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Substitution Reactions of Platinum(ll)—Nucleobase Complexes by Associative Mechanism
Involving Pseudorotation of the Five-Coordinate Intermediate
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Substitution reactions of N7-platinated guanosine and adenosine comfjleiesen)(Guo-N73" (1), [Pt(dien)-
(Ado-N7)]?* (2), dien= diethylenetriamink by thiourea (tu) and1have been studied in aqueous solution in the

pH range 1.4-8.3 at different temperatures. Reactions of both complexes wifbllow the usual associative
two-path mechanism throughout the pH range studied, as do reactions with thiourea under neutral conditions (pH
6.5). With both nucleophiles (Y), the observed rate constant linearly increases with increasing [Y] up to 1000-
fold excess of Y. Plots df; opsVs [Y] were employed to calculate the rate paramekeifer the solvent path and

ky for the nucleophile-dependent path by the equakins= ks + ky[Y] at different temperatures. The following
activation parameters were obtained at 298.2 K for the reaction of thioured with* = (72 + 1) kJ mol! and

AS = (=79 % 4) J K1 mol%, and with2, AH* = (72.8 4 0.3) kJ mof! andAS" = (—86 + 1) J K1 mol~1.

The corresponding data for with 1 are AH* = (83 4 3) kJ mol't andAS" = (—49 4 8) J K- mol~%, and with

2, AH* = (78 4 3) kJ moft andAS" = (—67 + 10) J K1 mol~1. Activation parameters for the solvent path are

AH* = (854 1) kJ molt andAS" = (—1054+ 2) J K- mol~ for 1, andAH* = (87 & 7) kJ mol! andAS' =

(—98 & 22) J K" mol~1 for 2, on the basis of the data found for reactions with thiourea. Rate parameters for the
formation and solvolytic decomposition gave ldgyalues of 7.5+ 0.1 and 6.1 0.2 for the equilibrium constants

of 1 and2, respectively, in aqueous 0.1 M NaGCl€blution at 298.2 K. Ring opening of the tridentate dien group

in acidic solution provides a competing route for the overall substitution by thiourea. All experimental data found
are consistent with an associative mechanism involving pseudorotation of the five-coordinate intermediate formed
by the attack of thiourea, including activation parameters (298.AKj = (69.2+ 0.3) kJ mot! andAS" =

(—81 £ 1) J KX mol! for 1, and AH* = (70.9 + 0.7) kJ mot! and ASF = (—79 £ 2) J K1 mol? for 2.
According to kinetic analysis, about 60% bfand 70% of2 yield free nucleoside via the ring-opening step,
whereas the remainder give free nucleoside by direct replacement with thiourea. The ratio of these routes is
practically independent of thiourea concentration and temperature!HeC, and°Pt NMR spectroscopic

data for the isolated ring-opened specdé$) and 3(2) (from 1 and 2, respectively) are consistent with a four-
coordinate species [Pt(dienH)(L-N7)(t&h] in which the dien group acts a bidentate ligand and one of the dien
amino groups is trapped by protonation. Although b8¢h) and 3(2) are stable in cold acidic solution, they
decompose predominantly back to the starting material when the pH of the solution is increased. According to
HPLC analysis, the former givelsand guanosine in a 12:1 ratio, and the latter yi@@sd adenosine in a 10:1

ratio. The ability of the dien-Nklgroup to displace coordinated thiourea from Pt(ll) contradicts the trans effect

S > N and exemplifies the nucleophilic power of the Ngroup of a partially chelated amine.

Introduction (H20),]2" forms a N3-bound 1:1 complex, for which a
logarithmic stability constant of ca. 9.6 has been estimated.
However, in a few cases, relatively easy migration of coordi-

res?dues in DNA is crucial for the bi°'°9i°?" activity of various nated Pt(Il) from one nucleobase to another has been reported
anticancer Pt drugs? Several lines of evidence suggest that in both single-strandéd and double-stranded oligonucleo-
the N7 sites of guanine and adenine residues are the most;y.q6.7 with a half-life as short as ca6 h at 37 °CS8

preferred binding targets of Pt(}).Once formed, the Pt
nucleobase complexes are quite stable owing to the inertnes
and high thermodynamic stability of the Pt bond3 For
example, a half-life of about 23 years has been estimated for
the direct NH exchange in [Pt(Ng)4]2" at 25°C in aqueous

ian4 ; idi i _ (4) Brgnnum, B.; Johansen, H. S.; Skibsted, L.lkbrg. Chem 1992
NH3 solution* With deprotonated uridinecis-[Pt(NHs)2 31 3023-3075,

(5) Lippert, B. InProgress in Inorganic Chemistryippard, S. J., Ed.;

The ability of Pt(Il) to form covalent adducts with the base

Unfortunately, the exact mechanism of the migration reactions
3s largely unknowrf.

The displacement of nucleobases from Pt can be facilitated

(1) Bruhn, S. L.; Toney, J. H.; Lippard, S. J. Rrogress in Inorganic Wiley: New York, 1989; Vol. 37, pp £97.
Chemistry Lippard, S. J., Ed.; Wiley: New York, 1990; Vol. 38, pp (6) Boudvillain, M.; Dalbies, R.; Leng, M. InMetal lons in Biological
477-516. SystemsSigel, A., Sigel, H., Eds.; Marcel Dekker: New York, 1996;
(2) Reedijk, JJ. Chem. Soc., Chem. Commu®96 801—806. Vol. 33, pp 87103.
(3) (a) Basolo, F.; Pearson, R. Glechanism of Inorganic Reactians (7) Yang, D.; van Boom, S. S. G. E.; Reedijk, J.; van Boom, J. H.; Wang,
Wiley: New York, 1967, Chapter 5. (b) Wilkins, R. ®&inetics and A. H.-J. Biochemistryl995 34, 12912-12920.
Mechanism of Reactions of Transition Metal ComplexX¢€H: (8) Dalbies, R.; Payet, D.; Leng, MProc. Natl. Acad. Sci. U.S.A994
Weinheim, 1991; Chapter 4. 91, 8147-8151.
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by the attack of strong nucleophiles, e.g., Chnd sulfur
ligands® In particular, various sulfur-containing (bio)molecules
have received considerable interest owing to their important roles
in the biological processing of anticancer platinum drugs. Thiols
(sodium thiosulfate) or thioethers (sodium diethyldithiocarba-
mate) may reduce the nephrotoxic side effectcisf{PtCly-
(NHa)2], and small peptides such as glutathione or metallothion-
ine may prevent Pt binding to DNA.In addition, sulfur-

containing molecules (e.g., thiourea) are used as trapping agents "N

in studying platinum binding to nucleic acid fragmehts.

