.0 G. Mea-
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TABLE 1. Yields of Derivative 3 Following
Decomposition at 37 °C by Glutathione of Oltipraz (1),
5, and 6 and Subsequent Methylation by CH3l2

compd % yield, pH =5.0° % yield, pH =7.0¢
1d 91 + 1¢
5f9 97 £ 2 97 + 4¢
6f 93+2 92 +£2

2 See eq 1 for compound structures. Reactions were 15 mM in
GSH 0.05 M buffer, initiated by substrate addition and quenched
by addition of CHsl (see Experimental Section). For a given
experiment, the yields were based on triplicate injections. P Acetate
buffer. ¢ Tris buffer. 9 Yield based on between 50 and 70% reaction
determined by disappearance of oltipraz. Reactions contained 15%
ethanol by volume. ¢ Average and standard deviation of two
determinations. f Yield after more than 10 half-lives of reaction.
9 Reactions contined15% ethanol by volume.

surements were performed in a flow-through sample cell.
Typically 6 was added last (final concentration of 50—100 «M)
to a solution containing 50 mM phosphate buffered saline,
pH = 7.0, 1 mM GSH, and 20 mM 5,5-dimethyl-1-pyrroline-
N-oxide (DMPO), 4% acetonitrile by volume. Spectra were
accumulated over 10 min at 1 scan/min. Background was
recorded using solutions containing all other reagents except
6.

Results

Final Product. Although, as detailed within, both 5
and 6 react with GSH in a series of steps, the final stable
product in each case appears by UV/vis spectroscopy to
be qualitatively identical and also identical to the major
product of the reaction of GSH with olitpraz. Fleury had
earlier reported the major product from reaction of
oltipraz with thiolates in basic ethanol, after derivatiza-
tion by methylation, to be the compound 3.1%2° We chose
to quantitate 3, after methylation as an indirect method
for quantification of 4, as in eq 2. Preliminary experi-

—SCH;

’
NK/// GSH
SN ~._ GSH
5 S—SCH ~

HNT™
—S(0),CHs K/N / —CHj,
AN GSH GSH GSH SH) CHsl N\~
) — — — n \L/N p @
6 S—S(0):CHs +) S—CH,
HNT S
GSH N > 3
[)J ] asH 3
X —
N IS« 4
1 S
s

ments showed that under the experimental conditions
employed, the formation of the product 3 was maximal
50 min after addition of CH3l and there was no detectable
(<5%) decrease in 3 with time after 100 min. Yields were
based on analysis 50 min after addition of CH3l, and are
summarized in Table 1.

Kinetics. Both compounds 5 and 6 are relatively stable
in buffered agueous media in the absence of thiols.
Ultraviolet/visible spectra are stable for 2 h in the pH
region studied, with changes in intensity over the wave-

length range 250—600 nm of less than 5%. However the
addition of GSH results in a series of spectral changes
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FIGURE 1. UV/vis spectral changes in the reactions of GSH
in aqueous solutions with: (A) 5, pH =1.47, u = 0.1 M, 15 vol
% ethanol; (B) 6, pH = 2.07, « = 0.1 M, 4 vol % acetonitrile at
37 °C. Spectra shown are approximate endpoints, reached at
the times indicated, for each of the reactions indicated in
eq 3.

that occur in relatively distinct time windows, as indi-
cated in the spectra of Figure 1. In the case 5, Figure 1A
indicates that two changes are observed, the first char-
acterized by the appearance of a long wavelength band
at 450 nm, followed by the second more subtle blue shift
of this band and a more marked increase at 260 nm. The
times indicated in Figure 1 are generally those at which
the change ascribable to that species is finished. In the
case of compound 6, a series of three spectral changes
are seen, the first being a subtle red shift of most Amax
values, followed by the appearance of the long wavelength
band at 450 nm, and finally a blue shift of this band. In
this reaction, the latter two changes are qualitatively
similar to those observed in the two sequential reactions
of compound 5.

