Inorg. Chem.2001,40, 3269-3278 3269

Articles

Protonation of Platinated Adenine Nucleobases. Gas Phase vs Condensed Phase Picture
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Protonation of adenine carrying a Pt(ll) moiety either at N7, N3, or N1 is possible in solution, but the site of
protonation is influenced by the location of the Pt(ll) electrophile and to some extent also by the overall charge

of the metal entity {2, +1, 0, —1), hence the other ligands (NHCI~, OH™) bound to Pt(Il). Quantum chemical
calculations based on density functional theory (DFT) have been carried out for intrinsic protonation energies of
adenine complexes carrying the following Pt(ll) species at either of the three ring N atoms: RteNKL),

trans [Pt(NHs).Cl]™ (2a), cis-[Pt(NH3).Cl]* (2b). trans[Pt(NHs).Cl;] (3a), cis-[Pt(NH3)Cl,] (3b), [PtCls]~ (4),
trans-[Pt(NHz).OH]* (5d), cis[Pt(NH3)(OH)]* (5b), trans[Pt(NH3z)(OH);] (6a), cis-[Pt(NHz)(OH),] (6b), and

[Pt(OH)]~ (7). The data have been compared with results derived from solution studies (water) and X-ray
crystallography, whenever available. The electrostatic effects associated with the charge of the metal entity have
the major influence on the calculated intrinsic (gas phase) proton affinities, unlike the condensed phase data.
Nevertheless, the relative gas phase trends correlate surprisingly well with condensed phase data; i.e., variation
of the (K, values measured in solution is consistent with the calculated gas phase protonation energies. In addition
to a systematic study of the ring proton affinities, proton transfer processes within the platinated adenine species
were often observed when investigating Pt adducts with @d¢inds, and they are discussed in more detail. To

the best of our knowledge, this is the first study attempting to find a systematic correlation between gas phase
and condensed phase data on protonation of metalated nucleobases. The gas phase data provide a very useful
complement to the condensed phase and X-ray experiments, showing that the gas phase studies are capable of
valuable predictions and contribute to our understanding of the solvent and counterion effects on metal-assisted
proton shift processes.

Introduction As revealed by condensed phase and X-ray experiments,
protonation of nucleobases can be substantially affected if the
base carries a metal moietyit has been suggested that proton
shift processes are driven by specific changes in the electronic
structures of bases upon metal binding. The experiments provide
abundant data about changes & pralues of nucleobases.
However, the experiments themselves do not allow quantifica-

tion of the electronic effects exerted by metal ions on the

Protonated nucleobases occasionally occur in nucleic acids.
For example, protonation stabilizes certain AC and GA mis-
matches, polyA forms a helical, double-stranded structure at
low pH, and formation of N3 protonated cytosine is essential
in stabilizing four-stranded intercalated i-DNA or achieving a
third-strand binding of cytosine in pyrimidirgourine—pyri-
midine triplexes-
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nucleobases and separation of them from two other major In the present paper we have carried out an extensive
factors, viz., long-range electrostatic effects and the influence quantum-chemical analysis of the effects of metalation on
of the environment, mainly the solvent effects. All these protonation of adenine, complementing the available experi-
contributions simultaneously affect the protonation and tauto- mental data. We systematically study all possible combinations
meric equilibria of metalated nucleobases. The long-range of the endocyclic ring nitrogenous sites of adenine involved in
electrostatic contribution associated with the charge residing onmetalation and protonation, namely the N1, N3, and N7
the metal entity dominates in the gas phase. However, the polarpositions. The calculations were carried out for Pt(Il) adducts
solvent and counterions in condensed phase and crystals largelyvith charges varying from-2 to —1, and we considered several
modulate and compensate for the electrostatic contribution. It ligands. Computed protonation energies, defined as the differ-
is well established that metalation of a neutral or monoanionic ence of the total electronic energies between the protonated and
nucleobase by a positively charged metal entity does not preventnonprotonated forms, were compared in detail with available
protonation of the nucleobase, even if it leads to a further experimental K, values of free and metalated adenines in
increase of the total charge of the system. This is a processaqueous solution.
which is less likely to occur for a completely isolated system
in the gas phase. It is important to underline that the magnitude Method
of the solvent effects on the metalated nucleobases is eXpeCted The computations were done using two techniques differing in the
to vary with experimental conditions. Thus, to make our treatment of relativistic effects.
understanding of metal-induced proton shifts in metalated bases First, we have utilized density functional theory (DFT) by using a
more complete, it is quite tempting to supplement the existing combination of the nonlocal gradient corrected three parameter exchange
condensed phase measurements with relevant data obtained iﬁJnCtional deVelOped by Beckeand the correlation functional in the
the absence of the environment. Such gas phase data can pormalism of Lee—_Yang—Pa_rr.18 Nowadays this functiona_l (abbreviat(_a(_j
presently obtained, with high accuracy, by using the ab initio as Becke3LYP) is becomlng standar_d fqr computation of transition
. . . metal complexes. Our previous contribution demonstrates its success
quantum_chemlcal approach. Comp”ta“Pr?"’_" quantum Cheml_Stryin calculation of acie-base properties of platinated cytosine com-
matured in recent years and modern ab initio quantum-chemmalmexes;l
methods represent a respectable tool to study small and medium- - o first- and second-row elements have been described by the
sized systems in the gas phase with accuracy comparable tGs-31G* basis set. As an adequate description of highly polarizable atoms
experiments. Ab initio methods were extensively used in studies requires introduction of diffuse functions, on the chlorine atom we have
of H-bonding and stacking of DNA basésheir intrinsic used the 6-3+G* basis set.
tautomer equilibrizand protonation processgs!! and various On the platinum the lanl2dz relativistic pseudopotential has been
aspects of nucleobase metalatiénié Recently, we have imposed, which substitutgs for the inner 60 electrBrihe remaining_ _
analyzed the effect of Pt(ll) and Hg(ll) binding to the amino 18 elgctrons (corresponding to the 53, 5p, and 5d shel!s) are explicitly
groups of nucleobases and demonstrated that the metalation hagonmdered throughout the calculations. The calculations have been