Despite their importance, surprisingly little is known about
the factors affecting substitution reactions of-Rticleobase
complexes and those by thiourea in particular. The rate of
displacement of guanosine froeis-[Pt(NH3)2(Guo-N7)]%" by
thiourea and other sulfur-containing nucleophiles has been
studied by*3C NMR spectroscop$? Substitution reactions of
the 1:1 and 1:2 complexes ofs-Pt'(NH3) with 1-methyluraci-
lato anion have shown that the bis(methyluracilato) complex is
inert to substitution by thiourea and,lunless the exocyclic
04 atom is protonatet. On the other hand, the reactivity of
the 1:1 complexes bearing CTbr H,O as the fourth ligand is
controlled by the lability of the aqua ligand, which dramatically
decreases with increasing pH. The inertness of the bis-
(methyluracilato) complex parallels the behavior of N3-plati-
nated thymine and uracil complexes in the presence of ,CN
which has been attributed to the remarkable protective effect
of the exocyclic oxygen&13

In all these cases, the substitution reactions follow an
associative mechanism that is the overwhelming mechanism in
substitution reactions of square-planar Pt(Il) compouiitibas

Mikola et al.

Chart 1

(o] P! NH,
/ \N g P
T I
3 9 I\a 9
\N N CH,0H N N cH,0H
o o
OH OH OH OH

[Pt(dien)(Guo-N7)I** (1) [Pt(dien)(Ado-N7)]** (2)

usual associative mechanism in both neutral and acidic aqueous
solution, as do reactions with thiourea in neutral solution. By
contrast, in slightly acidic solution, reactions of both complexes
with thiourea were accompanied by a changeover in mechanism
due to ring opening of the tridentate dien ligand. All experi-
mental data found are consistent with an associative mechanism
involving pseudorotation of the five-coordinate intermediate
formed by the attack of thiourea, which results in two parallel
reaction pathways for the overall process.

Experimental Section

Materials and Solutions!” The nucleobase derivatives were com-
mercial products from Sigma, and they were used as received. Thiourea
(99+%, Aldrich) was recrystallized from methanol. All other chemicals
were of the highest purity available, and they were used as received.
[Pt(dien)]l and its aqua derivativé,[Ptl(dien)(tu)f,* [Pt(tu)]Cl2,%°

been proposed that steric retardations do not cause a changeovdrt(dien)(Guo-N7)J(CIG)2 (1a),* and [Pt(dien)(Ado-N7)](ClG) (28)*

from associative to dissociative mechanism, even though they
may slow the substitution rate by several orders of magnithide.
Instead, electronic effects may result in a changeover into
dissociative mechanism in complexes containing twe @t

bonds! It has been suggested that ground-state destabilization

and increase of electron density at the metal due-taCRtonds
favor the dissociative pathway by preventing the approach of
nucleophiles?#c However, a single PtC bond appears not to
cause a changeover in mechani$mlso, very rarely, electro-
philic catalysis has been proposed to effect the dissociation of
some simple Pt(ll) compounds in nonaqueous medium via an
associative mechanisH.

In this work, we have studied substitution reactions of Pt
nucleobase complexes by the nucleophifeand thiourea. The
N7-bound Pt(dien) complexes of adenosine and guanosine

were prepared by literature methods. Solutions of [Pt(dienH)(Guo-N7)-
(tu)]** [3(2)] and [Pt(dienH)(Ado-N7)(tuf]" [3(2)] were obtained by
treating the corresponding-Pucleoside complexes with thiourea under
acidic conditions, followed by LC fractionation of the reaction mixtures
as previously described except that the mixtufécontaining3(2) was
directly chromatographed afté h reaction at 45C without ethanol
extraction.

Kinetic Measurements. Kinetics for the dissociation of Pt(H)
nucleobase complexes were studied in aqueous solutionr=pH4—
8.3) at different temperatures and monitored using HPLC. The
measurements in the pH range of-2315 were carried out in unbuffered
solution, and the pH was adjusted with 1.0 M HGIOh the pH range
of 3.5-8.3, buffered solutions were employed to maintain the pH in
kinetic runs® In each measurement, the pH of the reaction mixture
remained practically constant (within 0.2 log units). Kinetics for the
formation of 1 and 2 were studied in excess of Pt(ll) as previously
described?® Peak areas at 260 nm were used as the measure of the

(Chart 1) were chosen as model compounds because theyoncentration by employing 1,3-dimethyluracil as an internal standard.

represent the major binding modes of Pt(ll) in DNA. The
displacement of the coordinated nucleobase bfollows the

(9) Bloemink, M.; Reedijk, J. IlMetal lons in Biological SystemSigel,
A., Sigel, H., Eds.; Marcel Dekker: New York, 1996; Vol. 32, pp
641—-685.

(10) Beaty, J. A.; Jones, M. Mnorg. Chem 1992 31, 2547-2551.

(11) Schmilling, M.; Lippert, B.; van Eldik, R.Inorg. Chem 1994 33,
3276-3280.

(12) Raudaschl-Sieber, G.; Lippert, Borg. Chem1985 24, 2426-2432.

(13) Frommer, G.; Lippert, Blnorg. Chem 199Q 29, 3259-3260.

(14) (a) Alibrandi, G.; Bruno, G.; Lanza, S.; Minniti, D.; Romeo, R.; Tobe,
M. L. Inorg. Chem 1987 26, 185-190. (b) Frey, U.; Helm, L.;
Merbach, A. E.; Romeo, R]. Am. Chem. Sod989 111, 8161-
8165. (c) Romeo, R.; Grassi, A.; MonScolaro, L.Inorg. Chem
1992 31, 4383-4390. (d) Schrilling, M.; van Eldik, R.Chem. Ber./
Recueil1997 130, 1791-1799.