The spectral changes occur consistent with two, in the
case of 5, and three, in the case of 6, sequential first-
order reactions that are each first order in total thiol
concentration, as indicated in eq 3. In a number of cases,

~SCH
AN ks, [RSH],,, ks> (RSH] o, HN T
S NS _— s \ K/N /
5 S—SCH, H SH)
®)
S(0),CH,; "
—S(0)2CHy HN™ S\
N7 Ka[RSHL,, kg [RSH],, ko
SN Bg Ce K3 [RSH]5,
4 S
6 SS(0)LCHy -

JOC Article

A
0.4t
3 o2l
<
)
O
% ! !
3 Secs
S
2 IB
O 02+
<
0.1+
0.4 ' 08
Secs

FIGURE 2. Plots of absorbance against time and associated
fits to first order (A), or sequential first order (B), expressions
in the reaction of GSH with 5 (A) and 6 (B) at 37 °C, in buffered
aqueous solutions, 15% ethanol by volume for 5, 4% acetoni-
trile by volume for 6. (A) Reaction of 5 with 0.0061 M GSH in
0.050 M acetic acid buffer (pH = 5.24) monitored at 444 nm.
(B) Reaction of 6 with 0.0040 M GSH in 0.050 M tris buffer
(pH = 7.78) monitored at 444 nm.

depending on the compound and pH, it was possible to
monitor a single spectral change and determine that it
was a well-behaved first-order process for 3—5 half-lives
as indicated by the data and fit in Figure 2A. Alterna-
tively, when the time window for a spectral change was
relatively narrow, two of the processes were monitored;
thus in the case of 6, in a given run, either the first and
second or the second and third processes were monitored.
The rate constants were derived by fitting to the ap-
propriate expression for first-order or sequential first-
order processes, as in Figure 2B, using a commercially
available nonlinear least squares routine. Plots of the
observed first-order rate constants, for a given process,
versus the total thiol concentration were linear (typically
r> > 0.99) with intercept values that were, within
experimental error, equal to zero. The slopes of these
plots were taken as the observed second-order rate
constants, defined by the subscripts in eq 3. Plots of the
logarithm of the second-order rate constants for the
various reactions (eq 3) as a function of pH are indicated
in Figure 3A,B, for compounds 5 and 6, respectively.
Characterization of Transients. Reactions at vari-
ous stages of completion were subjected to HPLC with
UV/vis and electrospray MS detection. Transient peaks
that appeared and disappeared were correlated with the
intermediates in eq 3 on the basis of their UV/vis spectra,
their order of appearance in the course of reaction, and
their difference (when spectrally similar) in retention
time from starting material or final product. On the basis
of the kinetic results (above), times were chosen so as to
maximize the signal from the desired intermediate to
obtain mass spectral information. Negative ion electro-
spray mass spectra of the reactive intermediates, Bs, B,

J. Org. Chem, Vol. 67, No. 26, 2002 9409
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FIGURE 3. Plots of the logarithm of second-order rate
constants for the reactions of GSH with 5 (A) and 6 (B) at 37
°C, in buffered aqueous solutions, 15% ethanol by volume for
5, 4% acetonitrile by volume for 6. Rate constants are defined
for the processes in eq 3 (or also as in Scheme 1): (A) ks,
circles; ksz, squares. (B) ke, circles; ksz, squares; Kes, triangles.

and Cs (eq 3) along with structures assigned for the
parent mass signals are given in Figure 4A—C. Noncon-
ventional structures, Figure 4A,C, are used to denote that
it is unknown to which pyrrolopyrazinyl sulfur the thio
alkyl group is attached—the remaining nonbonded sulfur
then bears a formal negative charge.

pKa Determinations. The UV/vis spectra of both 5
and 6 as well as the final product 4, eq 3, were observed
to vary with pH, consistent with a change in ionization
state. With 5 and 6, this was ascribed to protonation at
the low pH of the pyrrolopyrazine ring. Spectral titration
(ionic strength = 0.1 M, 37 °C, with solvents containing
15 vol % ethanol for 5 and 4 vol % acetonitrile for 6),
monitored at 300 nm, gave good fits (r2 = 0.99 for 5 and
6) to the appropriate expression with constants as
indicated in egs 4 and 5 for 5 and 6, respectively. The
pK, of the parent unsubstituted pyrrolopyrazine has been
reported as pK, = 6.14 in water, 20 °C.?! In the case of
the product 4, the change is ascribed to the first ioniza-
tion, as in eq 6. Spectral titration at 450 nm gave a good
fit using the constant indicated in eq 6. It is emphasized
that this is an apparent ionization constant, the tauto-
meric distribution in eq 6 being unknown. A second
spectral change is observed at higher pH ~ 10, but
instability of the product precluded a more quantitative
characterization.