. - . . “carried out using the Gaussian 98 computer c8de.
a substantial nonelectrostatic effect on the basicity of the ring The second set of calculations has been carried out with the ADE

nitrogens of base§.These results explalne(_j the experlmental_ly (Amsterdam Density Functional) program packajéwhich offers a
observed proton shifts caused by the amino group metalation.sophisticated approach to relativistic correctihghe local-density
In contrast, studies of N7 metalation of nucleobases rather gpproximation (LDA) in the VoskeWilk —Nusiar parametrizatidd
suggest that metalation by Pt(Il) influences the gas phasewas used together with Perdew’s and Wang’s nonlocal correction to
tautomeric and protonation equilibria of nucleobases primarily the local expressions of the exchange and correlation eriértiye
by the electrostatic effect8;!® except for cases with specific ~ core orbitals were kept frozen up to 4f for Pt and to 1s for C, N, and

interactions between one of the ligands attached to the metal

and the nucleobadé. (17) Becke, A. D.J. Chem. Phys1993 98, 5648.
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P.J. Phys. Chen200Q B104 7535. (24) Perdew, J. P.; Wang, Yhys. Re. 1986 B33 8800.
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Table 1. Protonation Energies of Isolated Neutral Adenine in the Table 2. Second Protonation Energies for Protonated Adenine

Gas Phase (kcal/mol), Becke3LYP/6-31G* Method (kcal/molp
protonation absolute protonation relative protonation adenine protonation absolute protonationrelative protonation
site energy (enthalpy) energy (enthalpy) form site energy energy
N7 —228.7 (-220.0) +8.5 (+8.7) Ade(H7)++ N1 —140.1 0
N3 —235.8 (-227.3) +1.4 (+1.4) N3 —137.7 +2.4
N1 —237.2 (-228.7) 0 (0) Ade(H3)4+ N1 —122.9 +17.2
a . ) . N7 —130.6 +9.5
Values in parentheses showetB K protonation enthalpies after _
. . . . Ade(H1)t+ N3 121.4 +18.7
adding the zero point energy term. Note that relative protonation N7 —131.6 +85

energies and enthalpies are identical.
a Energy for double protonation can be obtained by adding the first

Chart 1 protonation energies listed in Table 1. Becke3LYP/6-31G* method.
NH;
N In the following no explicit differentiation is made between
e | 7» nonsubstituted adenine (A) and N9 as well as,N6,N9-
k"‘ N substituted adenines in that it is assumed that the overall picture
\ is not changed dramatically by these modifications. For example,

pKa: values for adenosine are in the range 3%6B.783°
depending on temperature and ionic strength, for 9-methylad-
enine at ca. 4.8! and for N8,N6',N9-trimethyladenine at ca.
4.1532 The [Kq, for the latter base is-0.754 0.2. (However,
pKaa pKao pKat it is obvious that the scenario of N9 deprotonation brought about
by certain Pt hydroxo species is not relevant to 9-substituted
adenine-see below).
O. The valence orbitals were contracted into tripl&later orbitals. Gas-Phase Protonation Energies of Nonmetalated Ad-
As polarization functions one 6p shgll was used for Pt, one 3d for C gnine. We have first investigated the protonation energies of
and N, and one 2s f_or H (ADF b§3|s s_et IV). All calculations were neutral and singly protonated adenine to give species bf
performed with relativistic corrections in the ZORA schefha\l and +2 charge, respectively. Table 1 lists the protonation
complexes in this study were optimized without applying any geo- . . .
metrical constraints. energies (_)f neutral, nonmetalated adenine. The_se energies and
Due to the large number of structures investigated, we did not verify tN€ir relative values represent the reference point with respect
the nature of optimized structures via harmonic vibration analysis; 0 Which all our subsequent calculations are to be compared.
however, it is very unlikely that any of them represents a transition Table 1 shows that the protonation energies are within the range
state. For the same reason we did not calculate the difference of zeroof 230—240 kcal/mol and that protonation of N7 is markedly
point energy (ZPE). Thus all numbers provided in this study are the less favorable{228.7 kcal/mol) compared to the N3 and N1
gas phase protonation energies and not enthalpies. Note, however, thagites, which are almost isoenergetical@5.8 and—237.2 kcal/
despite a small differenpe in absolute value_s of protonation energigs mol, respectively). Our data are in agreement with protonation
and e_nthalples,_ the relative v_alues of protonation e_nthalples aqd energ'e%nergies reported in other computational stuéiéas proto-
for different nitrogenous sites should be identical. The difference \oviqn energies are not very sensitive to the level of calculations.
between gas phase protonation energy and enthalpy is shown for a__ = 7 -0 " completeness, we have also calculated the
nonmetalated adenine in Table 1 below. . . ! .
protonation enthalpies of adenine (Table 1). The theoretical
Results and Discussion protonation energies are in excellent agreement with gas phase
Acid—Base Equilibria of Adenine Nucleobased.et us first experimental value of adenine proton affinity 424 kcal/mol,
briefly summarize the condensed phase experimental data orcf. the calculated enthalpy value in Table 1). We have carried
adenine protonation. Adenine, A, (Chart 1=RH) and its N9 out the calculations for nonmetalated adenine in order to have
substituted derivatives, 9-RA (R alkyl group or sugar) can  the protonation energies of adenine and metalated adenines
undergo protonation at the endocyclic nitrogen atoms N1, N3, evaluated exactly at the same level of computations.
and N7. Protonation of the exocyclic amino group N6 is not ~ Table 2 summarizes the protonation energies for a mono-
expected to take place as the lone pair of the amino nitrogen isprotonated adenine, i.e., energy gains by adding a proton to the
largely delocalized into the heterocyclic ring. The existence of ring, which is already protonated. As expected, these protonation
mono-, di-, and triprotonated adenine is establish&g*pvalues energies associated with the attachment of the second proton
are ca—4.2,—0.4, and 4.0, respectively, for the three protonated are in the absolute value much smaller compared to those in
forms (Scheme 1). It is widely accepted that the first proton Table 1. This mainly reflects the electrostatic repulsion, which
added to A resides at N1, that the 4% species is protonated  has to be overcome when increasing the charge of the system
at N1 and N7, and that in A® finally also N3 is protonated  from a value of+1 to +2 in the gas phase. Besides this
(see also below). reduction (in absolute value) of the protonation energies, there
Deprotonation of A occurs in aqueous solution at NB{p are also considerable differences in the individual double
10) " followed by deprotonation of the exocyclic amino group protonation patterns. Clearly the most favorable situation for
(pKaz ~ 17)28 With N9-substituted adenines only the second