(15) (a) Schrilling, M.; Ryabov, A. D.; van Eldik, RJ. Chem. Soc., Chem.
Commun1992 1609-1611. (b) Schrilling, M.; Ryabov, A. D.; van
Eldik, R.J. Chem. Soc., Dalton Tran$994 1257-1263.

(16) Belluco, U.; Cattalini, L.; Basolo, F.; Pearson, R. G.; Turcoln@rg.
Chem 1965 4, 925-929, and references therein.

Reactions were started by adding the desired Pt(ll) species into a
prethermostated reaction mixture, the ionic strength of which was
adjusted to 0.1 M with NaCl© Samples were withdrawn from the
reaction mixture at suitable time intervals and diluted with ice-cold
water or 0.01 M HCIQ (1:1); they were stored in ice prior to
chromatographic analysis.

(17) Abbreviations used: diew diethylenetriamine, Ade= adenosine,
Guo = guanosine, tu= thiourea.

(18) Arpalahti, J.; Lehikoinen, Rnorg. Chem 199Q 29, 2564-2567.

(19) Lempers, E. L. M.; Reedijk, Jnorg. Chem 199Q 29, 217-222.

(20) Arpalahti, J.; Lippert, B.; Schiborn, H.; Thewalt, U.Inorg. Chim.
Acta 1988 153 51-55.

(21) Melanson, R.; Rochon, F. @an. J. Chem1979 57, 57—61.

(22) Arpalahti, J.; Klika, K. D.; Sillanpa R.; Kivekés, R J. Chem. Soc.,
Dalton Trans 1998 1397-1402.

(23) Mikola, M.; Vihanto, J.; Arpalahti, . Chem. Soc., Chem. Commun
1995 1759-1760.

(24) Reaction mixture: 78 mg & (0.1 mmol), 0.12 mmol of HCI@Q and
0.06 mmol of tu.

(25) Mikola, M.; Arpalahti, J.Inorg. Chem 1996 35, 7556-7562.



Substitution Reactions of Pt(H)Nucleobase Complexes Inorganic Chemistry, Vol. 38, No. 3, 199%73

Table 1. Selected Chemical ShiftdH, °C, and'®%Pt) in ppm forl

and2 and Their Dien Ring-Opened Specigd) and 3(2)2 %1

o
compound Ot H8 H2 H1 dc, C=S
1° —2855 8.398 5.933 (d)
3P —3060 ~8.46 5.955(d) 177.8
2d —287%¢ 8901 (br) 8.383 6.156 (d)
3(2) —3030 ~8.93 ~8.43 6.211 (d) 176.76

aSpectra recorded at ambient temperature ¥® r HO/D,0O.
b From ref 23.c Two or more signals which merge at higher temper-
atures.d From ref 22.¢ The value for the major signdlTwo doublets
in concentrated sampléTwo signals of equal intensityc = 176.56
ppm for the other.

The disappearance of the starting material and the formation of the 2
free nucleoside were employed to calculate the observed rate constants, pH

ki.ovs for the attack of the nucleophiles drand2 by eq 1. Here [ML} Figure 1. Observed rate constant for the substitution reactions of

. (m) and2 (@) in aqueous 0.1 M Nal solution (solid line) and in 0.1 M
IN[ML] = =Ky gps+ IN[ML] o ) thiourea solution (dotted line) as a function of the pH at 338.2 K.

is the initial concentration of the complex and [Mig the concentration the cationic complex and makes protonated adenosine a better
at timet. For thiourea-assisted dissociation in acidic solution, the time- leaving group. By contrast, competition of the proton and
dependent concentration of the species [Pt(dienH)lf(‘iuQ}ave the Pt(ll) for the N7 site, which should be more significantin
rate constantk; spsandks opsby €q 2. In kinetic runs, the concentration due to the higher basicity of the guanosine N7 atom, appears
to be unimportant. On the other hand, unknown side reactions
(e taord — g keondy  (2) may also affect the rate enhancemengpbecause below pH
©obs ™ F4,0bs 2.5, the reaction mixtures slowly darkened and HPLC analysis
showed small signals at the final stage of the reaction which
of this specie_s back to the starting material under ba_sic conc_jitions. \é\:‘e{e d2(c)lt’edae;:gtevi/jhitrgélgshtehrap&t'feﬁ;\rlli goHn(ssiat:\]te ;?theg(g;rt]iitgm
NMR Studies. The NMR measurements were carried out igOD . . y
(*H) or in H,O/D,O (**C and'%Pt) at different temperatures ranging that,depmtonat'on of NlH !rl rend,ers guanosine a poorer
from +8.5 °C to +60 °C (DO or HO/D,0), as previously de-  leaving group. Electrostatic interactions between the reactants
scribed?22 TheH and3C spectra were referenced internally to DSS, S€em not to be so important because the susceptibility of
assigned as 0.015 ppm for proton and 0 ppm for carbon, anti*Pe deprotonatedL toward both nucleophiles is diminished in a
spectra were referenced externally to [}l (0pr —1625 ppm from similar manner above pH 6.5.
[PtCl]*"). After treatment 08(2) with aqueous alkali, the sample was In excess of T, the disappearance of the complex and the
acidified prior to!H NMR measurement to avoid deuteration of H8. formation of free nucleoside obeyed the first-order rate law in
Selected chemical shifts are s_umr_narized in Table 1. The complete yoth 1 and 2.28 With 2, the plots of In[ML] vst were strictly
2‘:23{\‘2:?;&;2&] eZ’Saln? oiﬂeérhgri?cg?iﬁquli%Siﬁefiﬁ %’;dfé% linear over three half-lives, whereas in the casé,oé slight
and %Pt chemical shifts (Supporting Information). upwa_rd curvature was obse_rved ?t _IOW][Malu_eS af_ter two
half-lives. Most probably, this deviation from linearity results
Results and Discussion from reverse reaction, as it became more significant at higher
initial concentrations ofl. It was also found that addition of
free guanosine to a solution of [Ptl(diehjh 1 mM Nal slowly
I gavel. In all cases, the observed rate constant linearly increased
with increasing [I] concentration up to 1000-fold excess of
the nucleophile (Figure 2; observed rate data are given in Table
S3, Supporting Information). At each temperature, strictly linear
plots ofk; opsVvs [I7] exhibited a positive, though small, intercept.
Accordingly, the usual two-path mechanism (solvent path and
nucleophile-dependent path) completely describes the dissocia-
"tion of both Pt(ll) complexes under these conditiénghe
observed rate constant may be expressed by eq 3, Wwhése

