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Reaction of the tamoxifen cation and the bis-(4-
methoxyphenyl)methyl cation in aqueous solutions
containing 2'-deoxyguanosine

Robert A. McClelland, Cristina Sanchez, Effiette Sauer, and Sinisa Vukovic

Abstract: The competition between'-2leoxyguanosinedG) and water has been quantitatively evaluated for the allylic
carbocation derived from tamoxifen and for the stabilized diarylmethyl cation (bis-(4-methoxyphenyl)methyl). Both sys
tems were examined by the competition kinetics method, in which the products were quantitatively analyzed after the
Syl solvolysis of the corresponding acetate esters in aqueous solutions containing the nucleoside. The principal product
of the reaction of both cations withG is the adduct at the Nfgroup, a characteristic of delocalized carbocations.

The tamoxifen cation was also examined by laser flash photolysis, with absolute rate constants for the reaction with
dG and water being obtained and converted into rate constant ratios. The principal result of this study is that there is a
three orders of magnitude difference in the reactivity of these cations towards the neutral fdnaofd its conjugate

base. Under acidic conditions where the reaction occurs with ned@athe guanine—water selectivity is low. Even at
relatively high concentrations afG, the majority of the product is alcohol derived from the water reaction. At pH 10

to 11, in contrastdG is present as the anion and this is highly competitive. Yields of adduct as high as 90% can be
attained. A consequence of the large difference in reactivities is that at neutral pH the majority of the reaction of the
cation withdG is actually occurring via the small amount of conjugate base present. A further feature of the results is
that the NH adduct is the predominant stable product from the anion. To explain the high rate constant for the reac-
tion forming this product, a mechanism is proposed whereby one of the protons of thgrhilp is transferred to N1

as the N2—cation bond is forming.

Key words guanine, DNA adduct, carbocation, tamoxifen.

Résumé: On a évalué de facon quantitative la compétition entre'{déBoxyguanosinedG) et I'eau pour le carboca-

tion allylique dérivé du tamoxiféene et pour le cation diarylméthyle stabilisé, bis-(4-méthoxyphényl)méthyle. On a exa-
miné les deux systemes par la méthode des cinétiques en compétition dans laquelle les produits sont analysés de facon
quantitative aprés une solvolysgISdes esters acétiques correspondants en solutions aqueuses contenant le nucléoside.
Le produit principal de chacune des réactions des deux cations avks é&st un adduit au niveau du groupe hNHine
caractéristique des carbocations délocalisés. On a aussi étudié le cation du tamoxiféne par photolyses éclairs au laser a
partir desquelles on a obtenu des constantes absolues de vitesse pour la réactiord®vet lleau, celles-ci étant
transformées en rapports de constantes de vitesses. Le principal résultat de cette étudeyeattonis ordres de

grandeur de différence dans la réactivité de ces cations vis-a-vis de la forme neutrd@etale sa forme conjuguée.

Dans les conditions acides ou la réaction se produit avelSlaneutre, la sélectivité guanine—eau est faible. Méme a

des concentrations élevées d@, la plus grande partie du produit est I'alcool qui provient de la réaction avec I'eau.

Par ailleurs, a des pH de 10 a 11,d& est présente sous la forme d’anion qui est fortement compétitif. On peut alors
obtenir des rendements d’adduit pouvant atteindre 90%. Une conséquence de la grande différence dans les réactivités
est que, au pH neutre, la plus grande partie de la réaction du cation ad€cda produit par le biais de la faible

quantité de la base conjuguée qui est présente. Une caractéristique additionnelle des résultats est que I'adduit avec le
NH, est le produit stable prédominant a partir de I'anion. Pour expliquer la constante de vitesse élevée pour la réaction
conduisant a la formation de ce produit, on propose un mécanisme dans lequel un des protons du gsoegte NH

transféré vers N1 alors que la liaison N2—cation se forme.

Mots clés: guanine, adduit avec '’ADN, carbocation, tamoxiféne.
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Introduction Scheme 1. Ar = CgH;-4-OCH,CH,N(CHsy),.

A common property of chemical carcinogens is the forma ?X

tion of DNA adducts (1). These adducts arise from chemical Ph, CHCHs Ph,  CHCH,
reactions in which DNA reacts with an electrophile, often an >—< >—<

electrophile resulting from metabolism of the parent eom Ar Ph AT Ph

pound. Tamoxiferl (Scheme 1), an antiestrogen used in the 1 2g X=H
treatment and control of breast cancer, is a hepatocarcinogen 2b; X = SO;

in the rat (2—4) and causes a small number of endometrial 2¢ X = COCH,
cancers in women (5—7). DNA adducts have been observed

in both the animal models (8, 9) and in women treated with

the drug (10-14). These are explained by the pathway of

Scheme 1 (15-22), whereby an allylic carbocat®forms '\DNA +

in an S,1 ionization of a sulfate estetb. The latter is de Ph,, CHCH; Ph.  CHCHg
rived from metabolic-hydroxylation of the parent drug to f’:< - >—<
o-hydroxytamoxifen2a followed by sulfate transfer. The Al . Ph Al s Ph

principle DNA adductst are isomers (see below) where the
thea-carbon of the tamoxifen is attached to the Ngtoup
of guanine residues (20-22). This position of attachment tq ) . ) )
guanine is characteristic of delocalized carbocations (1). Amaxat 460 nm was identified as the tamoxifen cation on the
We have described experiments where the ca8ptthe basis o_f several criteria employeq to assign carbocat!en in
“tamoxifen carbocation,” was observed with laser flashtermediates (24). A key observation was the quenching by
photolysis (LFP) (23). The LFP approach has now been em@zide ion, in part_|cular, the |d_ent|ty of the a2|ql_e:wat¢_ar rate
ployed to study a number of carbocations (24). These aréonstant ratio Wlth one obtained by competition kinetics
ground-state cations, identical to ones formed iRlS (proQuct analysis) for.the ground—;tate solvgly3|s of the sul-
solvolyses. The significant advantage of the LFP method i€ate in agueous solutions containing azide ion.
that it is capable of providing direct information on reactiv-  The sulfate ester has a high reactivity towards solvolysis
ity, both towards the solvent (i.e., water) and to addedn the ground state. This limits LFP experiments to solutions
nucleophiles. A nucleophile of interest because of the relawith considerable organic component (i.e., 40% acetonitrile)
tion to carcinogenicity discussed above is guanine or a guavhere the lower ionizing power slows the1 reaction.
nine derivative such as '-Beoxyguanosine dG). Our  Since acetate esters have been successfully employed as pre-
previous study (23) showed that the tamoxifen cation iscursors of carbocations in LFP experiments (24), we investi-
quenched bylG in an aqueous solution. However, the selec-gated the appropriate tamoxifen derivatiZe. This also
tivity over the reaction with solvent is poor, so that even atproduces the tamoxifen cation upon irradiation in agueous
the highest concentrations df3, the majority of the cation solutions. This was established by comparing LFP results
reacts with solvent. This behavior is typical of carbocationswith the acetate and the sulfate in 40% acetonitrile. The two
in water (25), but it contrasts dramatically with arylnitren gave the same transient with the same decay kinetics.
ium ions, the DNA-binding electrophiles derived from carci  The acetate is much more stable towards ground-state
nogenic amines. Both LFP studies (25, 26) and producsolvolysis, with a half-life in 100% water of 2 h. We there
analyses (27, 28) show that guanine derivatives are excellefiore started by carrying out a detailed kinetic study of the
nucleophiles for arylnitrenium ions, even in water. decay of the tamoxifen cation in 100% aqueous solutions.
We have now performed a detailed study of the reaction ofSince the buffers accelerated the decay, experiments were
the tamoxifen cation witldG, employing LFP to measure ab performed with serial buffer dilutions at constant buffer ratio
solute rate constants and product analyses (competition- kingfand constant pH), and the rate constant obtained as the in
ics) for relative rate constants. Competition kinetic experimentgercept of the plot ok vs. buffer concentration. These rate
have also been carried out with a diarylmethyl cation, the biseonstants, along with ones obtained in solutions of
(4-methoxyphenyl)methyl cation, which has a similar lifetime perchloric acid and sodium hydroxide, are plotted asKgg
in water to the tamoxifen cation (29). These studies show thats. pH in Fig. 1. Also plotted in this figure are rate constants
there is very pronounced effect of pH on tt& reaction. The obtained in a similar manner for the other cation of this
neutral form ofdG is quite unreactive as previously found study, the bis-(4-methoxyphenyl)methyl cation.
(25). Its conjugate base, however, is far more reactive, so much The profile for the latter cation is straightforward. There is
so that at pH 7 the principal species that is reacting with thea pH-independent region from acidic pH to a pH of about 11
cations is the anion. The difference between the two forms ofhat corresponds to the reaction of the cation with solvent wa
guanine has been recognized (30), but we are not aware oftar molecules. The rate constant is 1.0 ® §0. (Table 1 pre
detailed kinetic study demonstrating the magnitude of the efvides a summary of all rate and equilibrium constants

fect, especially for short-lived carbocations. measured in this work, along with their errors provided as one
standard deviation.) At pH 11, there is a break to a reaction

Results and kinetic analysis that is first order in hydroxide ion. This obviously represents
the cation—hydroxide combination; the second-order rate con

Rate pH-profiles in 100% aqueous solutions stant is 3.8 x 1®M~! s1. One noteworthy feature is the rela

In our original paper, the sulfate est&y was employed as tively little difference (a factor of 13) betweeky, and ko,
the precursor in the LFP experiments (23). A transient withtypical of short-lived cations in aqueous solutions (31-33).
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Fig. 1. pH dependence of the logarithm of the rate constants for the allylic cation. Parametea (2.5 x 1¢ s79), is equal to
the decay of the tamoxifen cation (squares) and the bis-(4-meth k\f,’f, the rate constant for water addition to the dication. In
oxyphenyl)methyl cation (circles) in agueous solutions. Tempera terms of the pH profile, this reaction dominates from acidic
ture is 20°C andk, has units of s. The data for the tamoxifen ~ pH to a pH just before 9; the downward break between pH 7
cation have been obtained at a constant ionic strength of 0.10 Mand 8 is a reflection of the changing acid—base equilibrium.
maintained with NaCIQ The data for the bis-(4-methoxy Parameterc (k3K K(T) = 2.2 x 10%%) explains the in
phenyl)methyl cation were obtained in solutions with ionic crease in base. This must be due to a reaction of the mono
strength less than 0.01 M. The cations were generated by LFP afation T* with hydroxide ion. WithK(T) known, the rate
acetate precursors with irradiation at 248 nm and detection at constankg,; can be calculated; the value is 1.6 201 s,
460 nm (tamoxifen cation) and 500 nm (bis-(4-methoxyphenyl)-  Parameteb (8.4 x 10®) accounts for the pH-independent
methyl cation). Rate constants in the region pH 3-11 were ob  region between pH 9 and pH 11. There are two kinetically
tained in buffer solutions, and are based upon extrapolation to  equivalent processes that could be responsible, the reaction
zero buffer concentration. The points are experimental. The line of hydroxide ion with the dicatiom?* and the reaction of
for the tamoxifen cation has been drawn on the basis of eq. [2] water with the monocatiofi ™. The former can be ruled out,
and the parameters given in the text. since it requires a value d&@}, of 8.4 x 10 M~* &', several

1 orders of magnitude greater than expected. As noted above,
hydroxide would not react with a cation of the aqueous life

52 - time of T2?* at anywhere near this rate. Our conclusion,
therefore, is that the pH-independent region in weakly basic

1 solution represents water reacting with the monocafién

The rate constant for this proces) is 6.3 x 1§ s, four-

48 - fold smaller than the rate constakf* for the reaction of

water with T2*. This greater reactivity of the dication is not
surprising. There is undoubtedly a significant stabilization in
both cations by therinteraction with the oxygen of the
dimethylaminoethoxy group. This interaction will be stronger
when that group is neutral as opposed to where the amine is
protonated. In other words, the (@ENCH,CH,O- group must
be a bettemt donor than the (Ck),HN*CH,CH,O- group.
Analysis of the rate constants associated with the buffer
revealed that the rate accelerations were due to the basic
component of the buffer, the terms in (B) that appear in
Scheme 2. As with water and hydroxide, reaction in princi-
ple could occur with botir?* and T*, although of the four

4.0 -

3.6 T T T T T buffers employed, only tris resulted in rate constants for both
1 3 5 7 9 11 13 the dication and cation that were statistically significant-(Ta
pH ble 1). The actual reaction occurring with the buffer is not

known. The most likely scenario is a cation—nucleophile
combination. However, a reaction where the buffer base acts
s a general base to assist the addition of water to the cation
also possible. Arguments have been made that the water
reaction itself is generally base-catalyzed, with a second wa
ter molecule acting as the base (29).

The profile for the tamoxifen cation can be explained by
recognizing that there is a side-chain amine. This means th
there are two carbocations, a dicatibfi where the amine is
protonated and a monocatidri where the amine is neutral
(Scheme 2). Both, in principle, can react with water and hy
droxide, giving rise to eq. [1], wheH§,, is the autoprotolysis

constant of water. Decay of the.tamoxifen cation in the presence of'2
. deoxyguanosine
K2 [H*] + k3 K, + K K(T) + Kon KuKe(T) These experiments were carried out in 20% acetonitrile
[1] k, = [H'] for solubility reasons. LFP experiments witle as the trap
[H*] + K (T) ping nucleophile require irradiation, at 308 nm, with our

equipment where thelG does not absorb. Whil2c does

This takes the form of a four-parameter equation (eq. [2]have absorbance at this wavelength, it is weak. Thus, more
wherey =k, andx = [H"]. concentrated solutions of the precursor were required. These

ax+ b+ d x concentrations could not be achieved in 100% aqueous solu
(2] = tions, especially solutions of higher pH where the side-chain
amine of2c is not protonated. The use of 20% acetonitrile

The experimental data were fit to eq. [2] to provide thealso meant that the solubility afG was increased. Solutions

four parameters. Parametdr(1.34 x 109 is the acidity =~ with a dG concentration of 20 mM were possible, in eon
constant, corresponding to &pof 7.87. This means that trast to 100% aqueous where 8 mM is about the maximum
the ammonium group i 2* is one log unit more acidic than concentration.
in the parent drug. This reflects the electron withdrawing in  Figure 2 provides the results. The rate constants for the
fluence of the delocalized positive charge associated witlsolvent reaction were obtained as described in the previous

x+d
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Table 1. Summary of rate and equilibrium constants for the reactions of tamoxifen dicafigrtamoxifen monocatio*, and bis-(4-

methoxyphenyl)methyl cation (ACH").

Parameter

T2+

T Ar,CH*

ky (sH (water)
k, (s (20% AN)

koy (M7t s (water)
pKL(T) (water)

pK4(T) (20% AN)

k, (M1 s (20% AN)
k, (M~ s (20% AN)
pK,(G) (20% AN)
PKA(G) (20% AN)

(2.5 + 0.1) x 18
(3.2 £0.1) x 168
d

7.87 = 0.05
7.26 + 0.08

(1.0 +0.2) x 18
(6.4 +0.8) x 10

9.27 + 0.11 (Kinetics)
9.37 £ 0.05 (Spect.)

kK, (20% AN) (LFP) (3.1  0.6)
kK, (20% AN) (Pdts.) (2.7 £ 0.3)
kyk, (20% AN) (LFP) (2.0 £ 0.3) x 19
k.k, (20% AN) (Pdts.) (7+1)x 19D

Kaco (ML s (water)
K250 (M S (water)
Kiris (M_l s l) (water)

ko, (Mt s (water)

(3.4 + 0.4) x 16
(5.5 + 0.5) x 16

(8 +1) x 10
d

(6.3 +£0.2) x 162 (1.01 + 0.05) x 16
(8.2 + 0.3) x 18 (1.3 x 16)¢

(1.6 + 0.2) x 18° (3.8 £ 0.8) x 16°

~(1.5-3) x 16¢
(1.2 +0.1) x 16
9.44 + 0.08 (Fig. 6)

4 (1.21 + 0.07)

(1.5 +0.1) x 16
(5.7 £ 0.6) x 16
d

d

(1.52 £ 0.13) x 18

(2 +£0.5) x 1¢
(21+0.4) %16

#onic strength = 0.1.
®lonic strength < 0.01.
‘From ref. 29.

dCannot be measured since not significant in competition with other processes.

*Estimated.

'Ratio calculated foDdGa.

Scheme 2.
Ph kW+2
+2) -
@ kOi—iZ [OH]
Ph kg “[BI
H
A
Me,N o+
+ T
Ka(T)H
Ph kW+
@ kon'TOH]
Ph kB+[B]
IO
Me,N T

sence ofdG. The observed rate constants were plotted
against the concentration of adde@. These plots were lin-
ear. Their slopes, defined &g, are plotted as the circles in
Fig. 2.

The solvent reaction was analyzed as in the previous sec-
tion. Values of the parameters so obtained wKLET) =
5.5 x 108 (pK(T) = 7.27),k2* = 3.2 x 10 s}, andk}, =
8.2 x 1¢ s%. The two rate constants are slightly larger than
the ones obtained in the study in 100% aqueous solutions.
This is a typical observation for carbocation—water reactions
as acetonitrile is added (29). There is also a difference in the
pK(T) value. This is likely also a solvent effect. Our previ
ous study in 40% acetonitrile resulted in an even lower value
of pKT) (6.6) (23).

An interesting feature of the reaction withG is that at
about the point where the curve for the solvent reaction
breaks downward, the profile for th5 reaction breaks up
ward. The reasons for this must be different. The downward
break in the solvent profile occurs because of the conversion
of T?* to T*. The upward break in thdG profile must rep
resent the onset of a new reaction, the reaction of the cation

section, with (where appropriate) serial buffer dilutions-pro with the conjugate base adG. This leads to the kinetic

viding the rate constants at zero buffer concentration. Thenodel of Scheme 3, which shows the nucleoside reactien oc

rate constants for the reaction witlc were obtained using curring in four ways. Both the neutral form oG (dG-H)

dilute buffers, with 5 to 6 concentrations ofG ranging
from [dG] ~ 0.02 M to [dG] = 0 ateach pH. The rate cen
stants increased in the presencel@f. This acceleration was
modest in the solutions with pH 4—6, with only about a 15%
increase from the solution with ndG to the solution with (3]
the highest concentration. As the pH increased, however, the

effect ofdG became much more pronounced, and by pH 9 it =

was possible to triple the rate constant over that in the ab

kic

and its conjugate basel@") are nucleophiles, and each, in
principle, reacts withT2* and T*.
The kinetic system of Scheme 3 gives rise to eq. [SKigr

(KT HT? +{kI"KEQ + KiKEI HT + KaK .G K )

([HT+ KLT)([HT +KLG)

© 2002 NRC Canada
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Fig. 2. pH dependence of the logarithm of the rate constants for Scheme 3.
the decay of the tamoxifen cation in solvent (squares) and the

2
quenching by 2deoxyguanosinedG) (circles). Temperature is kn?[dG'H]
20°C, and the solvent is 20:80 (v:v) acetonitrile—water with ionic 12+ __Ka"[dG]

strength maintained at 0.10 M with sodium perchlorate. Units of

k are s (solvent reaction) and M s (dG reaction). The cation

was generated by excitation 8t at 248 nm (solvent data) and Ka(T)lT k- [dG-H]
308 nm @G data). The points are experimental. The lines have kn+[dG']
been drawn on the basis of eq. [2] (solvent reaction) and eq. [4] T+ a
(dG reaction).

7.5 -
cesses, neutralG reacting withT* (the k! process) and an
ionic dG reacting withT2* (thek2* process). The latter must
be the major contributor. If the former is responsibbez
kiK4(T), which requiresk; to be 6.2 x 18M~1 s, This is a
6.5 - sixfold greater thark?*, the rate constant for the reaction of
neutraldG with the dication. This makes no sense since the
kic dication is the more reactive speci&@ased upon results for
other nucleophiless; will lie in the range 1.5-3 x 1ToM~1 s,
a factor of three to six times smaller thi&f*. We therefore
conclude that thek} process could contribute about 3% to
the term inb. However, 97% of this term must be due to the
process ink2*. Using this 97% factork?* is calculated as
6.4 x 10 M~ s7L It can be seen that this is consistent with
45 - the greater reactivity of the dication «Z* is fivefold larger
» k +
o thanky.

Figure 3 shows how the observed rate constants for the re-
action of the tamoxifen cation artlG are broken down into
the contributions from the four reactions. The curves in this
35 e — T figure were calculated using the rate constants provided in

2 4 6 8 10 12 the previous paragraph (W|th_a_n estimate Korof 2 x 1(_)4).
It can be seen that under acidic conditions the reaction that
occurs involvesT?* and the neutral form oG, while under
basic conditionsT™ reacts with the anion alG. The princi-

This equation contains two acid acidity constarkg(() ple contributor at pH 7 is the reaction f* with the conju-
and K4(G)) referring, respectively, to the ammonium group gate base.
of the tamoxifen cation and the N1-H protond®. The rate
constants are identified with superscripts “2+" and “+" 10 tymoxifen cation and deoxyguanosine — competition
differentiate reactions witii>* and T* and with subscripts kinetics
“n” and “a” to differentiate reactions with the neutral and

?mom(; formZ Of.tr?ef. nuc:jegosmke).l This equation takes thefo determine if the pH effect is also observed in the prod
orm of eq. [4], with five adjustable parameters. ucts. The principle adduct of the tamoxifen cation at@
_ax®+bx+c has been isolated and characterized previously as compound
[4] y= (x+ d)(x+ 8) TdG of Scheme 4 (22). This is formed as four
diastereomers, arising from the combinations of tRegnd
The experimental data were fit to this equation with the(S) forms at thea stereocenter ancEf and ¢) forms about
parameted = K(T) fixed at the value of 5.5 x 18 obtained the C=C. The latter arise because the cation undergoes rapid
from the analysis of the water reaction. The other four wergotation about this bond before capture by nucleophiles.
allowed to vary to values providing the best fit. HPLC analysis of this mixture then provided retention times
The parametee (5.3 x 109) is the acidity constant for for the four isomers under our HPLC conditions.
dG, and corresponds to &p value of 9.27. We also mea Experiments were then performed in which the acefate
sured this value spectroscopically under the same solvemtas added to solutions of 20% acetonitrile containirtg 2
conditions, and obtained a value of 9.37. Within the experi deoxyguanosine, and the ground-state solvolysis reaction al
mental error (Table 1), the value obtained from the kinetic fitlowed to proceed to completion overnight. The products
is identical. The parameter=k?* = 1.0 x 16 M~*stisthe  were analyzed by HPLC. With appropriate correction for rel
rate constant for the reaction of the neutral formrd& with  ative HPLC sensitivities, this provided the ratio of the sum
the dicationT?*. The parametec (3.4 x 1019 is equal to  of the concentrations of the four adduc®&i[3] to the sum
ki K{T)K{G) and represents the reaction of the conjugateof the concentrations of theE] and ¢) alcohols TOH].
base ofdG with T*. With values of the acidity constants This ratio was then converted to a competition-kinetic ratio
known, k} is calculated as 1.2 x IM~'s™L. The parameter according to eq. [5], whered[3] was the concentration of
b (3.4 x 10? represents two kinetically equivalent pro the nucleoside in the solution.

logk

The experiments described in this section were performed

© 2002 NRC Canada
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Fig. 3. Breakdown of the reaction of-Bleoxyguanosine and the  Scheme 4.

tamoxifen cation into components. ?COC"h .
P CHCH Ph CHCH,
= — =
7.0 A Ph AY Ph
2c=TOAc 3
de[dciV \k
6.0 o)
N
HN)ir N
x L
H
g \N)\\ NT N OH
5.0 \ dRibose ‘
Ph, CHCH;, Ph,  CHCH
AC  ph A Spp
4.0 TdG TOH
This means that there are four reactions occurring in
3.0 parallel, one forming alcohol and three forming differei@

’ adducts (Scheme 5). These adducts are designated@s,
DdG2, and DAG3 in order of increasing HPLC retention
times.

Figure 5 shows how the areas of the peaks for the four
[5] Kya/Ko = (L/[dG])([TAG]/[TOH]) products vary with pH for experiments performed with con-

o stant concentrations alG and acetate ester. Under acidic

The results are plotted in Fig. 4, and show the same trengonditions (pH 3-5) the areas are constant. The alcohol is
as observed in the absolute rate constants, with a Signiﬁcalﬂﬁe major product, with on|y small peaks for the three ad-
increase in the selectivity ratio at higher pH. In terms of thegucts (note the scale in Fig. 5 is logarithmic). As the pH in-
analysis of the previous sections, this ratio is given bycreases, the alcohol peak decreases significantly, the peaks
eq. [6] (see below), obtained by dividing eq. [3] by eq. [1].  for DdG1 and DdG2 grow, and the peak fobdG3 disap-

The line drawn through the experimental points in Fig. 4pears. Under basic conditions there is another constant re-
is based on a fit to this equation. Because of the number afjon, with the major peak corresponding BuG1.
parameters involved, the fitting was performed by fixing the * A sample 0fDdG1 was isolated from a scaled-up reaction
values ofK(T), K4(G), and k;:ks* at the values obtained gt high pH. The NMR spectra in DMS@ clearly estab
previously, 5.5 x 10, 5 x 107 and 0.256, respectively. |ished that this is the N2-adduct. Features of the NMR dead
This left the three rate constant ratios as variables; values ajBg to this assignment were the down-field proton
prOVided .in Ta.ble 1. AISO giVen in th|S table are VaerS Of the(104 ppm) integrating as 1H Characteristic of N1H Of .gua
same ratios calculated from the absolute rate constants megine derivatives, the proton at C8 in its characteristic posi
sured with LFP. The values d¢6":k§" obtained by the two  tion near 7.8 ppm, and a proton at 7.4 ppm integrating only
methods are not outside of experimental error. The twe valas 1H for N2H. The attachment N2H was most clearly seen
ues ofkyk, are, however, statistically different, with the py the coupling of this proton and the methine proton of the
LFP ratio greater than the product ratio in both cases. A POSdiarylmethyl group (6.0 ppm). This coupling was verified by

sible explanation is provided in thiscussion a 2D COSY experiment.

) ) _ With a sample oDdG1 available, the HPLC area ratio for
Bis-(4-methoxyphenyl)methyl cation and deoxyguanosine —  thjs peak relative to the alcohol was converted to a concen
Competition kinetics tration ratio, and then, with eq. [7], into a ratio of rate eon

These experiments were performed following the samegiants.
procedure described in the previous section, with the cation
(designated a®*) being obtained by solvolysis of the ace [7] Kgc1/k, = (1/[dG])([DAG1)/[DOH])
tate ester in solutions of 20% acetonitrile containithG.
The HPLC traces showed the peak for the alcohol product The pH dependence of this ratio is shown in Fig. 6. As
DOH and three peaks associated with a reaction with  with the tamoxifen cation the selectivity is modest in acidic
Since this cation does not generate a new stereocenter (eolutions, but becomes much more significant at higher pH.
C=C isomers), each of these peaks must represent a productFigure 6 can be explained by a kinetic model where the
derived from a different position of attachment to tté&. cation reacts with water in a pH-independent manner to form

6] ok, = (ETTREMHIZ +T KE) KO + KKK/ K(G) K(T)
(H7] +(KJ K2 KAT)(H'T + K(G))
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Fig. 4. pH dependence of the logarithm of the ratio of rate-con
stantskyg:k,, for the competition for the tamoxifen cation-be

tween 2-deoxyguanosine and water. Temperature is 20°C, and
the solvent is 20:80 (v:v) acetonitrile—water with ionic strength
maintained at 0.10 M with sodium perchlorate. The circles are
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Fig. 5. pH dependence of the logarithm of the HPLC areas for
the four products observed in the reaction of the bis-(4-methoxy
phenyl)methyl cation in 20% acetonitrile in the presence 'ef 2
deoxyguanosine. The cation was obtained from the solvolysis of
bis-(4-methoxyphenyl)methyl acetate. The experiments were per

the experimental data obtained by analysis of the products of thdormed with a constant concentration @& (0.0096 M) and a

ground-state solvolysis of the aceté@&e The solid line was ob
tained by fitting the data to eq. [6] as described in the text. The
dashed line is the ratio of the absolute rate constants measured
by LFP; this line was calculated as the difference between the
two lines drawn in Fig. 2.
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the alcohol, while adduddbgD1 is formed from both neutral
dG and its anionic conjugate base. This leads to eq. [8],

_ (/K)[H] + (k) K(Q
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constant concentration of the acetate (100).
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where K(G) is the acidity constant oflG, k,, is the rate
constant for the reaction with water, ak} and k} are the
rate constants for reactions forming addDgfD1. As above,
the subscripts “n” and “a” represent reactions of the neutral
and conjugate base forms dfs. The superscript “1” indi
cates that these are reactions formiddG1l. Equation [8]
contains three variables, two rate constant ratios, and the
acidity constant. The experimental data were fit to this equa
tion with all three parameters as adjustable parameters. The
results are provided in Table 1. It can be seen that the value
of the acidity constant is within experimental error the same
as values obtained by a spectroscopic analysis and a kinetic
analysis of the tamoxifen system.

The other twadG adducts have not been identified. Under
acidic conditions where the neutral form d6 is reacting,
the area of the peak fabdG3 is 60% of that forDdG1.
However, both are minor components of the reaction-mix
ture. With the assumption that the HPLC sensitivity for
DdG3 is the same as that @dG1, the ratiok3:k, is only
0.7 M. This means that even at the highest concentrations
of dG attainable (~20 mM), the yield oDdG3 is only
around 1%. The peak for this adduct is not observed in the
basic solutions where the anion @& is reacting. Either this
adduct is not formed by the reaction with the anion, or its
yield is very small in comparison with the other products.

DdG2 follows the pattern of the major adduct with a sig
nificant increase relative to alcohol when ti& reacts as
the anion. The assumption of the same HPLC sensitivity re
sults in ratiosk?:k, = 0.1 M andk2:k, = 45 ML While
the latter shows relatively good selectivity over the alcohol,
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Fig. 6. pH dependence of the logarithm of the ratio of rate-con the order of 50 ns in water (34, 35) — tipemethoxybenzyl
stantskyg:k,, for the competition for the bis-(4-methoxyphenyl)-  cation, a benzylic system that has been studied with guanine
methyl cation between’'zleoxyguanosine and water. Tempera  in the past (36-38) — lifetime of 5 ns (39) — and the
ture is 20°C, and the solvent is 20:80 (v:v) acetonitrile:water.  diphenylmethyl cation — lifetime of 800 ps (40). The parent
The circles are the experimental data obtained by analysis of thebenzyl cation is too short-lived to exist in water (41).

products of the ground-state solvolysis of the bis-(4-methoxy The cations of this study clearly show significant differ
phenyl)methyl acetate. The line was obtained by fitting the data ences in reactivity towards the neutral form ofd2oxy
to eq. [8]. guanosine and its conjugate base. This difference is seen in

9 the guanine:water selectivities obtained by analyzing prod

ucts of solvolysis reactions. It is also seen in the absolute
rate constants measured with LFP. A greater reactivity of the
conjugate base form of a nucleophile is hardly surprising.

Previous studies of guanine—electrophile interactions have
commented on this in qualitative terms (30, 36—38). We are
not aware of a quantitative study, particularly one where rate
constants and rate constant ratios were obtained for interme
diate carbocations.

For the cations of this study, the difference between the
rate constants for the neutral form 66 and the conjugate
base is about three orders of magnitude. This results in very
different selectivities over the solvent reaction. Under acidic
conditions where it is the neutral form dfs that reacts, the
cations preferentially react with water even at the highest
concentrations ofdG. Arylnitrenium ions, the reactive
electrophiles derived from arylamine carcinogens, provide
an interesting contrast here. These cations react very effi-
ciently with dG, with a high selectivity over the water reac-
tion (25-28). This reaction involves the neutral formdis,
since the rate constant is unchanged over the pH range 3.5—
8.0 (25). (Studies of arylnitrenium ions with aniordG are
currently in progress). The following comparison shows how
dramatic the difference idWhen the tamoxifen cation (as
k2:k! is only 0.03. Thus the yield obdG2 is never greater the T2* form) reacts in acidic solutions con_taining 1 mM
than 3%. dG, only 0.3% of the products are derived from the

Finally, we note the evidence that the reaction has Ior0_nuc|eoside,99.7% being the alcohol obtained from capture

ceeded via SL solvolyses. This takes the form of experimentsPY Solvent. The percentage of adducts is even lower for the
where the first-order rate constant for the disappearance 6}'S'(4'mEthOXyphenyl)r_neth_yl cation under the same co_nd|
DOAc was measured by HPLC. In 20% acetonitrile with thetlons_. T_he 27fluorenyln|tren|um ion has_an agqueous Ilfet_lme
pH at 9.5, rate constants of 0.0018 and 0.0017 & were that is identical to that off2*. When this cat_lon reacts in
measured for solutions witli{3] = 0 and @G] = 0.0096, re 1 MM dG, 96% of the products are derived from the
spectively. The products in the latter are around 90% adnucleoside and only 4% from the solvent (24).

ducts. The observation that the rate constant is unchanged, Changing to basic conditions where € has been con
within experimental error, shows that the product-Vverted to its conjugate base results in much higher
determining step has occurred after the rate-determinin§e|eCt'V't'es towards the nL_JcIe05|de_. For example_z, the bis-(4-
step; i.e., the reaction isy$. A similar experiment was not Methoxyphenyl)methyl cation reacting at pH 11 in the pres
necessary with the tamoxifen system. The observation ofnce of 1 mMdG will form 60% dG adduct. This is obvi

C=C isomers in the products shows that there must havausly an attractive method for the preparation of adducts for
been a cationic intermediate. the purpose of structural characterization. The differenee be

tween the two forms oflG is such that by pH 7 to 7.5, the
majority of the reaction that does occur with the nucleoside
is the reaction with the small fraction of anion that is pres
An attractive approach to model DNA—electrophile inter ent. This is also reflected in an improved selectivity over the
actions is to investigate the reaction with a monomer such asolvent reaction. As one example, ti&:water selectivity
2 -deoxyguanosine. In this study electrophiles were twofor the bis-(4-methoxyphenyl)methyl cation at pH 7.3 has
delocalized carbocations, the allylic cation derived from theincreased to 13 from its acidic value of 1.2. This increase
carcinogen tamoxifen, and the bis-(4-methoxyphenyl)methybccurs since 91% of the reaction witlG at pH 7.3 is occur
cation. Lifetimes of these electrophiles in aqueous solutiorfing via the conjugate base.
are 10-200 ms. By carbocation standards, these are rela In the tamoxifen system, a comparison was made between
tively long-lived (24). Some relevant comparisons are theratios of rate constants for th#G and water reactions eb
benzylic cations derived from ring opening of the diol tained by product analysis and ratios calculated from the ab
epoxides of the carcinogen benajgyrene — lifetimes of solute rate constants measured with LFP. The two ratios for

Discussion
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the competition involving the neutral form oG and water J '}l N R/l}l N
were not outside of experimental error (although this error H H

was quite large). On the other hand, the ratios for the anion

of dG vs. water were statistically different, with a greater ra

tio being obtained by the LFP experiments. The difference is . ] .

almost a factor of three. There is a very large difference ircould well survive the time scale of the LFP experiment, but
the time scales of the two experiments. The LFP measurdt would not be around after several hours.

ments occurred on the microsecond time scale. The product Despite the fact that the negative charge in di@ anion
analyses, on the other hand, were carried out after 16-24 g at O6 (and N1), there is still a remarkably large rate con-
the time required for complete solvolysis of the acetate. Thistant for the reaction that forms the N2 adduct. This effect is
leads to an explanation whereby the reaction of the catiobest seen in the competition kinetic experiments with the
with dG anion proceeds reversibly to an unstable adduct irbis-(4-methoxyphenyl)methyl cation where a single carbo-
addition to its irreversible reaction forming the stable prod-cation was involved and the N2 adduct:water product ratio
uct, the N2 adducts (Scheme 6). The quenching byd@@e was measured and converted to a rate-constant ratio. The lat-
anion measured as the second-order rate constant in the LE@ changes from 1.%}:k,) for neutraldG to 1500 K% k)
experiment would then correspond to the sum of the ratdor the anion. The rate constaky is the same in the two ra-
constants for the formation of the unstable and stable prodios, with a value of 1.3 x 10s™ in this solvent (29). Thus,
ucts kY + k3). The rate constant in the competition experi the rate constarit for the formation of the N2 adduct with
ment would only refer to the lattek). Thus, the ratio for neutraldG is 1.6 x 16 M~ s™%, andk} for the anion is 2.2 x
the latter would be smaller. 10° M1 574, over three orders of magnitude greater.

This scenario requires that the unstable adduct be “stable” Observations of enhanced formation of N2 adducts in the
on the time scale of the LFP experiment, i.e., that it last agnion of guanine have been made previously (36-38), al
least half a millisecond. On the other hand, it must havehough it is not clear if free carbocations were involved in all
completely reacted before the products were analyzed. A&ases. The N2 adduct is also the principle product of the re
structure that would satisfy these requirements is the adduéction of DNA with the tamoxifen carbocation (20-22), as
at O6 shown in Scheme 6. Such an adduct is an obviouwell as a number of other electrophiles (1). In DNA one of
product of the reaction of a carbocation and the anion othe NH, protons is involved in hydrogen bonding to the
guanine, since it is at O6 that the majority of the negativecomplementary cytosine. This has led to the recent proposal
charge will reside. O6g-methoxybenzyl)guanosine, the-an (42) of a mechanism whereby the proton in the hydrogen
alog derived from thep-methoxybenzyl cation, has been bond transfers to the neighboring cytosine as the nitrogen—
shown to be unstable in aqueous solution (36). Its decempcelectrophile bond is forming (top reaction of Scheme 7). In
sition was pH independent at high pH, and the reaction wagther words, the neighboring cytosine acts as a base to assist
proposed to involve ionization to the@methoxybenzyl cat  the reaction of the Nkigroup by removing one of its pro
ion and the guanosine anion. The half-life for this ionizationtons as the reaction proceeds.
was about 0.5 h. Both the tamoxifen cation and the bis-(4- A similar mechanism would explain the high reactivity of
methoxyphenyl)methyl cation are more stable tipameth  the NH, group in the guanine anion. Here the base would be
oxybenzyl, and thus ionizations that result in these cationshe adjacent partially negatively charged nitrogen at N1. The
will be considerably faster. This can be seen in the observeproton at NH could be transferred directly to N1 through a
tion that the acetate esters derived from the two solvolyze dbur-center transition state or, perhaps, through the interven
a reasonable rate in water, whipemethoxybenzyl acetate is tion of surrounding water molecules, as shown in the bottom
very stable under these conditions. Thus, an O6 adduchechanism in Scheme 7. In any case the reaction would lead
formed with the tamoxifen cation (or the bis-(4-methexy directly to the product, and there with little or no build-up of
phenyl)methyl cation) is expected to be quite short-lived. Itpositive charge at N2.
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Experimental section of absorbance vs. time to the exponential equation. Rate
constants for the solvent reaction were obtained as the aver
o-Hydroxytamoxifen ando-acetoxytamoxifen &)-1-[4-[2-  age of five to eight kinetic runs. For the decay of the tam
(dimethylamino)ethoxy]phenyl]-1,2-diphenyl-1-buten-3-ol andoxifen cation in the presence of-@oxyguanosine, 12-16
its acetate ester) were available from a previous study (43) ddnetic runs were averaged. The pH of the solutions was es
were bis-(4-methoxyphenyl)methanol and bis-(4-methoxy tablished by the use of perchloric acid (pH < 3), sodium hy
phenyl)methyl acetate (44). droxide (pH > 11) with acetate, phosphate, tris, and
N2-Bis-(4-methoxyphenyl)methyl-2leoxyguanosine was carbonate buffers in between. When a buffer was employed,
isolated from a scaled-up reaction.-R2eoxyguanosine serial dilutions were performed to provide four to five solu
(286 mg, 1 mmol) was added to a mixture of 20 mL tions of the same pH (as verified by recording the pH with a
acetonitrile and 30 mL of water, and 0.9 mL (0.9 mmol) of pH meter). The observed rate constants were linear in the
sodium hydroxide was added. A solution of bis-(4-methoxy buffer concentration, and the valuelqf the rate constant in
phenyl)methyl acetate (200 mg, 0.7 mmol) in 5 mL of the absence of the buffer, was obtained as the intercept at
acetonitrile was then slowly added over 8 h, and the mixturezero buffer concentration. The experiments wit@ present
left to stand at room temperature, with periodic monitoringwere performed with dilute solutions of the buffers (total
by HPLC. When, after 3 days, this indicated that there wagoncentration less than 0.01 M) with four to five concentra
no ester remaining, the pH was adjusted to about 5 by th#ons of dG ranging up to 20 mM. The rate constarkg;
addition of a small amountfol M HCI, and the mixture Wwere obtained by linear regression of the plot of the ob
concentrated with a rotary evaporator until only water re served rate constants against the added concentrations of
mained. At this point, a precipitate had formed, which wasdG.
isolated by filtration. This solid was purified by column  The value of the acid dissociation constant 6d@oxy
chromatography on silica gel with 100% ethyl acetate as thguanosine was measured in 20% acetonitrile, ionic
eluting solvent. Fractions were analyzed by HPLC and thestrength = 0.1 M, 20°C by preparing a series of buffer solu
fractions containing the adduct were combined and the soltions to which had been accurately added the same constant
vent removed. The solid obtained was purified by dissolvingconcentration (10tM) of the nucleoside. Spectra were re-
it in a small amount of methanol and then induction of corded with a HewlettPackard diode array spectrometer, and
precipitaton by the addition of water. The solid showed onlytitration curves of absorbance vs. pH constructed at several
a single peak on HPLC corresponding to the adduct identiwavelengths. These were fit to the equatir (AdH'] +
fied asDdG1. This was characterized &2-bis-(4-methoxy-  Apas)/((HT1 + KJ), Asciq and Ay are the plateau
phenyl)methyl-2deoxyguanosine b{H NMR, with coupled  absorbances at low pH and high pH, respectively.
protons being identified by gCOSY experimentsl NMR HPLC experiments were performed with a Waters HPLC
(500 MHz, DMSO¢) &: 2.05-2.10 (m, 1H, HQ), 2.55-2.6  system comprising a Waters 600E system controller, a Wa-
(m, 1H, HZ)), 3.40-3.45 (m, 1H, HY, 3.55-3.60 (m, 1H, ters 486 tunable absorbance detector set at 238 nm, a Waters
H5y ), 3.70 (s, 6H, OCH), 3.80 (m, 1H, H), 4.30 (m, H3, 746 data module, and a Waters U6K injector. The column
4.83 (t, 1H, C50H), 5.22 (d, 1H, C30H), 6.02 (d, 1H, G- employed was a Waters Symmetry C18 column @b par-
H), 6.08 (t, 1H, H1), 6.94 (d, 4H, Ar-H), 7.21 (d, 4H, Ar- ticle size and dimensions 4.6 mm x 150 mm; the eluting sol
H), 7.36 (d, 1H, N2-H), 7.84 (s, 1H, H8), 10.35 (s, 1H, N1- vent was first passed through a guard column of the same
H). Mass spectra of this material, even with soft ionizationpacking material and 4.6 x 25 mm dimensions. Solvents
techniques, showed only a very small peak for the moleculawere sparged with helium.
ion (M/z = 492). Solutions of a-acetoxytamoxifen and bis-(4-methexy
LFP experiments involved ca. 20 ns pulses at 248 ophenyl)methyl acetate were prepared as described above, by
308 nm (60-120 mJ per pulse) from a Lumonics excimer laadding the concentrated stock solution in acetonitrile to-a so
ser. A pulsed xenon lamp provided the monitoring light: Af lution of 20% acetonitrile. The entire set of experiments
ter passing through a monochromator, the signal from thavith each acetate were performed with the same stock solu
photomultiplier tube was digitized and sent to a computertion to ensure that the final solutions were all of the same
for analysis. Stock solutions of the acetates- ( concentration, around 100M. The solutions were allowed
acetoxytamoxifen and bis-(4-methoxyphenyl)methyl acetatejo stand at room temperature for a period of 16—24 h, suffi
of concentration 20-50 mM were prepared in acetonitrile cient time that the signal of the acetate in the HPLC had dis
Immediately before irradiation a small volume was added tcappeared.
the solution of interest (usually in a 25 mL volumetric The products from the-acetoxytamoxifen were analyzed
flask). Final concentrations of the acetates werqubD(a-  at 260 nm. Elution at 1 mL mitt involved: () an initial
acetoxytamoxifen in water) and 200-30@M (o- 0.5 min isocratic run at 25% acetonitrile — 75% acetate buffer
acetoxytamoxifen in 20% acetonitrile and bis-(4-methoxy (pH 4.5, 0.05 M); {i) a linear gradient to 85% acetonitrile —
phenyl)methyl acetate). The solutions were irradiated withl5% acetate buffer over 13.5 miriij Y a 3 min isocratic run at
laser light at 248 nm (when studying the reaction with the85% acetonitrile — 15% acetate buffer. Peaks were observed at
solvent) and at 308 nnuf{acetoxytamoxifen in the presence 1 to 2 min @G), 10.5, 10.6 (overlappingE)-TdG isomers),
of 2-deoxyguanosine). The signals of the transient carbol11.8, 11.9 (overlappingZ)-TdG isomers), 12.8 &)-TOH)),
cations were monitored at 460 nm (tamoxifen cation) andand 13.5 (@)-TOH). The areas for these peaks were -con
500 nm (bis-(4-methoxyphenyl)methyl cation). Theseverted into concentration ratios as follows:
showed excellent first-order decays. Observed first-order
rate constants were obtained by fitting the experimental datgo] [TdG)/[TOH] = (L/RF)(Area(TdG)/Area(TOH))
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where [TdG], [TOH], Area(TdG), and Area{OH) are the
sums of the concentrations and HPLC areas of the @gar
adducts and the two alcohols, respectively, &kds the ret
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