deprotonation process, viz., deprotonation of the, §kbup, is (28) (a) Stuart, R.; Harris, M. GCan. J. Chem1977, 55, 3807. (b) Taylor,
S. E.; Buncel, E.; Norris, A. RJ. Inorg. Biochem1981, 15, 131.

Scheme 1
AR

= AHS /= AH ——=

z-42 Z 04 =36-43

relevant. (29) Tribolet, R.; Sigel, HEur. J. Biochem1987 163 353.
(30) Scheller, K. H.; Scheller-Krattiger, V.; Martin, R. B. Am. Chem.
(25) van Lenthe, E.; Ehlers, A. E.; Baerends, EJ.JChem. Phys1999 Soc.1981, 103 68.
110, 8943 and references therein. (31) Lippert, B.; Schtthorn, H.; Thewalt, Ulnorg. Chim. Actal992 198—
(26) (a) Benoit, R. L.; Frehette, M.Can. J. Chem1984 62, 995. (b) 200, 723.
Benoit, R. L.; Ffehette, M.Can. J. Chem1985 63, 3053. (32) Meiser, C.; Song, B.; Freisinger, E.; Peilert, M.; Sigel, H.; Lippert,

(27) Lewin, S.J. Chem. Soc1964 792. B. Chem. Eur. J1997, 3, 388.
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the second protonation occurs when the first proton is attached

to N7. Then protonation of N1 is weakly preferred over
protonation of N3. Protonation of N7 after protonating N1 or

N3 is apparently less favorable. The least favorable case is a

simultaneous protonation of the closely spaced N1 and N3
positions. As far as total energies of the dicationic adenine
species are concerned, the sequence is therefore N7, NI,
N3 > N1, N3. The values in Table 2 represent a useful reference
point for a direct comparison with protonation of adenine
metalated by a metal adduct carrying a chargetdf (see
below).

Comparison of Intrinsic Gas-Phase Trends with Solution
Studies and X-ray Data.Protonation studies with adenine and

its N9-substituted derivatives in water agree with the gas phase

picture in that N7 is not the most basic site for proton binding
to give the monocation AH It is believed that in aqueous
solution the first proton adds to N1, consistent with the large
effect (downfield shift) of protonation on the H2 resonance of
A seen in théH NMR spectrunt* While N3 protonation might

be expected to exercise a similar effect on H2, the relative
insensitivity to the N9 substituent (e.g., @Hesonance in
9-methyladenine) does not strongly support the option of N3
being the preferred first site of protonation. On the other hand,
a tautomeric equilibrium of both forms, with the N(1)H form
dominating over the N(3)H form, cannot rigorously be excluded

2+
HsN NHg
N 7 ‘l
Pt 1
7N\
NH;
Cl NH; * NH, [o)] *
. / A N/ _I
rans- Pt\ 2a cis- Pt 2b
/
NH3 NH;
LN cl | a cl
trans- 3 3a s~ /Pt\ 3b
cl NH3
a |
AN —l
Pt
AN
Cl
.
NH NH. OH
AN . |’ N/
trans- 5a cis- Pt 5b
a N N2
NH3 3
NH OH HO OH
N/ N 6b
trans- Pt\ 6a as- / \
H
HO 0
OH
\ /
/ AN
HO

Figure 1. Schematic view of adenine (A) complexgs/ studied.

(Scheme 2). Clearly, the results of the gas phase calculations Gas Phase Protonation Energies of Adenine Carrying [Pt-

are qualitatively in agreement with the situation in water. In
nonagueous solution formation of AH cations and in supera-
cidic medium (FSGH/SbR/SO,) and at low temperature (252
K) even formation of AH®* cations, protonated at N1, N3, and
N7, has been reported.

X-ray crystallographic studies of adeninium compounds
AHTX~ are likewise consistent with N1 protonati#hThe

(NH3)3]?" (1), trans- and cis[Pt(NH3),CI]* (2), trans- and
cis[Pt(NH3)Cl;] (3), and [PtCl3]~ (4) Units. In a subsequent
set of calculations, we have investigated the effect of metalation
of the adenine on its intrinsic protonation energies. Figure 1
lists the Pt(ll) species used in the calculations and Table 3
summarizes the protonation energies of adenine carrying [Pt-
(NH3)3]?" (1), trans{Pt(NHz).CI] " (2a), cis{Pt(NH3).CI] " (2b),

bonding patterns observed in several salts are unambiguougrans{Pt(NHz)Cl;] (3a), cis{Pt(NH3)Cl;] (3b), and [PtC4] ~ (4)

concerning the site of protonation. With AH compounds, the
sites of proton binding are N1 and N7.