. _ I(2,0bs
[Pt(dienH)L(tu)] = [ML] g
1

of [Pt(dienH)L(tu)f* was calculated by converting a known solution

Substitution by 1~ lon. According to chromatographic
analysis, the action of~lion on both Pt(Il}-nucleobase
complexes resulted in the formation of free nucleoside and [Pt
(dien)J". However, in kinetic runs, the quantification of the latter
was uncertain by UV-detected HPLC due to its low molar
absorptivity at 260 nm. In both complexes, the ring nitrogen
N1 may affect the overall dissociation by losirlg ¢r accepting
(2) a proton. To find out the effect of possible side reactions
on the overall reaction due to (de)protonation of the complexes
their dissociation was studied in 0.1 M Nal solution as a function
of the pH at 338.2 K. As seen in Figure 1, the observed rate
constants remain practically constant in the pH range of8.5 Ky ope= ks + k,[Y] 3)
in both cased’ Below pH 3.5, the rate constant dfbegins to 1,0bs Y
increase, whereas that dfremains unaffected down to pH 1.
This may be attributed to the protonation of the N1 site2of
which increases the electrostatic interactions betweeand

the first-order rate constant for the solvent p&thdenotes the
second-order rate constant for the nucleophile-dependent path,
and Y stands for the nucleophile. Tkeandky values, obtained
(26) For the formation of the free ligand, the term (L} [L] ) stands for as the intercept and slope, respectively, from the plots gfs

[ML] ; and [L]. for [ML] 0 in eq 1. In egs 1 and 2 charges are omitted  vs [Y] at different temperatures, are listed in Table 2.

for clarity. For the formation ofl and2, the terms [ML] and [ML]o Thiourea as a Nucleophile Preliminary experiments showed

in eq 1 should be replaced by [Ldnd [L]o, respectively. . o . - .
(27) Pseudo-first-order rate constants obtained from the disappearance olthat dissociation of bottl and2 in 0.1 M thiourea solution

the starting material and from the formation of the free nucleoside
were compatible in both cases. (28) In unbuffered solution, pH-45.
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difference between thiourea andhas been found to decrease,
particularly with charged platinum substrat@sn the case of
4] certain dicationic Pt(ll) specie§Pt(dien)LF", L = H,O or
DMSO2°¢ and [Pt(L)(en)(HO)]?", L = dimethyl sulfidé®%},
the reactivity order of thiourea and Is even reversed. On the
other hand, witreis-[Pt(NHz)2(1-MeU)(H0)]?*, the reactivity
of thiourea is slightly higher than that of ./ In addition to
electrostatic interactions that may promote the reactivity of |
with cationic Pt compounds, an increase in the charge on the
metal may also cause an opposite effect by reducing the
reactivity of thioure&° As a biphilic nucleophile, thiourea is
able to utilizewr back-donation from the metal to stabilize the
transition state, and with increasing charge on the metal, the
contribution of thisz back-donation is reducéd?d Thus, a
reactivity order of T ~ thiourea may be anticipated with
[YI/M dicationic1 and2. However, the data in Table 2 show that the

Figure 2. Observed rate constant for the substitution reactions of  coordinated nucleoside has a small, but significant, influence
(m) and2 (@) by I~ (solid line) and thiourea (dotted line) at 338.2 K gn this reactivity order.

~ — 4
(PH~ 6.5, [ML] = 1 x 107 M). The higher basicity of Guo-N7 as compared to Ado-N7

) ¥ 1
0 0,02 0,04 0,08 0,08 0,10

Table 2. Rate Constantks andky for the Dissociation ofl. and2 suggests that the inherent lability 2fis higher than that of,
According to eq 3 in the Presence of the Nucleophilesafid tu) in which is supported by the behavior bupon deprotonation of
Agueous Solution at Different Temperatutes N(1)H (Figure 1). Yet,1 is more susceptible to attack of both
ks (1077 s7Y) ky 1004 M~1s70) nucleophiles than i2. Because of the overall structural
T(K) 1 > 1 > similarities betweerd and2, it is reasonable to assume that the

reactivity differences observed are due to the active role of the

318.2 21£07  23+£02 8.25£007  2.45:0.02 substituent at C6, either directly or through the solvation sphere,

21+03 23+04 4.80+ 0.03 3.18+ 0.04

3282 57+ 08 74+09 188+02 5.87+ 0.09 though quantification of the latter is difficult. In. the. crystalline
6.0+ 0.6 7.240.2 12.2+0.1 8.544+ 0.01 state, the dihedral angle between the Ptordination plane
3382 15+5 17+3 43.4+ 0.5 13.2+ 0.1 and the purine base plane is 62(Z)?* and 71.9 (2).?2 Thus,
12+2 14x1 324+0.1 19.2+0.1 the substituent at C6 may sterically hinder the nucleophilic attack

al = 0.1 M (NaClQ). The values in italics refer to data found for ~ ©n its side of the Pticoordination sphere, provided that rotation
I-. about the PtN7 bond is restricted. Most probably, this is not
. . . . . the case withl,3° as evidenced by the sharp signals in the
proceeds differently in neutral than in slightly acidic solution NMR spectra. Insteac exhibits slow rotation about the Pt

and that the disappearance of the starting material is faster aty7 and C6-NH, bonds on the NMR time scale, indicated by
low pH. According to HPLC analysis, both complexes converted wo 199t resonances and a broad signal for ,H8 at ambient

under neutral conditions into free nucleoside and a species thattemperaturéz In addition. the minimum distance between the

is tentatively ass_igned as [Pt(dienft] However, in acidic NH, hydrogen and Pt(ll) is 2.79 A i@, assuming coplanarity
.50".“'0_”’ two addltlo_nal p_roducts were (_jetec_:ted in both CaSes, tor the C6-NH; group and the base moietyand this distance
molslcek\)tlng t_hat the d;ss(sogla_:_lon me.cha“'SL“ IS fﬁ)H-de?eangnt. is well within the range of 2.23.25 A given in the literature
oo oy e oo S ANy 107 & Pyrogen bond type of nracton o P hese
buffer was employed to maintain the pH at about 6.5 i?] the findings STL.IQQESt that the €aH, group of2 may prevent the
reaction mixtures. Under these conditions, the thioureé—assistednuc'eOphl“C-attagk on P more_e_fhuently than the oxo group
dissociation of bo.th complexes is similar ,to that found for the of 1, resulting in higher reactivity for the latter. Further
T - P . - difference in reactivities may be due to hydrogen bonding
I~ ion, i.e., the usual two-path mechanism is obeyed. The

observed rate constants obtained from the slopes of strictly ”nearinteractions between the nucleophiles and the C6 substituent,
plots of In[ML] vs t are given in Table S4 (Supporting With 1, the oxo group is expected to favor the approach of

. : . ® thiourea over that of 1, whereas ir2, the NH, group may have
Information)?’ In these cases, increasing the initial concentration F group may

of the complex affected neither the linearity of the plot nor the ansop;pct)ilt? effetct.H 3. 1n sliahtl idi lution. the simil
magnitude of the slope, showing that the attack of thiourea on ubstitution at pri 3. In slightly acidic solution, the simifar

both complexes is irreversible under these conditions. As with d|SSOC|zE1)t|ondqf1‘f1 antzl 21n rt]he.prefsenc?hoz etxc::sGs :fAthlou:jga
|-, the observed rate constant linearly increases with increasingOCCurS y a different mechanism from that at pr ©.5. According

thiourea concentration up to 1000-fold excess of the nucleophilet0 chromatographic analysis, the disappearance of the complexes

(Figure 2). The rate data obtained gives the rate paramiejers

andky for the thiourea-assisted dissociation as the intercept and(29) (a) Bonivento, M.; Cattalini, L.; Marangoni, G.; Michelon, G.; Schwab,
Y P A. P.; Tobe, M. L.Inorg. Chem198Q 19, 1743-1746. (b) Bonivento,

slope from the plots dfy onsVs [tu], which are included in Table M.; Canovese, L.; Cattalini, L.; Marangoni, G.; Michelon, G.; Tobe,
2. M. L. Inorg. Chem1981, 20, 3728-3730. (c) Romeo, R.; Cusumano,

The data in Table 2 reveal that the values for thiourea [/I (I:nr?rg- Cfgm-l\ﬁctal981_4(93, 1gt7—171-t (d)NPIt$erl; Bi\:/UCLfgLalml,

i F [P - essa, G.; Marangoni, G.; Stevanato, N.; obe, . em.
and I~ are surprisingly S|m_|I§r for both ci)mple?(es. Th|sO is in Soc., Dalton Trans1991 30493054
contrast to the usual reactivity order tul~ predicted byn% (30) (a) Marcelis, A. T. M.; van der Veer, J. L.; Zwetsloot, J. C. M.; Reedijk,
values (nucleophilic reactivity constants) assigned to these J Igorg. ChirréhActal§8397886 1%%—202. (%) ggily, M. D.; Marzilli,
i ,16 L. G. J. Am. Chem. Sod 1 785-6793.

nglcleophlles?. It should pe noted, however, thgt the s.tandard (31) (a) va0, W.: Eisenstein, O Crabtree. R.Ibrg. Chim. Actal997
n%; values refer to reactions dafans-[PtClpy,] with various 254, 105-111. (b) Braga, D.; Grepioni, F.; Tedesco, E.; Biradha, K.;

nucleophiles in methanol. In aqueous solution, the reactivity Desiraju, G. ROrganometallics1997, 16, 1846-1856.
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Figure 3. HPLC traces of the mixture of [Pt(dien)(Ado-N73](2, 1 2 3 4 5 6
x 1074 M) and thiourea (tu, 0.1 M) at 318.2 K (pH 2.8) at selected pH

time intervals.L denotes free adenosine a8tlis 1,3-dimethyluracil i ] )
(8 x 10°° M) employed as an internal standard. For the notation of Figure 4. Observed first-order rate constakte ops for the decomposi-
other signals, see Scheme 1. tion of 3(1) [M] and 3(2) [@] at 338.2 K { = 0.1 M) as a function of

pH.
in kinetic runs was accompanied by the formation of a total of ] ) ) )
four detectable species. Both gave free nucleodijed two soluthn without any detectable formation 4for the starting
different platinum-thiourea compounds, viz., [Pt(dien)(t&] material. _ _
(4) and [Pt(tu)]2* (5), of which5 andL are clearly end products NMR ' spectroscopic data for isolateg(1) and 3(2) are
(Figure 3). In each run, began to accumulate earlier th&n consistent with a four-coordinate Pt(Il) species in which the
but their final amounts were equal, as verified by authentic Protonated dien ligand acts as a bidentate group and the
compounds. By contrast, the fourth product, denote®(as remaining two co_ordlnatl_on sites of Pt_(II) are occupied by
and 3(2) for 1 and 2, respectively, is first formed and then ~guanosine and thiourea ligands. In particular, et NMR
consumed during the overall reaction, indicative for a species Signals at—3060 ppm for3(1) and —3030 ppm for3(2) are
capable of reacting further with thiourea. Under these conditions, typical for a PINS coordination spheré;**whereassC NMR
the same also holds true fdg although its signal was only anle_ NMR spectra reveal the presence of guanosine, thiourea,
poorly resolved from free thiourea. Coelution 4find added ~ @nd dien ligands (Tables 1, S1, and S2). The asymmetry of the

[Pt(dien)tuf* further supports the assignmentflt is worth coordinated dien, as evidenced #yand**C spectra, strongly
noting that in acidic solution, the independently prepatedas ~ Suggests that one Nigroup is dissociated from Pt(ll). In fact,
converted intd in the presence of excess of thiourea, a reaction this kind of ring-opening mode of the dien group has been
which was not observed at pH 6. reported earlier in Pt(ll) complexé8in addition, very fast ring

opening of the dien grougi(; = 5 min) has been reported in
the reaction of [PtCl(dien)]CI with diethyldithiocarbamate at
pH 71°

Table 3 records the observed rate constants for the reactions
. - of 1 and2 with thiourea at different temperatures at pH 3. The
slight upward curvature. Although isolat&fl) and 3(2) are ; .
bo?h stgble in cold acidic solugon '[he;jéhg sl)owly dsagompose rate constanti, spsandks,opsfor the formation and disappearance

. . . o of the ring-opened speci@$l) and3(2) were obtained by eq 2

d tly into start t | at higher t t , and . . .

predominantly Into s,arting materia’ at higher temperasres, an from the time-dependent concentration of [Pt(dlenH)L&D)]

the decomposition rate constant linearly increases with increas-b loving thek | found f he di ¢
ing pH (Figure 43 However, both ring-opened species also y employing thex qpsvalues found from the disappearance of
the starting material by eq 1. Kinetic analysis revealed that in

ielded free nucleoside as a minor product. According to HPLC . ; . .
y ; ! nor produ o both cases the free ligand is formed via two routes (Figure 5)

analysis,3(1) decomposes intd and guanosine in a ratio of .
ysis,3(1) P ! gu ne | I and that the ratio of these routes (shown by the termkz ond

12:1, whereas3(2) gives 2 and adenosine in a ratio of 10:1 ki onsin Table 3) is practically independent of thiourea concen
throughout the pH range studied. Unfortunately, reliable detec- | 1:90s : )
9 P g y tration and temperature ([tuF 0.05-0.4 M). This clearly

tion of the other expected decomposition products, i.e., thiourea, = — .
and [Pt(dien)tl4", was not possible, although HPLC traces did indicates tha_t bqth pathways follgw an associative mechanlsm,
reveal very small signals at the retention times characteristic as the rate-limiting step in the dissociative mechanism should

for these species. Evidently, this decompositioB(@j and3(2) lt\)/le |ndepetrrl1defnt t?; tple congentreﬁlon t.Of .th?h nucLect).E?ﬁt[le.
predominantly back to the starting material, verified also by oreover, tne fact that Icaused no afteration In the substitution

1H NMR spectroscopy (Table S,explains the nonlinear reaction_s down to pH 1 strongly argues against the dis_sociati_ve
disappearance dfand?2 at low thiourea concentration. This is n_1echan|sm. i formed, the analogous ring-opened species having
strongly supported by the fact that steps and ks become I as thg foyrth ligand should be stable enough to be dt.atec.ted
comparable when [tuk 0.02 M (cf. Table 3 and Figure 4, T during kinetic runs, becquse even the more weakly (';oord|nat|ng
= 338.2 K). By contrast, when [tu} 0.05 M, isolated3(15 CI*_forr_ns an |_solable rlng-_open_ec_j compl_ex, [PF(dlenI-j}Cl
and 3(2) gave5 and free nucleoside in a 1:1 ratio in acidic (which is relatively stable in acidic solutiof).Without the

Under the experimental conditions employed, the disappear-
ance ofl and 2 in kinetic runs obeys the first-order rate law
only when the concentration of thiourea exceeds 0.05 M,
whereas below this concentration, plots of In[ML]tvshowed

(35) Appleton, T. G.; Hall, J. R.; Ralph, S. Rorg. Chem1985 24, 4685
(32) Both reactions were followed for 24 h at 338.2 K ([ta]0.02 M). 4693.
(33) The slopes of the plots 2, obsvs pH are 1.01 fol (R = 0.9992) and (36) (a) Mahal, G.; van Eldik, Rnorg. Chim. Actal987, 127, 203-208.
1.05 for2 (R = 0.9998) at 338.2 K. (b) Mahal, G.; van Eldik, R.; Roodt, A.; Leipoldt, J. Gorg. Chim.
(34) With base-treated(2), the 'H NMR spectra revealed the formation Acta 1987, 132 165-166. (c) Mahal, G.; van Eldik, R.; Roodt, A.;
of both the starting material and free adenosine. Leipoldt, J. G.Inorg. Chim. Actal989 156, 29-30.
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Table 3. Observed Rate Constantsens (10°¢ s71), for the Dissociation ofl and2 in the Presence of Various Amounts of Thiourea (tu) in

Acidic Solution (pH 3) at Different Temperatures

klnbs k4,0bs rb
[tu] T(K) 1 2 1 2 1 2
0.05 328.2 2.0&: 0.02 1.31+0.01 0.7£0.1 0.87+ 0.02 0.59 0.71
338.2 4.36+ 0.02 2.75+ 0.05 1.7£0.1 2.37+£0.02 0.61 0.75
0.1 318.2 1.86t 0.01 1.16+0.01 0.50+ 0.01 0.78+ 0.03 0.56 0.71
328.2 4.05+ 0.02 2.67+0.01 1.3+ 0.1 1.80+ 0.04 0.59 0.73
338.2 8.85+ 0.03 5.71+ 0.02 3.1+ 0.1 4.38+ 0.03 0.59 0.75
0.2 318.2 3.58: 0.03 2.22+0.01 1.0+ 0.1 1.59+ 0.04 0.60 0.72
328.2 8.09+ 0.07 5.35t 0.08 23+0.1 3.30+ 0.04 0.57 0.68
338.2 17.6+£ 0.1 114+ 0.1 55+ 0.1 8.08+ 0.05 0.59 0.71
0.4 318.2 7.09t 0.04 4.49+ 0.03 20+0.1 3.61+ 0.07 0.57 0.76
328.2 16.1+0.1 10.6+ 0.1 4.2+ 0.1 6.49+ 0.09 0.53 0.72
338.2 34.8: 0.5 22.8+0.3 9.9+ 0.2 15.6+ 0.2 0.58 0.71

a] = 0.1 M. The ratio ofk ondK1,0bs

via IM2

L]/ 10°M

via IM1

T ) T
6000 8000 10000

t/s
Figure 5. Time-dependent concentration of free guanosine formed in
the reaction ofl (7.7 x 10°° M) with thiourea (0.2 M) at 338.2 K (pH
3.3). The lines represent computer simulations by using the rate
parameters obtained for different steps; see Scheme 1.
presence of certain acidic compounds (e.g.;@BIOH, H;BO3,
HNO,),6 the contribution of the rare electrophilic catalysis can
be ruled out in this study, and furthermore, the different behavior
of the nucleophiles under identical experimental conditions

T
4000

T
2000

argues against this explanation. Accordingly, an associative
mechanism most likely operates in the substitution reactions of

1 and2 by thiourea in acidic solution; the very similar activation
parameters for substitution df and 2 by thiourea in neutral
and acidic solution support this (Table 4). The observation that
I~ does not cause ring opening of the tridentate dien ligand in

acidic aqueous solution indicates that either the trans influence

or thesr-accepting ability (or both) of1is weaker than that of

thiourea. Comparison of the activation parameters in Table 4

shows that theASF values (at pH 6.5) are significantly less
negative for the reaction of both complexes witras compared
to those with thiourea. Thus, in the reactions with the
favorableAS' term compensates the less favorald® and
results in a comparable kinetic trans effect forand thiourea.
An analogous situation has been reported earlier for the reaction
of cis[Pt(NH3)2(1-MeU)(H,0)]?" with these nucleophiles,
where the less negativkS' for I~ was attributed to a decrease
in electrostriction in the transitition state due to partial charge
neutralizationt!

In the reactions ofl or 2 with thiourea, two different five-

coordinate intermediates are feasible in which the nucleobasepIeXeS and thiour

adopts either an equatoridM1) or an apical (M2) position

(Chart 2). The former should be more favorable because of the

trans effect RNH > RNH,, as evidenced by the aquation rate
constants for [Pt(dien)Cl] (kaq 1.0 x 10* s and

S

[Pt(en)CI(HO)" (kaqg = 4.4 x 10°° s71)37 at 298.2 K, for
example. The forward reaction ¢&¥11 leads to the formation

of the free nucleobase and [Pt(dienjtulBy contrastM2 gives

ring opening of the tridentate dien ligand, and the four-
coordinate species thus formed may be trapped upon protonation
of the dissociated dien-Nigroup, i.e., as [Pt(dienH)(L)t&.

This dien-NH group may intramolecularly attack Pt(ll), result-
ing again in the intermediattM2, which gives the starting
material upon dissociation of thiourea.

The observation that botB(1) and 3(2) spontaneously also
give, in addition to the starting material, free ligand as a minor
product is of significance. Dissociation a&f in the reverse
reactions of3(1) and3(2) would require the formation of such
an intermediate, where the equatorial sites are occupied by dien-
NH, L, and the incoming dien-NHgroup. However, this is
highly unlikely for geometric reasons, because one-HRt-

NH, angle would be about 90and the other should be about
120C. In fact, theoretical studies predict that the angle between
the entering and leaving ligands in the five-coordinate inter-
mediate is quite small (7085°) and the trans-directing group

is away from the entering and leaving groups by an angle larger
than 135.38 Moreover, this configuration requires the reposi-
tioning of the thiourea ligand trans to the dien-NH group
(initially trans to the dien-NK) upon dissociation ofL.
Alternatively, the ligandL may directly dissociate from the
apical site inIM2. This is also highly unlikely, because it
contrasts the generally accepted mechanism in Pt(ll) substitution
reactions and would require a similar repositioning of the
thiourea ligand as above. Thus, it seems to us that the only
acceptable mechanism for the formation of both the starting
material and free ligand in the backward reaction8(@) and

3(2) involves an equilibrium between the intermediatibkl
andIM2, i.e., pseudorotation of the five-coordinate intermedi-
ates. Quite interestingly, the data in Table 3 show that even if
the formation of the ring-opened species is slightly more
favorable with2 than with1, the stedM1 — L is significant

in both cases. In fact, changes in the pH of the reaction mixture
seem not to affect the contribution of this step to the overall
disappearance of the starting material.

These findings are fully consistent with the mechanism
depicted in Scheme 1 for the thiourea-assisted dissociation of
1 and 2 in acidic solution. Here, [Il.A] denotes the initial,
presumably square-pyramidal adduct formed between the com-
ed3° Although interconversion of apical and

(37) Coley, R. F.; Martin, D. Slnorg. Chim. Actal973 7, 573-577.

(38) Lin, Z.; Hall, M. B. Inorg. Chem 1991, 30, 646-651.

(39) (a) Anderson, G. K.; Cross, R.Ghem. Soc. Re198Q 9, 185-215.
(b) Cross, R. JChem. Soc. Re 1985 14, 197-223.
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Table 4. Activation Parameters for the Reactions of(Bien) Species with Different Nucleophiles in Aqueous Solution at 298.2 K

complex nucleophile AH ¥ (kJ mol1) AS (I K1 mol™?)
1 H.O 854 1 (764 8)° —1054+ 2 (—135+ 24y
1~ 83+3 —49+ 8
tu 724+ 1[69.2+ 0.3f —79+4[-81+ 1]
3(2) tu 66+ 5 —-100+ 15
2 H,0 87+ 7 (784 11y —98+ 22 (—125+ 33y
1~ 78+ 3 —67+10
tu 72.84 0.3 [70.94+ 0.7F 86+ 1[-794 2°
3(2 tu 62+ 8 —108+ 25
[F(>t()dien)(l-b0)]2+ Guo-N7 54.0+0.3 —-66+1
[Pt(dien)(HO)]** Ado-N7 54.5+ 0.1 —90.64+0.1

a] = 0.1 M. The data in parentheses refer to thesystem.° The data in brackets refer to pH 3.

Chart 2 HPLC measurements, the initial ratio of formation of N7:N1
was approximately 1.5 at all temperatufés;onsistent with
findings reported earlier for various aquatgs-Pt! diamines®!
The activation parameters for the formation bfand 2 are
included in Table 4.

The knowledge of the rate parametdgsand ks for the
formation and solvent-assisted dissociatforof 1 and 2,
respectively, can be employed to estimate the equilibrium
constant = ki/ks for these complexes according to eq 4. The

NH,

NH,

{ .4...uulIIIIIIL

NH;, NH, )
; 2+ L ; +
M1 M2 [P(dien)(HO)I*" + L 5= [Pt(dien)(L-N7)F" + H,0 (4)
Scheme 1 data calculated at 28C from the activation parameters listed
ko +H* in Table 4 give logK = 7.5+ 0.1 forl and logK = 6.1+ 0.2
[m2] —— [Pt(dienH)L(tu)]** for 2. For comparison, a value of ldg> 6.6 has been estimated
, . kii+tu ka;—H' 3 for Pt(ll) binding to guanosine on the basis of data found for
[Pdien)Lf D AR N four-coordinate [Pd(dien)P+.43 Thus, the thermodynamic stablity of various Pt-
15 =tu I|M1l species X .
; (1) binding modes follows the order Ado-N¥ Ado-N1 < Guo-
. | ks §+3tu N7 < Urd-N3** In an earlier study, almost equal formation
[IA] = initial addduct ® L P " constants (logk = 3.6 + 0.1) were reported for the 1:1
1 i'(d'e"H") complexes of adenosine, cytidine, and guanosine with aquated
may include N V cis-Pt'(NH3), at pH 6.5% but this lack of thermodynamic
¥ several steps [Pt(dien)(tu)l2* AR ey selectivity was subsequently questiorféd.
n=13 4 —(dienH,)™ 5
Conclusions

equatorial groups through a square-pyramidal structure is well-  Substitution reactions of the model compounds [Pt(dien)(Guo-
known as Berry’s pseudorotatithin pentavalent main-group  N7)]2* (1) and [Pt(dien)(Ado-N7§" (2) by thiourea and
element compounds, similar processes in Pt(ll) chemistry arefollow an associative mechanism in aqueous solution. Under
rare. In a few cases, isomerization of Pt(ll) complexes has beenneutral conditions, the usual two-path system involving the
proposed to occur via a pseudorotation mechanism, rather tharsolvent path and the nucleophile-dependent path is obeyed. With
the usual consecutive displacement mechanism involving ion- both dicationic complexes, the reactivities of and thiourea
pair formation® It should be noted that the products in the are comparable, which may be attributed to electrostatic
reactions ofl and2 with thiourea cannot be explained in terms  interactions between reactants favoring the attack afrid to
of a consecutive displacement mechanism, bechasel2 have the diminution ofr back-donation from the metal disfavoring
no convenient ionic leaving groups. The major argument againstthe reactivity of thiourea. In addition, the substituent at C6 of
a pseudorotation mechanism is that a geometrical change ofthe base moiety may slightly affect the reactivity order of these
the intermediate would violate the highly stereospecific nature nucleophiles through steric effects, H-bonding interactions, or
of substitution reactions of square-planar complékétowever, solvation effects.
this is just the case found in this study. Evidently, the |n acidic solution, substitution reactions of both complexes
comparable trans effect of all donor atomsliand2 combined by thiourea were accompanied by a changeover in mechanism
with the rigidness of the dien ligand favor the pseudorotation due to ring opening of the tridentate dien ligand, i.e., they follow
mechanism in these cases. an associative mechanism involving pseudorotation of the five-
Formation of 1 and 2. Second-order rate constants for the coordinate intermediate. Ring opening of the tridentate dien
formation of1 and2 at different temperatures are given in Table Jigand and subsequent trapping of the dissociated diep-NH
S6 (Supporting Information). The rate data were obtained by group by protonation provides a competing route for the direct
HPLC from the diminution of the signal of the uncomplexed
nucleoside in Pt excess. With guanosine, the values directly refergig IAr%allami,NJ.;C Il_ghikoinen, Rnorg. Chim. Actal989 159, 115-120.
to the formation ofl. However, in the case of adenosine, both no. acia.
o N7 Compleses ar et about P14 Acooding 10 (5 VeEss, . e, . 8. o cher, S 103 s 00

based on isomerization studies.
(40) Berry, R. SJ. Chem. Phys196Q 32, 933-938. (45) Scovell, W. M.; OConnor, T.J. Am. Chem. Sod977, 99, 120-126.




578 Inorganic Chemistry, Vol. 38, No. 3, 1999 Mikola et al.

replacement of the nucleoside by thiourea in the overall reaction.important, as it demonstrates the nucleophilic power of a group

According to kinetic analysis, about 60% bfand 70% of2 which is spatially in a favorable position.
are converted into free ligand via the ring-opening step. . . '
Although the ring-opened specidgl) and3(2) are stable in Acknowledgment. We thank the University Foundation of

cold acidic solution, they decompose predominantly back to the Turku for financial support and COST group D8-004-97 for
starting material when the pH of the solution is increased. The support and stimulating discussions.
ability of the dien-NH group to displace coordinated thiourea
from Pt(Il) contradicts the trans effect"SN and suggests that
tnhuecll(;lgghﬁgotl'cl) pp?(f“)a ggrrtéilgmgﬁflzﬁgsv ;rgg]rﬁollsecilpowserfm rate const_ants for the substitution reactionsladnd 2 by |~ (Table_ _

. . ’ ’ . L s S3) and thiourea (Table S4). Second-order rate constants for substitution
migration of Pt(“),ha,s been rePOTted ear“_er 'temethlonl'n.e‘f reactions ofl, 2, 3(1), and3(2) by thiourea at pH 3 (Table S5), and
Sguanosyk-methionine’’ and histidylmethioniné? In addition, observed rate constants (Table S6) for the formatioh afid2. This

5-GMP is able to remove S-bounemethionine from [Pt(dien)-  material is available free of charge via the Internet at http:/pubs.acs.org.
(Met-S)F+.#° The facile displacement of sulfur-bound thiourea (9810045

from the Pt(ll) coordination sphere found in our study is

Supporting Information Available: Tables S1 and S2 listing the
1H, 13C, and'®Pt chemical shifts for, 2, 3(1), and 3(2). Observed
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