EPR Analysis. Experiments were carried out to detect
the formation of free radicals by EPR spectroscopy.

(21) Armarego, W. L. F. J. Chem. Soc. 1965, 2778—2787.
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FIGURE 4. Negative ion electrospray LC/MS spectra for the
transient species observed in the reaction of GSH with 5 (A)
and 6 (B, C) at 37 °C, in buffered aqueous solutions, 15%
ethanol by volume for 5, 4% acetonitrile by volume for 6. (A)
Reaction of 5 (6 x 107% M) at 37 °C, 0.051 M acetic acid buffer
(pH = 4.22), 0.0010 M GSH, injected onto LC/MS 1 min 30 s
after initiation of reaction. (B) Reaction of 6 (7 x 10> M) at 0
°C, 0.001 M HCI, 0.0006 M GSH, injected onto LC/MS 1 min
30 s after initiation of reaction. (C) Reaction of 6 (4 x 1075 M)
at 21 °C, 0.001M HCI, 0.0027 M GSH injected onto the LC/
MS after 5 min after initiation of reaction.
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Decomposition of 6 was carried out in the presence of the
nitrone spin trap 5,5-dimethyl-1-pyrroline-N-oxide. No
signal for radicals in excess of background were detected
in any of these runs which included the conditions such
as those used in kinetic runs, employing 0.02 M phos-
phate buffer, pH 7.0. Additional experiments were carried
out with the same conditions plus 100 uM FeSO,. The
limits of detection on the instrument employed is 10 nM
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based on the stable 2,2,6,6-tetramethyl-1-piperidinyloxy
nitroxyl radical, TEMPO. Thus, the upper limit yield of
radicals long-lived enough to be directly or indirectly, by
spin trap capture, detected is 0.02%, based on a reaction
concentration of starting material of 50 uM.

Discussion

Two Reaction Paths. The changes in UV/vis spectra
in the reaction of GSH with 5 and 6 are consistent with
the series of transformations summarized in Scheme 1.
In both reactions, formation of the long wavelength
absorption at ~450 nm is consistent with C=S double
bond character in certain intermediates and the product
in Scheme 1;2 more subtle changes are indicative of
displacements that give rise to little or no additional C=
S character. In the case of 5, C=S double bond character
appears in the initial transformation (Figure 1A), whereas
the distinct absorption at 450 nm in the case of 6 only
appears in the second phase of the transformation
(Figure 1B). The difference is rationalized in Scheme 1.
In the case of 5, glutathione (anion, vide infra) attack
occurs at the methane thiol sulfur with the pyrrolopyr-
azine anion as the leaving group, whereas, in the case of
6, glutathione attack occurs at the pyrrolopyrazine sul-
furs with methyl sulfonate anion as the leaving group.
Only in the subsequent (second) reaction in the case of
6, is the C=S character manifest in the product of
glutathione displacement (Figure 1B). The second reac-
tion of 5 (Figure 1A) and the third reaction of 6 (Figure
1B), occur with relatively subtle spectral changes, which
are themselves pH dependent, consistent with the re-
placement of an S—S bond with an ionizable S—H bond,
pK, = 4.32 (eq 6).

Mass spectrometric observations are also consistent
with the divergence, between 5 and 6, summarized in

(22) Grimshaw, C. E.; Whistler, R. L.; Cleland, W. W. J. Am. Chem.
Soc. 1979, 101, 1521—-1532.
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Scheme 1. The observation of the ion m/z = 241, as the
product of the first reaction of 5 (Figure 4A), indicates
that 5, in contrast with 6, is not first transformed to
glutathionyl adduct(s) of the pyrrolopyrazine nucleus, a
possibility that might not be distinguishable by optical
methods. In the case of 6, the signals at m/z = 805.3 and
m/z = 402.3 after the initial reaction (Figure 4B) are as
expected for the monoanion and dianion of the diglu-
tathionyl adduct of the pyrrolopyrazine ring. The signals
at 500 and 195 are fragment ions as indicated by their
predominance, at the expense of m/z = 805.3 and 402.3,
as the instrument cone voltage is increased (data not
shown). That the second reaction involves attack at one
of the glutathionyl sulfurs is indicated by the signal
m/z = 500 (Figure 2C). This is not a fragment of a
diglutathionyl adduct as indicated by the fact that, first,
it is the largest prominent mass observed (compare to
Figure 4B) and, second, there is no indication of the
dianionic diglutathonyl adduct of m/z = 402.3 in this
spectrum (contrast Figure 4B with Figure 4C).