(33) (a) Greco, F.; Liguori, A.; Sindona, G.; Ucella, N.Am. Chem. Soc.
199Q 112 9092. (b) Lias, S. G.; Liebman, J. F.; Levin, R. D.Phys.
Ref. Datal984 13, 695. (c) Meot-Ner (Mautner), MJ. Am. Chem.
Soc.1979 101, 2396. (d) Liguori, A.; Napoli, A.; Sindona, G. Mass.
Spectrosc200Q 35, 139.

(34) Beyerle-Pfiip R. Ph.D. Thesis, Technical University Munich, Ger-
many, 1985.

(35) Wagner, R.; von Philipsborn, WHelv. Chim. Actal971, 54, 1543.

(36) (a) Kistenmacher, T. J.; ShigematsuAEtta Crystallogr.1974 B30,
166. (b) Hata, T.; Sato, S.; Kaneko, M.; Shimizu, B.; TamureBdl.
Chem. Soc. Jprl974 47, 2758. (c) Shikata, K.; Ueki, T.; Mitsui, T.
Acta Crystallogr.1973 B29, 31.

(37) (a) Bryan, R. F.; Tomita, K.-IActa Crystallogr.1962 15, 1179. (b)
Langer, V.; Huml, K.Acta Crystallogr.1978 B34, 1157.

moieties. The values listed are the absolute protonation energies.
Relative values of protonation energies within the rows are given
in parentheses, i.e., for structures with an equal charge and
adduct.

Let us start the discussion with compour8#sand3b, i.e.,
the data for neutral adducts, and compare them with the data
for free adenine in Table 1. Binding tins{Pt(NH3)Cl;] (3a)
weakly reduces the ability of the adenine ring to become
protonated, on average by about 5 kcal/mol. This indicates that
there is a certain positive charge flux from the metal adduct to
the ring. Despite the fact that the adduct is neutral, Pt binding
introduces interesting differences in the relative protonation
energies. Clearly, the highest probability of protonation should
be expected when the Pt entity is attached to N7, and in this
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Table 3. Protonation Energies (kcal/mol) of Adenine Metalated by [PHNA" (1), trans and cis-[Pt(NHz).Cl]* (2), trans and
cis-[Pt(NHz)Cl] (3), and [PtC}]~ (4) Entitiest

N1P N3P N7
N3 N7 N1° N7 N1 N3
[Pt(NHg)a]?* (1) —85.6 (+13.1) —96.0 (+2.7) —89.1 (+9.6) ~95.0 (+3.7) -98.7  —98.1(+0.6)
trans[Pt(NH),CI|* (28)  —149.0 H11.2)  —152.7 (+7.5) ~1515(8.7) —1520(8.2) —160.2 —158.35(1.85)
cis[Pt(NHz).Cl]* (2b) ~155.3 (11.1)  —159.5 (+6.9) ~157.3¢-9.1)  —161.3(51) —166.4 —163.6 (¢3.1)
trans[Pt(NHs)Cl;] (3a) —224.2 (+7.5) —219.3(+12.4)  —226.3(+5.4) —223.6(8.1) —231.7 —228.1(3.6)
cis[Pt(NHs)Cl] (3b) —216.3(-10.2)  —2145(12.0) —217.1(49.4) -219.7(6.8) —2265 —222.4(+4.1)
[PtCL~ (4) —285.0 (+3.1) —273.8(-14.3) —286.6(1.5) —281.3(+6.8) —288.1 —283.5(4.6)

aNumbers in parentheses are the relative values of the protonation energies within the rows, with respect to N1 protonation of the N7 metalated
adenine. Becke3LYP/6-31G* methadd.Position of Pt Position of the proton.

case the protonation of N1 is moderately favored over proto- charge of the adduct considerably enhances the ability of N1
nation of N3. Metalation of N3 reduces the protonation energy to be protonated after N3 metalation, and vice versa.
of N1 by ca. 5.4 kcal/mol while protonation of N7 is even less Results Obtained in Condensed Phasdhe number of Pt-
likely. The protonation energies are further reduced when the (Il) adenine complexes studied in aqueous solution and by X-ray
platination occurs at N1, and the protonation of N3 is clearly crystallography, respectively, is limited, and therefore a complete
favored over N7. The data fais[Pt(NH3)Cl;] (3b) adduct are comparison with computations is not possible. As to platinated
quite similar with a further reduction of the absolute values of adeninium (AH) species, very few exampR8s® are verified
protonation energies. This reduction of proton affinity with by X-ray crystallography and they have the Pt(ll) bonded to
respect t®acan be easily explained by considering the position N7. For example, in [PtG{9-MeAH)]3® the N1 position is
(separation) of the anionic Clligands with respect to the  protonated and there is no ambiguity concerning the protonation
adenine moiety in both compounds. site. The situation (N7 metal binding, N1 proton binding) is
With regard to binding of [Pt(NE)s]2* (compoundl, see strictly analogous to that in [ZngllAH)], which contains the
Table 3), it is evident that the absolute gas phase protonationParent adeninium ligant. These findings agree with the gas
energies are sharply reduced compared with nonmetalategPhase trends. . o _ .
adenine (by ca. 130 kcal/mol) due to the long-range electrostatic _Solution studies carried out by application of potentiometric
effects. However, since protonation is known to occur for this fitration, UV spectroscopy, otH NMR spectroscopy, while
adduct in aqueous solution rather readily, one can expect thatProviding a measure for the loss of overall adenine basicity as
these electrostatic effects are largely annihilated by the solvent2 consequence of Pt binding to N7, do not unambiguously
(see below). Thus, we will primarily discuss the relative values €Stablish the site of proton binding. Itis generalssumedhat
of protonation energies. The most favorable situation ig,in  the preferred protonation site is N1, but clearly a straightforward
when Pt binds to the N7 position. Then the protonation of both differentiation between N1 and N3 is not possible and neither
N1 and N3 appears to be almost isoenergetical. In contrast to!S @ tautomer equilibrium strongly favoring one species ruled
the data for [Pt(NK)Cl] (3) and nonmetalated adenine, ©Out.- UV spectroscopy might, in principle, give an answer
however, protonation of N7 is relatively favorable for both N3 Provided one tautomer does not exceed the other by a factor of
and N1 Pt binding. On the other hand, metalation of N1 10 Or so. _ _ o
disfavors protonation of N3 and vice versa. It should be noted AS t0 the magnitude of the loss of adenine basicity (i.e.,

that, besides the influence of proton affinities discussed above, d€Créase in a1 as a consequence of the N7 platination), no
the [Pt(NH)s]2" attached to N7 can also induce formation of Strong influence of the charge of the Pt entity has been detected

an adenine imino tautomer by shifting a hydrogen from the in aqueous solution..The evident lack pf the charge dependence

amino group to the N1 position (cf. Figure 1b in ref 15). shows that the environment very efficiently compensates for
A closer scrutiny of the remainin hows. that for th the long-range electrostatic effects. In four complexes'ef 2

closer scrutiny of Ineé remaining cases shows, that for the deoxyadenosine with 2-fold positives- andtrans[Pt(NHs).-

[Pt(NH3).CI]* (2) the relative values of protonation energies H.0) 12+ - d the sinalv charaed d

are between the values obtained for [Pt@§+ (1) and [Pt- EPtZ(N)IL ) én”cilerﬁiiset?ens a: 57523% ?orag(ar: | : nth;re:jr;i in

(NH3)Cl3] (3) adducts. When comparing the absolute values of basicit;/ ?amounts to ca. 1.7 log unifs edéNVithpQ-;nethylad?

protonation energies with the data in Table 2 (double protonated 3 )

. . . . ninium carrying [Pt(dien§]” (dien= diethylenetriamine)gis-
adenine) one recognizes that protonation of adenine metalate PtCI(NH3)], and [PtCk]~ at the N7 positions, i, values are

by 2b is considerably favored (by ca. 280 kcal/mol) over a 1.5 (UV)*2 and 1.9 fH NMR),#2 1.93! and 2.5 respectively.
second protonation of the nonmetalated adenine. This clearly.l.hus although the loss in ba{sicity ,(4rGKa) is sjomewhat more
shows that the effect exerted by ttvd metal adduct on adenine sprealld (1.82.8 log units) in the casé of 9-MeAH more data
proton affinity is considerably smaller compared to the attach- are necessary to establish that this trend is géneral. The fact

ment of a proton. Thus, in the gas phase, binding of a metal that [PtCh] ~ reduces the basicity of adenine to a smaller extent

adduct with a charge oflis cpn5|derably less (.:iesltab|.llz|ng. than the neutral and the cationic Pt entities is in agreement with
for a subsequent ring protonation than proton binding is. This the calculations

point may be an important clue to rationalize the observation
that metal adducts permit protonation in solution. The data for ggg corals, A lnorg. ORI, o seh E. G Liopert. B

+ He cnreiper, A.; , M. 5. Erxleben, A.; Fusch, E. C.; Lippert, &.
trans{Pt(NH):Cl] (Za) are very similar, though the absolute Am. Chem. Sod999 121, 3248 and references therein.
values of proton affinities are by about-20 kcal/mol lower (40) Taylor, M. R.Acta Crystallogr.1973 B29, 884.

compared tacis{Pt(NHs)-CI]™ (2b). The last row of Table 3  (41) Song, B.; Zhao, J.; Griesser, R.; Meiser, C.; Sigel, H.; Lippert, B.

shows protonation energies for the negatively charged §PtCl (Cége&h\'/‘:v‘;rr-zjé??_?pg'e ft37B4, g@%:ﬁﬁ”?_ﬁetcgfiﬁlmrg chim
(4) entity. Also in this case the most favorable protonation is Acta199Q 17'6 113, () den ’Hartog’ 3 H.J. van den Elst, H.: Reedijk,

that of N1 after N7 metalation. However, the change in the J.J. Inorg. Biochem1984 21, 83.
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Table 4. Protonation Energies (kcal/mol) of Adenine Metalated by [PHN" (1), trans and cis-[Pt(NHz);OH]* (5), cis-[Pt(NHz)(OH),]
(6b), and [Pt(OH)]~ (7)2

N1 N3P N7
N3° N7° N1 N7° N1° N3°
[Pt(NHs)5]%* (1) —-85.6 +13.1)  —96.0 -2.7) —89.1 (+9.6) —95.0 4-3.7) —98.7 —98.1 (4-0.6)
trans[Pt(NHz),OH]* (58)  —154.749.8)  —157.7 (+6.8) ~157.2(+7.3)  —156.6 (-7.9) —1645  —163.0 (+1.5)
cis-[Pt(NHs):OH]* (5b) ~157.9(-17.9) —163.7@412.1) —153.6(22.2) [-172.4} ~175.8  —161.7 (+14.1)
cis[Pt(NHz)(OH);] (6b)¢  [—232.3] [-231.3] —217.8 [—250.4] [248.0] [-238.1]
[Pt(OH)]~ (7) [—318.2] [-303.3] [-313.7] [~320.7] [-324.6] [-313.6]

aNumbers in parentheses are the relative values of the protonation energies within the rows, with respect to N1 protonation of the N7 metalated
adenine. Becke3LYP/6-31G* methotPosition of Pt Position of the proton? For this metal adduct, O proton shift in the protonated form
occurred, leading to an aqua ligand and often associated with rotation of the platinated adduct. Therefore, the individual protonation energies are
given in brackets and relative protonation energies are not ligfEus number corresponds to the protonation energy of the isomeric form without
proton shift. This protonation energy, therefore, can be compared (and in fact is identical) with the corresponding number in T&bleFdifor
details see the text.

It is interesting to notice that the loss of adenine basicity due
to a binding of aneutral Pt adduct in solution correlates well
with the reduction of protonation energy caused by the same
adduct in the gas phase (cf. Table 1 with data for compounds
3aand3b in Table 3). At the same time, solution protonation
of adenine metalated b1 adduct is facilitated over a second
(double) protonation of a nonmetalated adenine. This again
clearly correlates with the gas phase trends (cf. Table 2 vs data
for 2aand2b in Table 3). The gas phase protonation energies (a)
of adenine and singly protonated adenine envelope the values
of protonation energies of adenine metalated with Pt adducts
with charges 0 and-1, and this relation remains qualitatively
unchanged when considering solutioK pvalues. Thus, the
dependence of both gas phase protonation energies and solution
pKa values on the total charge has a reduced slope for the Q
platinated adenine compared with the multiple-protonation
process. It leads to the apparent independence ofkhérpm
the charge carried by the metal adduct in aqueous solution.

Very few adenine complexes carrying Pt(Il) at the N1 position
have been studie:*3For the [Pt(dienf" complex (K, values
of ca. 0.3 (UV) and ca. 0.74 NMR) have been reported. (C)
The large effect of the protonation process on the H8 resonancerigure 2. cis-[Pt(NHs),OH]* binding to N7. (a) Global minimum for
of 9-MeA strongly suggests that N7 is the site of protonation, neutral adenine with a hydrogen bond between adenine amino group
again in agreement with the gas phase calculations. A few and the OH ligand; (b) local minimum with amino-acceptor interaction
examples of Pt(ll) complexes exist, in which the metal is bonded ﬁe;"r;'g??c)therolﬁt’gﬁyé%aé ]fmngf gg‘;ﬁn‘:t:;%?; QLa?ﬁQiﬂed?Qdetﬁm
to N3 of the adenine base (N6 ,N9-trimethyladenine}? pKa b%tweén tﬁe amino group of adenine and theg()lganc)jl; (dg)j N3
values of ca. 0.2 have been _estlmate_)d for the bound adenlnlumprotonated structure with metal adduct perpendicular to the nucleobase.
from IH NMR and UV data with [Pt(dienf}, trans-[Pt(NHs)2-

(9-EtGHNT7)]?" (9-EtGH = 9-ethylguanine), andrans[Pt- the results depend on the ligands attached to the platinum. The
(NH3)2Cl]* species. From théH NMR spectra it has been  data are summarized in Table 4.

concluded that protonation occurs at N7, again consistent with  Relative protonation energies for tiians{Pt(NHsz),OH]*

the gas phase data (Table 3). Most importantly, both N3 and (5a) adduct, having the OHligand trans to the adenine ring N
N1 metal binding reduce thekg value compared with the N7 atom, are close to those obtained fians{Pt(NHz).Cl]* (2a).
metalation, an observation entirely consistent with the gas phaseThe absolute proton affinities are slightly higher with Othan
trend. In general, the comparison of solution and gas phase datavith CI~.

gives a clear impression that while solvent efficiently eliminates ~ On the other hand, the data for this{Pt(NHz)-OH]* (5b)

the major part of the pure electrostatic effects, the relative trendsadduct are quite complicated. This is caused by a close contact
seen in the gas phase remain expressed under the solutiofetween the OH ligand and the adenine moiety allowing
experimental condition. This is especially evident when compar- specific H-bonding interactions with the adenine. These interac-
ing condensed phase and solution data for systems with equations significantly influence the relative protonation energies.

®e e O 0 ®
oz0OTIT3X

charges. Figure 2 shows the case of the N7 metalatiorbbyFor neutral
Gas Phase Protonation Energies of Adenine Carrying ~ adenine, the N7-bourfsb adopts preferably such an orientation,
trans- and cis-[Pt(NH3),0OH]* (5), cis-[Pt(NH 3)(OH),] (6b), that the OH group serves as an H-bond acceptor for the adenine

and [Pt(OH)3]~ (7) Entities. In a subsequent set of calculations, @mino group (Figure 2a). However, further calculations reveal

we repeated the above calculations with Osubstituting for @ second local minimum which is basically isoenergetical (being

CI-. The reason for this substitution was to see to what extent less stable by just 1.2 kcal/mol). In this geometry (Figure 2b)
the Pt entity is rotated by 18®o0 that the NH ligand contacts

(43) Beyerle-Pfiiy R.; Brown, B.; Faggiani, R.; Lippert, B.; Lock, C. J. '_[he adenine amino group. The amino group is pyramidal and
L. Inorg. Chem.1985 24, 4001. its nitrogen serves as a H-bond accepftovith respect to the
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for all three adenine forms (neutral, N3 protonated, and N7
protonated). There again exists a local minimum for nonpro-
tonated adenine with N§Hdonating a proton in an amino-
acceptor interaction with the adenine amino group. This is,
however, 4.5 kcal/mol less stable than the structure with an N6
H6---O hydrogen bond.

Finally, for N3 metalation, the situation is as follows. For
neutral adeninesb forms an H-bond between the N®#9 and
the OH™ group while the NH group is situated close to the C2
adenine position. Protonation of the N1 position pushes thig NH
ligand away and the Pt entity rotates by 186ringing the NH
ligand close to N9 and the OHigand close to the C2 adenine
position. In contrast, a protonation of the N7 position on the
other side of the adenine ring leads to a spontaneous proton
transfer of the H9 adenine hydrogen to the Okgand, thus
leading to a formation of an aqua ligand and a rare tautomer
form of adenine. This process is not so surprising, as the OH
is a good H-acceptor and the protonation of the adenine ring
necessarily substantially acidifies the hydrogen attached to the
N9 adenine position. For this case with a proton transfer, we
present the absolute protonation energy in brackets in Table 4.
We do not provide relative value of the protonation energy, as
it is not directly comparable with the other numbers.
Figure 3. Isodensity surfaces for the models shown in Figure 2.  Unfortunately, for the species with charges 0 anf, cis-
Contours plotted at 0.025 au. [Pt(NH3)(OH),] (6b) and [Pt(OH}]~ (7), we have seen, after
attempting the adenine protonation, proton transfers from either
the amino group or a ring nitrogen to one of the Olijands.
In other words, the calculations yielded spontaneously aqua
'ligands at the Pt and a neutral adenine mostly in some rare
tautomeric form. Thus the OHligands showed a much larger
gas phase proton affinity as compared with the adenine moiety.
In addition, in most cases, when attempting protonation of the
ring, the metal entity underwent rotation about the Pt nucleobase
bond in order to optimize the interaction. Despite several
attempts and starting from different initial geometries, we were
not able to unify the metal adduct geometries for protonated
and nonprotonated adenines. In two cases, the proton shift
leading to an aqua ligand occurred even with the initial structure
(i.e., before attempting a protonation; see a further discussion
below), causing a spontaneous deprotonation of adenine. Thus,
protonation energies fais-[Pt(NHz)(OH),] (6b) and [Pt(OH}]~
(7) adducts are given in brackets in Table 4. We do not report
the relative values of protonation energies, since the actual
effects of the metal binding on ring position basicities (see Table
3) are much smaller compared to the effects associated with
the strong intramolecular H-bonds, proton-transfer processes to
the OH" ligands of the adduct, and metal entity reorientation.
As the proton-transfer processes were not the primary aim of
this work, we decided not to investigate the remaining com-
poundtrans-[Pt(NHs)(OH),] (6a), which also shows the proton
shifts. We plan to address this issue in more detail in a future
study.

NHs ligand, with a distance between the two nitrogen atoms of
2.99 A. The degree of the adenine amino group pyramidalization
can be illustrated by the sum of the amino group valence angles
which amounts to 337instead of 360 characteristic for sp
nitrogens. The amino group hydrogen atom proximal to the
metal adduct has a dihedral angle of 44iith respect to the
adenine ring. We would like to emphasize that the partial
pyramidalization of the adenine amino group is structurally
important but energetically a rather subtle effect. It has no
relation to basicity of the amino group; thus, amino group
pyramidalization does not mean that a protonation of this site
is to be expected. The calculated intrinsic protonation energy
of the N6 adenine nitrogen is215.1 kcal/mol, well below (in
absolute value) the protonation energies of any of the ring
nitrogen sites. Obviously, after any ring nitrogen site is
protonated, the amino group adopts a pureR/sgbridization.
Just for a comparison, protonation energy of the aniline amino
group is—222.2 kcal/mol. When protonating the N1 position,
the amino group can no longer remain pyramidal and thg NH
group is pushed by the electrostatic field away the protonation
site, so this local minimum disappears completely. The optimal
protonated structure thus shows a strong ionic hydrogen bond
between the adenine amino group and the Qigland (Figure

2c), with an N-O distance of 2.61 A and with an elongation
of the N6—H covalent bond by about 0.05 A (see discussion in
ref 16). This greatly stabilizes the protonation of N1 with respect

to other structures. Interestingly, when protonating N3, the metal . in Soluti id—b ilibria of adeni
adduct adopts a perpendicular orientation with respect to the Expectations N >0 ution. Acid— ase equiibria of acenine
nucleobase (several starting geometries were attempted conver complexes carrying hydroxo or aqua ligands at the Pi(l) center
: 99 > allempted Yhave not been widely studied to ddteThe proton shift from
ing toward the same structure) and none of its ligands interacts - . - .

the adeninium ligand to a hydroxo ligand, as seen in the

with the amino group (Figure 2d). By scrutinizing the electronic - I z
LTS ) ; calculations withcis-[Pt(NHz)(OH).] (6b) and [Pt(OH}]~ (7),
density distributions, in three out of the four cases (Figure 3a is not unexpected at all, iffy values for aqua and adeninium

c) we can observe a delocalization of the electronic density |.
between the N6 amino group and the platinated adduct. Ilgands.are Cpmpared. Thqu\llillues for P(I)OH groups
are typically in the range 47,4444 whereas [, values for

However, upon protonation of the N3 nitrogen of the adenine 7T
(Figure 3d) F;he gmino group and the platingted adduct becomeademmum bound to Pi(ll) are generally lower by several log

isolated. . .. . . . .
. . (44) Martin, R. B. InCisplatin: Chemistry and Biochemistry of a Leading
When metalating the N1 position b, the metal adduct Anticancer Drug Lippert, B., Ed.; VHCA Zuich and Wiley-VCH:

forms a hydrogen bond with the amino group via its digand Weinheim, 1999; pp 183200.
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Scheme 3
Pt(A)(OH)

[PHA)OH)]" [PHAH)(OH)]"

units (see above). In essence this implies that in aqueous solution
protonation of a mixed adenine, hydroxo species is always
expected to take place at the hydroxo ligand to give an agua
species, irrespective of the metal binding site N1, N3, or N7

(Scheme 3). Thus the gas phase trends again appear to be Pt
relevant to the solution situation. o H

This situation withtrans[Pt(NH3);OH]* (5a) and cis-[Pt- o C
(NH3).OH]* (5b) adducts is more complicated. The calculations f g

do not suggest spontaneous proton transfers to form the aqua
ligands, with exception of one case where the H9 hydrogen has
been shifted away the ring (see above). It is to be noted that
pKa values for aqua ligands tmans[Pt(NHs).L(HO)]*" species
generally are at the lower effdand hence the trend seen for
protonation oftrans[Pt(NH3),A(OH)]* is not unreasonable,
especially if platination takes place at the N7 position. It should Figure 4. Optimized structures of selected meta_lated adenine com-
be noted that, when carrying out calculations for titees-[Pt- plexes [PYOH)" (7). (a) N1 metalated proton shifted form; (b) N1
(NH3),0H]* (58) adduct, the formation of the aqua ligand could metalated canonical form; (c) N3 metalated global minimum.

be prevented because the transQdfoup is situated far from

the adenine moiety. Therefore, during a gradient optimization (despite that these numbers also include formation of aqua
and assuming the starting structure with protons residing on ligands via proton uptake from the adenine moiety). We can
the ring, a proton cannot be spontaneously transferred to theagain reiterate that for neutral and anionic complexes the
OH- ligand. To clarify this issue, we calculated the actual formation of an aqua ligand is favored over protonation of the
protonation energies of the OHigands for selected adducts, adenine moiety.

by adding the proton directly to the OHIn the case ofrans- Proton Shift from Neutral Adenine to Pt—OH. Some
[Pt(NH3),OH]* (5a) attached to N7 of adenine, the resulting interesting structures, obtained when investigating the neutral
protonation energy is-157 kcal/mol; i.e., the protonation of and anionic species with OHligands, deserve a special
the ring N1 position (see Table 4) is favored over the aqua ligand attention. Of the initianorprotonated models differing in the
formation by ca. 7 kcal/mol. Thus, for this adduct we actually position of the Pt binding site, there are two cases where a proton
predict the protonation to occur at the ring. We have repeated shift from N—H (adenine) to OH has occurred, viz., with N1
the calculation with theis{Pt(NHz);OH]" (5b), bound again  and N3 platinated adenine and the [Pt(GJH)(7) moiety. If

to N7, and the resulting protonation energy for formation of [Pt(OH)]~ (7) is attached to the adenine N1 position, a proton
the aqua ligand was againl57 kcal/mol, showing no difference  shift takes place from the N6 amino group to the neighboring
between the cis and trans positions. (For the sake of complete-OH group at the platinum as shown in Figure 4a. It implies
ness we should notice that the latter calculation was done formation of an adenine monoanion (Figure 4a) and a fjH
assuming such an orientation &b where the NH ligand is in group. Although the high ¢, of the exocyclic amino group
contact with the adenine amino group while Obt OH, groups (estimated 12 14) and the lower I§, of an aqua ligand seem
are at the opposite side.) Finally, we calculated the energy of to be unfavorable for this proton shift, the obseri?elit(Il)

formation of the aqua ligand also fdrans{Pt(NHz),OH]" migration from N1 to N6 in alkaline medium would be
attached to N1 of adenine. In this case the protonation energyconsistent with such a preequilibrium. We also note that our
was —161 kcal/mol. Thus (cf. with Table 4), for the NPt previous observations on the migration of a Pt(1V) entity from
binding, the formation of the aqua ligand becomes weakly N1 to N4 of cytosine via an N1, N4 chelate were tentatively
favored (by ca. 3 kcal/mol) over the N7 protonation. rationalized on such a mechanism, hence adenine deprotonation
It should be noted that the relatively low (in absolute value) by & Pt-OH group?® Let us finally notice that, in this particular
protonation energies of thgans and cis{Pt(NHs)(OH)]* case, we have been able to localize the canonical adenine form

adducts are not inconsistent with the high proton affinity of the (Figure 4b) as a secondary minimum on the potential energy
OH- ligands deduced (see the proton shifts) in calculations surface, being only 0.8 kcal/mol less stable than the proton-
carried out withcis{Pt(NHz)(OH),] (6b) and [Pt(OH)]~ (7) shifted form.

entities. The hydrogen-acceptor capability of the Oligand Similarly, if [Pt(OH)s]~ (7) is linked to the N3 position, the
attached to the Pt(Il) is obviously substantially dependent on Weakly acidic proton at N9 scrambles to the nearest Ggéand
thetotal charge carried by the metal adduct. Thus it is greatly of the platinum, forming an aqua ligand there (Figure 4c). In
enhanced for neutrab) and anionic 7) adducts compared with  this second case we were unable to find any gas phase minimum
a positively charged metal entitp) To show this, we have  €nergy structure corresponding to a form without proton shift,
protonated the OH ligand trans with respect to adenine for Which is not surprising considering the high acidity of H9.
thecis{Pt(NHs)(OH),] (6b) attached to N7. The direct formation - -
of the aqua ligand is associated with a protonation energy of ggg g)pfi'ﬁgg’r{]éK"skc%ar'ﬁ'E#t'TJr}éUgﬁ"S?eﬂ]nﬁggiiégio q985
—256.4 kcal/mol, which is considerably better than any of the 108 6616. (b) