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Rare Iminol Tautomer of 1-Methylthymine through Metal Coordination at N(3)
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Bis{ 1-methylthyminato-N3 Jcis-diammineplatinum-
(1), cis-Pt{NH3),(CcHN203 ), is readily protonated
to give a compound of composition cis-[Pt{NH),-
(CeHN,0, )(CeHsN,0,)] "X~ (X = CT, NO3, (0.
The pK value for the protonation is 2.05 * 0.05. The
compound contains an anionic 1-methylthymine
ligand and a neutral 1-methylthymine ligand in an
unusual iminol tautomer structure, both being coordi-
nated to Pt(Il) through N{3). The neutral thymine
ligand is only weakly bound to Pt(Il) and readily dis-
placed. Spectroscopic data (*H-NMR, UV, IR) are
presented. A model for a possible nucleobase mis-
pairing mechanism catalyzed through metal coordina-
tion at N{3) of thymidine, is proposed.

Introduction

Bis(1-methylthyminato-N3)cis-diammineplatinum-
(II) is a model compound for a hypothetical interac-
tion of the antitumor agent cis-Pt(NH;),Cl, with two
thymine bases of DNA. We recently reported on the
interesting complex forming properties of this com-
pound which readily binds additional c¢is-Pt(II) [1]
or Ag(l) [2] through O(4) of the thymine ligands. It
has now been found, that protonation of one of the
two thymine ligands of the 2:1 compound is achieved
equally well, leading to a product of composition
[(1-methylthyminato-N3)(1-methylthymine -N3)cis-
diammineplatinum(II)] "X~ (X = CI~, NO3, CIOZ).
This compound contains a neutral 1-methylthymine
ligand in the unusual iminol tautomer structure and
an anionic 1-methylthyminato ligand, both coordi-
nated to Pt(II) through N(3).

The preparation and spectroscopic data are
presented. Possible biological implications of this
finding are briefly discussed.*

*Abbreviations used: TH = 1-methylthymine (usual dioxo-
tautomer); TH* = 1-methylthymine (unusual oxo, hydroxo-
tautomer); T = 1-methylthymine anion; cis-a;Pt = cis-
(NH3),Pt; DMSO = dimethylsulfoxide; DMF = dimethyl-
formamide.

Experimental

Preparation of cis-[Pt{NH,),T(TH)| "X~
Bis(1-methylthyminato-N3)cis-diammineplatinum-
(II) hydrate, cis-Pt(NH3),(C¢H+N,0,),aq, was pre-
pared as previously described [2]. The compound
was then passed over a Sephadex G10 column to
remove any residues of unreacted 1-methylthymine.
[cis-Pt(NH3),(CsHsN20,)(CsHgN,02)] X (X = CI7,
NOj, ClOy) was prepared by dissolving cis-Pt(NH3), -
(C¢H;N,0;), in a minimum amount of water (1
mmol/20 ml H,0) and titration with 1 equivalent of
0.2 N acid or, with better yield, with 1.5-2 equiva-
lents. The nitrate and the perchlorate readily precipi-
tated as shiny, white microneedles. The chloride was
obtained by concentrating the solution under vacuum
without warming the solution. All three salts were
washed with a small amount of ice cold diluted acid,
water, and then extensively with acetone. Yields 45%
(NO3), 75% (CI™), 80% (C103). Elemental analysis in
all cases was satisfactory for Pt, C, H, N. Anal. chlo-
ride. Found: C, 24.21; H, 4.50; N, 13.82; Pt, 31.7.
Calcd. for [Pt(NH3)2(C6H7N202)(C6H8N202)] Cl-
3H,0: C, 24.10; H, 4.56; N, 14.06; Pt, 32.62%.
Nitrate. Found: C, 23.91; H, 4.21; N, 16.10; Pt,
319. Calcd. for dihydrate: C, 23.76; H, 4.16; N,
16.17; Pt, 32.16%. Perchlorate. Found: C, 22.71; H,
3.76; N, 13.19; Pt, 30.9. Calcd. for monohydrate:
C,23.02;H,3.71;N, 13.43; Pt, 31.17%.

Decomposition of cis-[Pt{NH; ), T{TH)| X

If cis-[Pt(NH;), T(TH)] X was suspended in excess
acid HX, it slowly (1-3 weeks, 22 ) redissolved
with formation of a yellow (X =CI7) and blue solution
(X = NOj3, Cl0O3), respectively. From the HCl solu-
tion, cis-Pt(NH;),Cl; and 1-methylthymine were
obtained upon slow evaporation, from the HNO; and
HCIQ, solutions only one product (1-methylthy-
mine) has been identified.

Thermal decomposition of cis-[Pt(NH3), T(TH)] X
(X = CI”, NO3) without additional acid gave the
following results: X = CI™: 1 mmol of cis-[Pt(NH3), -
T(TH)] C1-3H,0 was dissolved in 20 ml H,O. pH =
1.7. Heating to 90 °C for 12 min gave a yellow-tan
solution of pH = 2.5. Upon slow evaporation (4d,
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22 °C, final pH = 2 8) to a small volume, 400 mg of a
mixture of TH and cis-[Pt(NH;3),TCl] -1H,0 were
filtered, washed with H,O and treated with DMF to
remove TH Recrystallization of the remaning
product from hot water gave 200 mg of colorless to
shghtly yellow crystal plates of cis-[Pt(NH;),TCl]
1H,0 IR(Nuol) »Pt—Cl at 315 cm™* Anal Found
C, 1753, H, 367, N, 1325, Pt, 457 Caled C,
1708, H, 359, N, 1329, Pt, 46 25% No attempts
were made to optimize the yield

X = NOj3 Analogous treatment of cis-[Pt(NH3), T-
(TH)]NO3+2H,0 yielded a mixture of TH 1, yellow
crystals 2 (50% yield), white microneedles 3 (10%
yield), c1s-Pt(NH;),T,aq 4, yellow-brown dicroic
cubes 5, and a dark green, amorphous compound 6
Separation of the individual compounds was achieved
by repeated fractional crystallization due to different
solubilities of the components in water 2 and 6 are
well soluble, 3, 4 and 5 are moderately soluble, 1 1s
only weakly soluble Anal yellow crystals 2 Found
C, 1638, H, 338, N, 1572, O, 2025, Pt, 445
Caled for [Pt(NH3),T],(NO3),*1H,0 C, 1644, H,
300, N, 1598, 0, 2008, Pt, 44 51% IR(Nujol,
KBr) 1655vs, 1570w, 1505vs cm™!

Recrystallization of 3 from water (60 °C, evapora-
tion at 22 °C) led to partial formation of compound 2

Apparatus and Experimental Conditions

'H-NMR spectra were recorded on a Jeol INM-FX
60 Fourier-transform spectrometer Depending upon
the concentrations, usually 100—2000 transients were
accumulated into 8 K data points of memory Tem-
peratures were determined by means of methanol and
ethyleneglycole capillaries Chemical shifts are given
on the & scale and referenced to internal TMS (tetra-
methylsilane) in DMSO-d¢ and DMF-d; Chemical
shifts in D,O were measured by means of an internal
[N(CH3),]1BF, reference and calculated to TSP
(sodium  3-(tnmethylsilyl)propanesulfonate)  The
shift of [N(CH;),]" relative to TSP was taken as
31869 ppm pD-measurements were performed with
a glass electrode and O 4 units were added to the ob-
tained pH meter reading to give the pD [3]

Solvents were purchased from Roth (DMSO-dg,
DMF-d,, D,0) and Merck (DMSO-d¢) DMSO and
DMF were dried over 4 A molecular sieves Com-
pounds were dissoived and the water of crystal-
lization removed by means of molecular sieves
(DMSO, DMF) The molecular sieves were removed
prior to recording the spectra Samples were handled
1 an atmosphere of dry nitrogen IR spectra were
recorded on a Perkin Elmer 580 grating spectrometer
as Nujol mulls (CsI windows) and KBr discs between
4000 and 200(300) cm™!

UV spectra were recorded on a Cary 17D
spectrophotometer pH titrations were performed by
means of a glass electrode and a Radiometer pH
meter 26 under N, to exclude CO, uptake
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Fig 1 YH-NMR spectrum of cis-[a;PtT(TH)]CI ag 1n D,0
unmediately after dissolving the compound c¢ = 04 M (Pt),
pD =2 34, * = [N(CH3)4]" reference

Results

'H-NMR Spectra

D,O In Fig 1 the HNMR spectrum of the
chlonde salt, cis-[a,PtT(TH)] Cl, in D,O immediately
after dissolving 1s given The spectrum consists of
single peaks for C(6)H at 7 35 ppm, C(5)CHj; at | 83
ppm, N(1)CHj; at 3 32 ppm as well as a signal of the
unexchanged NH; protons at 393 ppm and an
averaged signal due to solvent protons, exchanged
NH; protons and protons of water of crystallization
at 4 76 ppm The spectrum slowly changes with time
and rapidly if warmed The appearance of two new
sets of signals has been observed Ths 1s particularly
evident with the C(6)H and the C(5)CHj; signals In
Fig 2 changes of the C(6)H signal are shown, 1n Fig
3 changes of the C(5)CHj; signal Signals B and C can
unambiguously be assigned to neutral 1-methyl-
thymme TH and to cis-[a,PtTCl], respectively, from
comparison with the 'H-NMR spectra of the indi-
vidual compounds and based on IR spectroscopy and
elemental analysis (¢f Experimental) The C(6)H
signals of both B and C consist of quartets due to
coupling with the protons of the CH; group at the
C(5) position The C(5)CH; signals of the corre-
sponding compounds are split into doublets as a
consequence of coupling with the C(6) proton
Coupling constants are 1dentical within experimental
error for B and C, 1 22 Hz each

The spectral changes are accompanied by an
increase 1n pD For example, the sample in Fig 2a
(3a) had a pD = 234, but a pD = 4 30 after 10
minutes at 90 C (Fig 2d, 3c) The position of the
C(6)H signal A 1s pD dependent and 1s shifted to
higher field with increasing pD until 1t remamns
constant at a pD 2 4 It 1s then identical with that of
cis-a,PtT, (A*) as can be seen from comparison with
the spectrum of the 1solated compound
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F1g 2 Spectral changes of the C(6)H signal of cis-[a,PtT-
(TH)]Cl1n D,O ¢ = 0 04 M (Pt) a) Spectrum after dissolving
the compound, b) spectrum 18 h after dissolving the com-
pound (sample kept at 22 °C), ¢) spectrum after 5 min
heating to 90 °C, d) spectrum after 10 min heating to 90 °C

The spectroscopic changes, which are in agreement
with experimental findings on a preparative scale (cf
Expenimental), are interpreted as follows

The signal set A represents the average signals of
the 1-methylthymine ligands of the two platinum
species 1 equilibrium (1)

cis-[a,PtT(TH)] * = cis-[a,PtT,] + H' 0

Sets B and C represent the corresponding thymine

signals of the decomposition products of cis-

[a.PtT(TH)] Cl

ci1s-[a,PtT(TH)] Cl —)czs-[ale’ltTCI] + TIﬁI 2)
C B

18264 ppm
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Fig 3 Spectral changes of the C(5)CHj3 signal of cis-
[aaPtT(TH)]Cl in D,O, ¢ = 0 04 M (Pt) a) Spectrum after
dissolving the compound, b) spectrum 18 h after dissolving
the compound (sample kept at 22 °C), ¢) spectrum after 5
min heating to 90 °C

B and C are formed 1n equal quantities However, due
to the low solubility of cis-[a,PtTCl] 1n water, this
compound 1s partially precipitating This results in a
somewhat smaller signal intensity of C compared
toB

As decomposition proceeds, the strongly acidic
proton of the platinated TH ligand 1s more tightly
bound 1n the weakly acidic free TH, thus leading to a
rise in pD

From the pD measured immediately after dis-
solving the compound, that 1s, before decomposition
starts, and the pK of equibrium (1) (vide infra),
one obtains approximately a 11 ratio for cis-
[a,PtT(TH)]* and cis-[a,PtT,] From ths result, and
the shift of the signal of pure cis-[a,PtT,] (A*), one
can estimate a shift of approximately 7 6 ppm for the
C(6)H signal of the cis-[a,PtT(TH)]" species Of
course, this signal again 1s averaged over the individual
T and TH signals of the cis-[a,PtT(TH)] " compound

DMSO 1In Fig 4 the "H-NMR spectrum of the
perchlorate salt in DMSO-d¢ 1s shown If water of
crystallization 1s present and/or the solvent not com-
pletely dry (Fig 4a—4c), the acidic proton of cis-
[a,PtT(TH)]" and the protons of water exchange,
thus leading to an average signal around 4 5~7 ppm
As expected, with increasing H,O content, the signal
18 shifted to higher field, but to lower field with
decreasing H,O content With all water removed
(Fig 4d), the signal of the acidic proton 1s broadened
beyond resolution and not observed at 30 °C (The
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Fig 4 'H-NMR spectrum of cis-[a;PtT(TH)}ClO4 with dif-
fering water content a) 3H,O per Pt, b) 1 3H,0 per Pt, c)
0 6H,0 per Pt, d) free of H,0 (partially decomposed, ¢f
text) * = TMS, ** = DMSO

very weak signal observed at 11 16 ppm 1s due to -
methylthymine and will be dealt with subsequently)
From the intensities of the average signals, their
shifts and the shaft of H,O protons in DMSO (=3 35
ppm), a shift of 11 7 = 0 3 for the acidic proton has
been calculated from spectra 4a—4c Ths value
appears reasonable, since 1t lies within the range of
absorption of acidic hydroxo protons of heterocycles

The C(6)H signal exhibits a downfield shift with
decreasing H,O content (Fig 4a—4c¢) However, there
1s a substantial upfield shift of this signal with all
water being removed (Fig 4d) With time, further
spectroscopic changes are observed which qualitati-
vely are similar to those observed in D,0,1 ¢ the ap-
pearance of two new sets of signals As with the D,0
spectra, the changes are most easily recognized 1n the
low field region of the spectrum Changes of the
C(5)CHj; and the N(1)CH; signals are less pronounced
although clearly detectable Changes of the ammine
proton signals are observed as well, but because of
overlapping, sphtting due to Pt coupling and their
broadness, a differentiation at an early stage of the
decomposition reaction 1s not easy With the decom-
position of cis-[a;,PtT(TH)]*  proceeding, one
observes an upfield shift of the onginal triplet and ap-
pearance of a new triplet centered around 4 4 ppm
(*Jissp,_1y = 56 Hz) In Fig 5 the low field range 1s
given at vartous times (H,O-free samples) In the first
spectrum (Fig 5a, corresponding to Fig 4d), a broad
singlet A 1s observed at 7 31 ppm together with weak
signals B and B’ at 750 and 11 16 ppm The onginal
signal A gradually shifts to higher field while
decreasing 1n 1ntensity Simultaneously signals B and
B’ increase 1n intensity, and a new signal C appears
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Fig 5 Spectral changes of the C(6)H signal of cis-[a;PtT-
(TH)]ClO4 1n DMSO a) 24 h after addition of molecular
sieves to remove H,0, b) H;O free sample after 1 d at 22 °C;
¢) H,0 free sample after 3 d at 22 °C, d) H,O free sample
after 5 mun at 80 °C Indicated shifts refer to center of
signals
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Fig 6 Spectrum of I'lg 5d in an extended scale

between signals A and B (Fig 5b) After 3 days at
22 C signal A has shifted sufficiently so that signal
C 1s completely observable Brief warming (5 minutes,
80 °C) of the solution leads to a further increase of
signals B, B’ and C at the expense of A In Fig. 6 the
spectrum of Fig 5d 1s given on an extended scale.
The quartet structures of signals B and C, although
not 1deally resolved, can be recogmzed
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The spectroscopic changes are interpreted 1n a way
analogous to that described above for the behaviour
in D,0 signal A represents the average C(6)H signal
of the two Pt species 1n equilibrium (1), B and B’ the
signals of 1-methylthymine (C(6)H and N(3)H,
respectively), signal C 1s due to species cis-[a,PtT-
(DMSO)]* Neutral 1-methylthymme and the 1.1
platinum complex are formed in equal quantities as
a result of the decomposition of cis-[a,PtT(TH)]*
according to

DMSO
cis-[a,PtT(TH)] CI0, —>

c1s-[2,PtT(DMSO)] C10, + TH (2a)

With the C(6)H signal of the thymine ligands 1n cs-
[a,PtT;] absorbing at higher field* compared with
the average signal A, the observed downfield shift of
A with decreasing H,O content (Fig 4a—4c) 1s nter-
preted mn terms of a shift of equilibrium (1) to the
left Thus dissociation of cis-[a,PtT(TH)]" in DMSO
1s reduced with decreasing H,O content With thisin
mind, the observed upfield shift of the C(6)H signal
when going from a DMSO solution containing a small
amount of water (Fig 4c approximately 006 M
H,0) to a DMSO solution containing no water at all
(Fig 4d) seems to be unlogical However, both the
very low solubility of cis-[a;PtT;] in dry DMSO**,
which leads to a partial precipitation of this com-
pound from the solution given in Fig 4d, and the
beginning of the decomposition of cis-[a,PtT(TH)]*
according to (2a), lead to a reduction of the con-
centration of the protonated platinum species As a
consequence, the observed average signal of equilib-
rium (1) 1s shifted upfield

Prolonged heating (>>10 minutes, 90—-100 °C) leads
to further spectral changes (not shown) For example,
a reduction of the signal intensities of C and of the
NH; resonances 1s observed Release of ammonia
from the cis-[a,PtT(DMSO)] * species according to

, DMSO
c1s-[2,PtT(DMSO)] " ————
trans-[aPtT(DMSO),]" +a

would be consistent with this observation

*The signals of cis-[a;PtT,] in DMSO-dg show a peculiar
broadening with half-wadths of 10-15 Hz for C(6)H,
C(5)CH3 and N(1)CH3 which 1s not observed in D,O Also,
no proton coupling 1s observed Moreover, the position of
C(6)H at 7 04 ppm 1s shifted upfield in DMSO compared to
D,0 (7 1441 ppm, center of quartet)

**(1s-|aPtToaq] gives, when treated with DMSO (slurry),
a white, very DMSO-mnsoluble product of composition
a,PtT2x2H,0xDMSO The compound has been 1dentified by
elemental analysis and IR spectroscopy (¢SO = 1030 cm™ 1)
The compound 1s also partially precipitating from a DMSO
solution of cis-[aaPtT(TH)]ClO4aq upon addition of 4 A
molecular sieves

)
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Fig 7 Low field portion of the 1H-NMR spectrum of cis-
[aaPtT(TH)]ClO4 1n DMF-d; after removal of HO a) at
30 °C,b) at —20 °C * = DMF solvent

DMF 1In Fig 7 the low field portion of the 'H-
NMR spectrum of cis-[a,PtT(TH)] ClO, after drying
over molecular sieves 1s shown Fig 7a gives the
spectrum at 30 °C It shows a single peak for the
resonances of the C(6) protons of the thymine ligands
at 747 ppm and the proton of the DMF solvent at
8 03 ppm No signal for the acidic proton of the TH
ligand 1s observed, most likely because of fast inter-
or intramolecular exchange between the two thymine
ligands 1n cis-[a,PtT(TH)]® When the sample 1s
cooled to —20 “C, a splitting of the C(6)H signal 1nto
two signals of equal intensities (7 61 and 7 45 ppm) 1s
observed, and a new signal appears at 114 ppm
Simultaneously a sphtting of the N(1)CH; and the
C(5)CH; peaks 1s observed, although not nearly as
clear as that of the C(6)H resonance

The split signals are assigned to the C(6)H
resonances of the TH ligand (7 61 ppm) and the T
ligand (7 45 ppm) 1n cis-[a,PtT(TH)]", the signal at
114 ppm to the OH resonance of the TH ligand
Thus cooling leads to a freezing of the proton
exchange between the two thymine lhigands 1n cis-
[a,PtT(TH)]* An alternative explanation — freezing
of the equiibrium (1) — can be ruled out The solubi-
Iity of cis-[a,PtT,] in DMF 1s so extremely low that
one would never get a signal nearly as strong as that
at 745 ppm As with D,0 and DMSO-d4 as solvents,
formation of free 1-methylthymine 1s observed, ac-
companied by a shift of the ornginal C(6)H signal
to higher field This shift occurs more slowly in
DMF and 1s smaller in magnitude 1n this solvent
compared to D,0 and DMSO, which indicates that
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Fig 8 UV spectrum of cis-a;PtT, + HCl at vanious pH values and UV difference spectra of cis-a;PtT2/HCl at pH = 0 6 versus pH =
5 20 after various times a) Immediately after addition of HCl, b) after 3 h at 22 °C, c) after 26 h at 22 °C, d) after 10 min at 90

°C Concentration 2 16 mg cis-a;PtT, 2H,0/100 ml solution

cis-[a,PtT(TH)] " 1s shightly more stable in DMF and
also, that this compound 1s less dissociated in dry
DMF than 1n the other two solvents

UV Spectra

Protonation of the 1-methylthyminato hgand in
c1s-a,PtT, has been studied spectrophotometrcally
as well In Fig 8 the UV spectra of an aqueous solu-
tion of cis-a,PtT, in the pH range 520075 1s
shown One can see that the spectrum 1s sensitive to
the extent of protonation of T Observation of an
1sosbestic point 1s consistent with only one reaction
occurring and two species absorbing in the pH range
studied, namely

cis-a;PtT, + H ——= cis-[a,PtT(TH)] "

UV difference spectra show the protonated thymine
ligand to absorb at 297 nm compared to 269 nm of
the anionic thyminato ligand 1n cis-a,PtT, A gradual
decrease of the 297 nm band at 22 °C 1s observed and
a complete disappearance of this band after keeping
the sample for 10 minutes at 90 °C This behaviour
corresponds to the decomposition reaction

cis-[a,PtT(TH)] C1 — cis-[a,PtTCl] + TH
and, because of excess HCI, also to
cis-[a,PtTC]] + HCl —— cis-a,PtCl, + TH

The pK value for the protonation of one thymine
ligand of cis-a,PtT, could not be obtained from UV
spectra because complete protonation of a T ligand
could not be achieved up to pH = 0 and because of
possible protonation of the second T ligand at nega-
tive pH values

Protonation of czs-athTCl Amax = 272 nm)
leading to cis-[a,Pt(TH)CI]" (Apax = 297 nm) was
observed as well In contrast to cis-a,PtT,, protona-

tion of the T ligand in this compound 1s more dif-
ficult to achueve At pH =1, eg, a positive peak at
297 nm 1n the difference spectrum was obtained
which was only about 15-20% of the intensity of the
corresponding peak 1n the 2 1 complex

pK, Value of ais-[a,PtT(TH)]"

The cis-[a;PtT(TH)] " cation represents an ampho-
lytic compound which can interact with water in
two ways

[athT(TH)] T+ H2O — a2PtT2 + H30
and
[athT(TH)] f+ Hzo — [ath(TH)g] 2y OH™

As can be concluded from the acidic pH of an
aqueous solution of cis-[a,PtT(TH)] ", only the first
reaction 1s relevant in H,O [4]

From a titration curve, obtamned by neutralizing
cis-[a,PtT(TH)] * with NaOH, the degree of the actual
degree of protonation g of cis-[a,PtT(TH)] " has been
calculated through an equation denved by
Schwarzenbach [5] Forg=05apH=pK,=205%
005 was obtained in 01 & NaNO; solution and
180 £ 005 1n pure water Thus the acidity of cs-
[a,PtT(TH)]* 1n aqueous solution can be compared
with that of HSOy or HyPO, (pK,,)

IR Spectra

In Fig 9 the solid state infrared spectra of the
neutral bis(1-methylthyminato)complex, cis-a,PtT;-
aq, 1its monoprotonated form, cis-[a,PtT(TH)] Claqg,
and of the head-to-head dimer, cis-[a,PtT,Pta,]-
(NO3); [1], 1n the double bond stretching region are
shown One finds that the strong band at 1570 cm™?
and the shoulder at 1540 cm™! n the spectrum of
c15-a,PtT, are shifted to lower energy upon protona-
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Fig 9 IR spectra (KBr) between 1800 and 1400 cm~! of a)
c1s-aPtT,, b) cis-[azPtT,Ptas ] (NO3), (head-to-head dimer),
¢) cis-[a,PtT(TH)] Clag

tion of one ligand (1550 and 1505 cm™') Thus
protonation leads to a similar change 1n the double
bond stretching region as covalent Pt binding to an
exocyclic keto group [2] Thus 1s what one expects 1f
protonation occurs at an exocyclic CO group, because
this leads to a reduction of the double bond character
as a consequence of contributions of resonance struc-
tures of the type, >C = OH and >C-OH Any pro-
tonation at a ring atom — which 1s unlikely since N(3)
1s platinated and N(1) 1s methylated — would cause a
shift of the double bond stretching modes to higher
energy

In the OH stretching region, no band due to a free
OH group 1s observed because of overlapping with
H,O absorptions In the perchlorate compound, for
example, mtense bands are observed at 3600, 3500
and 3400 cm™!, which are well separated from the
NH; stretching modes at 3300 and 3220 cm™!
(Nujol) In the spectra of the chlonde and nitrate
compounds, only broad, intense bands centered
around 3440 cm ! are observed They are assigned
to OH and HOH stretching modes

Discussion

Our earlier findings on the nucleophilic properties
of N(3) platinated 1-methylthymimne with respect to
other metal cations [1, 2] 1s herewith confirmed for
reaction with the proton As in the case of the
former, the reason for this reactivity must primanly be

11

seen 1n the insufficient ability of the Pt atom at N(3)
to localize the double bonds in the heterocycle as
compared to the proton at N(3) in the neutral higand
As a consequence, the exocyclic oxygen atoms — or
at least one of them — are becoming sites for addi-
tional attack of an electrophile. This behaviour 1s
reflected by the IR spectroscopic changes in the
double bond stretching region as well as by the large
difference 1n pK values for protonation of free 1-
methylthymine and the N(3) platinated 1-methyl-
thyminato hgand Deprotonation of 1-methylthymine
occurs with a pK value of 10 3 1n aqueous solution
[6] The pK value for the protonation of 1-methyl-
thymine has not been determined However, from
the results obtamned for the closely related 1-methyl-
uracil, for which a pK = —340 + 012 has been
obtained [7], 1t 1s reasonable to assume a very similar
value for 1-methylthymine As to the site of protona-
tion of 1-methyluracil, O(4) has been suggested as
the most likely atom from companson of the UV
spectra of related, ethoxy substituted compounds
[7] In the solhd state, protonation at O(4) has been
determined for 1-methyluracil unambiguously by X-
ray diffraction [8] The protonation of unsubstituted
uracil leads to a mixture of O(2) and O(4) protonated
tautomers with the latter being the predominant
species [9] The pK for the formation of the uracil
monocation 1s —3 38 + 0 15 [7]

The pK for the protonation of a 1-methylthymine
ligand 1n the bis(]1-methylthyminato) complex has
been determined as 205 £ 005 in 01 N NaNO,
solution This means, that the ability of N(3) plati-
nated to act as a base and accept a proton, has
increased by approximately 5 orders of magnitude

In the related compound, cis-[a,PtTCl] with a
N(3) coordinated 1-methylthyminato ligand, protona-
tion of this ligand according to

cis-[a;PtTCI] + H' —— a1s-[a,Pt(TH)CI]*

appears harder to be achieved than in the 2 1 com-
plex (¢f UV spectra) This difference possibly reflects
the additional stabilization of a single protonated
ligand 1n the biscomplex through favourable intra-
molecular hydrogen bonding On the basis of molecu-
lar models, three kinds of intramolecular hydrogen
bonds should theoretically be possible between two
0O(4) atoms, between two O(2) atoms, and between
one O(4) and one O(2) atom With the present data
1t 1s not possible to decide which of these options 1s
the most likely to occur, and 1if 1t 1s indeed taking
place Because of time-averaging and the changing
TH-NMR spectra, 1t 1s not possible to find out if there
1s 1nter- or/and intramolecular hydrogen bonding
However, from X.ray results on the above mentioned
platinum dmmer [1] and the heteronuclear platinum-
silver compound [2], a sumilar binding principle for
the proton seems possible Although O(4) coordina-
tion 1n these two compounds as well as in a related
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one [10] has been taken for certain, and therefore
0(4) protonation appears likely as well, one can not
exclude the possibility of O(2) protonation and/or an
equlibrium 1nvolving O(2) and O(4) protonated
species

It 1s interesting to compare the protonation reac-
tions of N(3) platinated thymunes with those of N(1)
platinated ones Although we have not studied 3-
methylthymine complexes of Pt(II) as yet, we recent-
ly 1solated complexes of unsubstituted thymne [11,
12] and unsubstituted uracil [12] with Pt<oordina-
tion at N(1) and determined their structures by single
crystal X-ray diffraction In one of these compounds
[12], pentahydrodioxonium chloro(uracilato-N1)-
(ethylenediamine)platmum(II) chloride, a N(1)
platinated uracil compound contains a H;03 unit
connected with the O(4) position of the uracil ring
through an extremely short hydrogen bond of 2 47
(2) A This compound has been 1solated from a con-
centrated aqueous HCI solution The corresponding
chloro(thyminato-N1) complex, which has been ob-
tamned from a somewhat more diluted HCI solution,
does not contan the HsO3Cl™ umt Prehmmary UV
studies on the protonation of enPt(uracilato-N1)Cln
aqueous solution do not reveal any spectral changes
up to a pH =005 The weak new band observed 1n
the UV difference spectrum in this pH range absorbs
at 309 nm compared to 288 nm of the starting com-
pound It 1s indicative of a partial protonation of the
N(1) platinated uracil at this pH It also indicates
that protonation of N(1) platinated 2,4-dioxopyri-
midines occurs less easily than that of N(3) platinated
ones Thus a platinum atom at the N(1) position has
a greater ‘stmilarity’ to a proton at this position than
a Pt atom and a proton do have at the N(3) position

This difference in the protonation reactions of
N(3) and N(1) platinated 2,4-dioxopynmidmes are
closely related to differences in thewr stability upon
acid treatment From 'H-NMR spectra and UV mea-
surements 1t 1s evident, that the Pt—N(3)1-methylthy-
mine bond 1s becoming very weak when the thymine
hgand 1s protonated at an exocyclic oxygen This
leads to formation of neutral thymine In contrast,
N(1) platinated uracil and thymine complexes are
very stable even 1n concentrated HCl We have pre-
viously assumed, that there are definite differences in
stability between N(1) and N(3) platinated 2,4-dioxo-
pynmdines [11, 12] The data presented here venfy
this assumption Moreover, this finding has now
been confirmed using Laser Raman spectroscopy
[13]

With regard to the products formed upon acid de-
composttion of the bis(1-methylthyminato) com-
pound, different 1 1 complexes are obtaned, de-
pending upon the acid used With HCI, which
contains a well coordmating anion, (1-methylthymi-
nato-N3)chloro-cis-diammineplatinum(II)  monohy-
drate 1s obtained

B Lippert

c1s-a,PtT, + HCl —— c1s5-[a,PtT(TH)] *CI™

c1s-a,PtTCl + TH*
excess HCl ‘[

cs-a;PtCly, + TH* ———— X X  TH

With HNO3, an acid containing a poorly coordinating
anion, several compounds are obtained (¢f Exper-
mental) They do not have NOj coordinated to Pt as
1s evident from the wibrational spectra From IR
spectra and elemental analysis 1t seems possible that
one of these compounds (yellow crystals) 1s the head-
to-head dimer bis(u-1-methylthyminato-N3, O4)bis-
(cis-diammineplatinum(IT)) dinitrate monohydrate,
which has recently been described, although prepared
i a different way* Formation of higher oligomers
can not be excluded Treatment of cis-a,PtT, with
HNO, thus leads to the following reaction sequence

cis-2,PtT, + HNO; = cis-[a,PtT(TH)] "NO,

cis-[a,PtT(H,0)] '"NO3 + TH*

1/n (cis-[a,PtT]NO3), TH
n=2, ?

The neutral thymine molecule TH* mitially expelled
from the Pt complex certainly does not exist in the
usual dioxo-tautomer form [14] but rather in the 4-
hydroxo,2-0xo orfand the 2-hydroxo,4-oxo form,
depending upon the site of protonation (Fig 10) The
lifetime of this(these) rare tautomer(s) certainly
depends upon parameters such as solvent, tempera-
ture and concentration In water, for example, trans-
verston 1mto the usual dioxo tautomer should be
extremely fast, whereas i aprotic media the rare
tautomer(s) might be detectable The fact that the
reported "H-NMR spectra in dry DMSO and dry DMF

0 HO 0
HN)j/Cl“b N/j/CH?' N)jCH:;
OJ\N OJ\N HOJ\N

i I

R R

|
R
a b o

Fig 10 Usual 2,4-dioxo tautomer of 1-methylthymine (a),
and rare tautomeric forms 4-hydroxo,2-oxo (b) and 2-hy-
droxo,4-oxo0 (¢)

*Cf ref 10 No space group determination has been
possible thus far due to insufficient crystal quality
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only indicate the existence of the normal dioxo
tautomer of 1-methylthymine, 1s due to the simulta-
neous existence of the equilibrium (1) besides the de-
composition reaction (2), leading to the formation of
neutral thymine The presence of protons from
equilibrium (1) 1n the solution leads to a fast tauto-
meric 1nterconversion of the rare tautomer to the
normal one

Possible Biological Implications

The outlined reaction sequence — metal coordina-
tion at N(3) of thymine with replacement of a
proton, protonation at O(4) or QO(2), removal of the
metal and formation of a rare thymine tautomer —
can be considered a posstble model for a metal-
assisted tautomerization mechamsm leading to
nucleobase mispainng and consequently to mutation
It 1s pointed out, that this model by no means 1s a
unmque one to explain the well established mutageni-
city of a varnety of metals in general [15] and that of
c15-a,PtCl, 1n particular [16] A number of other
pathways leading to base substitution mutations are
feasible and will not be considered [17] It 1s evident,
that a 4-hydroxo,2-oxo tautomer of thymine could
mispair with guanine or the normal dioxo tautomer
of thymine, and a 2-hydroxo,4-oxo tautomer with
normal thymme or cytosine (Fig 11) Additional
‘wrong’ base pairs are feasible, e g between the enol,
mmino form of guanine and the 2-hydroxo,4-oxo
tautomer of thymine, but the chances for two
unusual tautomers to pair 1s so low that 1t can be
neglected. The biological significance of pyrnimidine—
pynmidine base pairing as indicated 1in Fig 11b, ¢
appears questionable because of 1ts unfavourably,

oM >\§:\
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\
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e

/

H3C sz- 9 CHy
/ N- WX \
/N/QO 0)\“\
R R

H
HyC 0- ¥vn
4
Ty 1D
/N/<0/~r° N\R
R

Fig 11 ‘Wrong’ base pairs between guamine and thymine
(enol) (a), thymine (dioxo) and thymine (enol) (b), and
cytostne and thymine (enol) (c)
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short glycosyl bond separation distance, even though
mterpyrimidine base pairing has been included mn
theoretical calculations on the stability of RNA mole-
cules [18] Thus guamne—thymine(enol) mispairing
as indicated 1n Fig 11a 1s the most plausible kind of
base muspairing caused by a ‘wrong’ thymine
tautomer The possible importance of this base pair
for mutations has been recogmzed before [19]

Any nucleobase mispairing mechanism presup-
poses that tautomenzation to the ‘usual’ tautomer
does not occur once the ‘wrong’ base has been
formed It 1s assumed that the exclusion of water and
the fixation of the ‘wrong’ base in the synthetic ap-
paratus enable this [17a]

Provided the proposed model of a metal-assisted
tautomerization of thymune 1s of biological relevance,
one should expect those metals to be most active 1n
producing mutations a this route, that bind to nitro-
gen donor atoms preferentially but not too strongly
These two requirements should ease both protonation
of an exocyclic oxygen and removal of the metal by
a proton, In contrast, preferential binding to the exo-
cyclic oxygens of thymine should stabilize the ‘nor-
mal’ lactam tautomer, whereas strong binding to the
nng atom (N(3)) should make protonation of an
exocyclic oxygen more difficult and consequently
also the removal of the metal

The binding of metal 10ns to the N(3) position of
thymine or uracil 1n nucleic acids under physiological
conditions has not been studied 1n great detail so far
Only for Cu(il) [20] and Ag(I) [21] studies are
available These studies indicate that metal binding
at N(3) occurs with replacement of a proton Despite
the relatively high pK, of 98 for poly(U), for
example, Ag(I) binding to N(3) at pH = 6 1s substan-
tial [21] As to cis-a,PtCly, no reaction with poly-
(dT) at pH 7 has been detected [22] However, reac-
tion between the diaquo species cis-a,Pt(H,0)3" or
aquo-hydroxo species cis-[a,Pt(OH)] 2" (n = 2, 3)
[23] with poly(U) as well as other substituted and
unsubstituted pynmidine-2,4 diones readily occurs
[24] Prowvided a cis-a,PtT, complex with two thymi-
dine residues could be formed in vivo, and provided
the pKy, for accepting a proton were around 12 asn
the 2 I-methylthymine complex, chances for proto-
nation of a thymine ligand at a physiological pH 7 3
are extremely small* However, with metal complexes
having a smaller pKy, value (e g 10-11), protonation
of the thymine ligand could occur at a higher fre-
quency. Findings on the striking alteration of base

*Using the formula xg = 1/1 + 10°PXaPH with xp = molar
base ratio and pK, = 2, pH = 7 3 one obtains xg = 0 999995
and a molar acid 1atio x4 = 1 — xg = 5:107® This means,
that 1n a medium of pH = 7 3 only 0 5-5:107%=25.10"%
of all platinated thymine higands 1n a 2 1 complex are proto-
nated and potentially able to give thymine in 1ts rare tauto-
meric form



14

composition of bacteria DNA under the mfluence of
copper [25] — the AT content 1s very much reduced
at the expense of the GC content — would be con-
sistent with the proposed model of a metal-assisted
thymine tautomerization
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