While the reaction path for the disulfide (5), with
glutathione attack at the methanethiol sulfur, was
predictable on the basis of the literature of these
reactions,?~26 the reaction path for the methanesulfonic
acid thio ester (6), with initial attack at the pyrrolopyr-
azine sulfur atoms, was not. Generally for disulfide
interchange reactions, the dependence of the logarithms
of rate constants upon thiolate conjugate acid pK,,
characterized by the quantities B4 (for the leaving group)
and fc (for the central thiol), are more negative for 4
than pc. This indicates a larger amount of negative
charge buildup on the leaving group sulfur than on the
central sulfur. Thus the “best leaving group” dictates the
course of the reaction. In the case of the sulfonic acid thio
ester, there is considerably less known on the competition
between the two reaction centers. While methane sulfonic
acid methanethiol ester (MMTS) is a well-known cysteine
thiomethylating agent (attack at the thiol sulfur atom),2’—2°
the pyrrolopyrazine anion is a much less basic anion than
the methanethiolate anion which presented the possibil-
ity, ultimately not observed, of a different reaction course.

The different pathways for conversion of 5 and 6 to 4
could have different manifestations for the biological
activity of 5 and 6. Glutathione conjugates are actively
exported by some cell types. To the extent that the
ultimate product 4 is biologically active as a phase 2
enzyme inducer, the potency of 6, relative to 5, could be
diminished by gutathionyl conjugate export pathways.

Kinetics. (a) ks, K1, and kg, (Scheme 1). The pH
rate profiles (Figure 3A, for ks;, and Figure 3B for kg
and Kkgy) for these reactions indicate that two terms
contribute over the range of pH studied. The “high-pH”

(23) Wilson, J. M.; Bayer, R. J.; Hupe, D. J. 3. Am. Chem. Soc. 1977,
99, 7922—-7926.

(24) Freter, R.; Pohl, E. R.; Wilson, J. M.; Hupe, D. J. J. Org. Chem.
1979, 44, 1771-1774.

(25) Whitesides, G. M.; Lilburn, J. E.; Szajewski, R. P. J. Org. Chem.
1977, 42, 332—338.

(26) Szajewski, R. P.; Whitesides, G. M. J. Am. Chem. Soc. 1980,
102, 2011-2026.

(27) Smith, D. J.; Maggio, E. T.; Kenyon, G. L. Biochemistry 1975,
14, 766—771.

(28) Roberts, D. D.; Lewis, S. D.; Ballou, D. P.; Olson, S. T.; Shafer,
J. A. Biochemistry 1986, 25, 5595—5601.

(29) Klaassen, C. D. Casarett and Doul’s Toxicology, the Basic
Science of Poisons, 5th ed.; McGraw-Hill: New York, 1996.
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TABLE 2. Rate and Dissociation Constants Derived for
the Reactions of GSH with 5 (ks1) and 6 (ks1 and kgz) as
Indicated in Scheme 1 at 37 °C2

constant value

Ks1° 211 x 104 M1s?
ks H* 6.65 x 106 M~1s1
— log KspP 3.43

k61° 6.3 x 107 M1s1
ks;]_HJr 6.2 x 108 M~1s71
— log KsnP 2.36

k62° 3.8 x 104 M1s71
I(GZHJr 1.7 x10°M1s1
— |0g KSHd 3.21

a Constants defined as in eq 7 for ks; (Scheme 1) or with
analogous definitions for superscripts for ke1 and ke» (see
Discussion—Kinetics). ? pKj, for the conjugate acid of 5 (see Scheme
1). ¢ pK, for the conjugate acid of 6 (see Scheme 1). 9 pK, for the
conjugate acid of Bg (see Scheme 1).

extremes of the pH rate profiles for these reactions
exhibit slopes approaching 1, consistent with the reactive
species being the glutathione anion with neutral pyrrolo-
pyrazine derivatives. With decreasing pH, each of the
profiles exhibits an upward break, most distinctly in the
case of ks; and kg, followed by a downward break. This
is consistent with reaction of the glutathione anion with
the more electrophilic protonated pyrrolopyrazine ring.23-26
Protonation of 5 and 6 in this region is expected on the
basis of the measured pK, values of 3.5 and 2.5, respec-
tively (egs 4 and 5, respectively) The kinetically ambigu-
ous possibility that the upward break is due to the onset
of the reaction of neutral thiol with neutral substrates
is untenable due to the subsequent downward break at
lower pH—the more reactive (see below) protonated
substrate would be more reactive with the neutral thiol,
resulting in a subsequent upward break.

An example of the required two term rate law is given
for ks; in eq 7. The rate expression is derived in terms of
total substrate and total thiol concentration, where Kgsy
and Kgy are the ionization constants for the thiol group
on GSH and the dissociation

(o) k H*
K. — 51 i 51
51
SO L 0 P | PR 1 PR ¥
+
Kesh Ksh Kesh [H]
(7)

constant for the conjugate acid of the substrate, respec-
tively; and ks;° and ks;"" are constants for the reactions
of the anion of GSH with the neutral and protonated
substrates, respectively. Expressions for the reactions ke;
and kg, are strictly analogous containing the relevant
dissociation constants and the pairs of kinetic constants;
ke and kg;,"* for reaction kg, and kg and kg™t for
reaction Kkg,, where the superscript “0” is for the reaction
of the neutral substrate while the superscript “H*” is for
reaction of the protonated substrate. Best fits to the data
for these reactions in Figures 1 and 2, indicated by the
solid lines, were obtained using the measured pK, of GSH
and allowing the two rate constants and the dissociation
constant of the substrates to vary. These constants are
summarized in Table 2. In the case of 5 and 6, the values
of the pKsy are in reasonable agreement with the
measured values, egs 4 and 5.
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The kinetic form of eq 7 bears similarity to what has
been observed previously in the displacements at dipyr-
idyl disulfides that undergo changes in ionization state
(eq 8) in the pH region studied.?? The neutral form, eq 8,

+ + +
V=" O =10 O
X = _
S-S +H N S-S +H = S-S 7
®

is a factor of 2—3 more reactive than the neutral
disulfides here (ks:°, ke2°). Rate constants of the neutral
disulfides studied here are also not dissimilar to those
reported for the well-studied bis-dithionitrobenzoic acid
for which the second-order rate constants for reactions
with various alkanethiolates of pK, = 7—9 are in the
range of 104°10° M~ s71.2225 The monoprotonated form
of the dipyridyl disulfide (eq 8) is most similar in
reactivity to the protonated disulfides studied here, being
a factor of 3 less reactive than the diglutathionyl adduct
(Be, Scheme 1, kg7 in Table 2).

The assignment of the rate constant ks; (Scheme 1) as
that for displacement of both methanesulfonate groups
is based on the assumption that substitution at one of
the pyrrolopyrazine sulfurs by glutathione does not
measurably alter the reactivity at the other sulfur.
Support for this assumption is found in the comparison
of the values of ke;° and kg7 which shows that protona-
tion of the pyrrolopyrazine ring causes only a 10-fold
increase in reactivity; it is thus reasonable that the much
smaller change in electron density due to substitution of
the methane sulfonate group by glutathione would likely
have a negligible effect on reactivity at the other sulfur.
The slowest first-order process observed in this reaction,
at the lowest glutathione concentration and the lowest
pH had a half-time of ~6 s, with the initial time point
being 0.02 s. The spectrum at the initial time point was
virtually indistinguishable from starting material. Thus
there is no spectroscopically distinguishable change that
precedes the initial first-order process.

In the strictest sense though it is not possible to rule
out that there are two kinetically different process, but
that the first is spectroscopically undetectable.

The reactivity of the methylsulfonate thioester is
modestly larger than what has been reported for MMTS.?8
The rate constant kg;° for reaction with glutathione anion
with 6 is 40-fold larger than that for the reaction of
mercaptoethylamine anion with MMTS. The nucleophiles
in these reactions are of comparable basicity, pK,(GSH)
= 8.85 and pK,(mercaptoethylamine) = 8.46. The value
of Bnuc = 0.36 has been measured for MMTS, so that the
difference in basicity, which predicts a 32% larger rate
constant for glutathione if all else were equal, cannot
explain the much larger observed difference. The rate
constant ke;"" is larger still by another factor of 10. The
larger magnitudes of ke:® and ke in comparison with
what is observed for a roughly comparable thiolate with
MMTS are both consistent with the previous observations
that decreasing electron density in the central thiol
enhances reactivity in contrast to simple Sy2 reactions
at carbon centers.?3-26

(b) ksx and kg (Scheme 1). These reactions also
involve two Kinetic terms in the pH range studied. The
spectra of intermediates Bs and Cg (Scheme 1) exhibit



Alternative Precursors to Oltipraz

no changes as a function of pH in the pH range studied.
The near unit slopes in the higher pH region indicate
the requirement for the glutathione anion. At the lowest
values of pH, pH ~ 1, the values of the rate constants
ks, and kg3 are larger than predicted by a line of unit slope
based on the data at pH > 4 by factors of about 10 and
30, respectively. These deviations are larger than can be
attributed to experimental error in the determination of
the rate constants and are ascribed to the onset of a “pH
independent” reaction. It is unclear whether this repre-
sents a reaction of thiol anion with a protonated form of
the intermediates or simply a reaction of the thiol with
the neutral intermediates. For simplicity and as the
ionization constants for the intermediates are unknown,
the rate expression is written in eq 9 in the case of ks,
derived in terms of total thiol concentration and in terms
of the latter possibility, where ks,° and ks,S™ are con-
stants for the pH dependent and pH independent reac-
tions, respectively.

k S k SH
ke, = 52 —+ 52 )
1 [H7] Keash
+oo— 14+ ==
Kesh [HT]

A strictly analogous expression applies in the case Kgs,
with the same superscripts representing the analogous
kinetic processes. Best fits to these rate expressions
appear as the solid lines in Figures 1 and 2 using the
constants ks,® = 1.2 x 10* Mt s71, ks,SH = 0.0143 M1
s71, kes® =1.61 x 10 M1 s71, and kg5 = 0.024 M~1s71,

EPR: No Evidence Requiring Radicals. Experi-
ments, using the nitrone spin trap DMPO, were carried
out to detect and trap either radical reactive intermedi-
ates or products formed in the decay of 6 and failed to
detect signals ascribable to such radicals. On the basis
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of the instrument sensitivity using the stable free radical
TEMPO, an upper limit of 0.02% of the reaction flux was
trapped in this way. The maximum percent of reaction
that could have occurred through trappable radicals
depends on the efficiency of the trap. Under conditions
similar to those used in these experiments, the agent
DMPO traps the highly reactive hydroxyl radical with
an efficiency of between 10 and 20% and with a rate
constant that is nearly diffusion controlled.®® It is ex-
pected that thiyl radicals are likely less reactive and more
efficiently trapped than hydroxyl radical,3' but the most
conservative conclusion, based on the above minimum
trapping efficiency of 10%, is that less than 0.2% of the
reaction occurs through radicals that are as reactive or
less reactive than the hydroxyl radical.

More extensive experiments are currently under way
to determine conditions whereby the observed products
of the reaction might give rise to oxygen-derived or other
free radicals and will be reported upon in due course.

Summary. Compounds 5 and 6 react with GSH to give
4 in nearly quantitative yields by the pathways indicated
in Scheme 1. These reactions occur at GSH concentra-
tions in the millimolar range, which is comparable to
GSH concentrations in a number of cell types including
importantly liver, a detoxifying organ rich in inducible
phase 2 enzymes. Though it cannot yet be excluded that
some obfuscatory enzymatic processes may intervene,
this study establishes that it should now be possible to
test directly if 4 is indeed a phase 2 enzyme inducer by
employing the prodrugs 5 and 6.
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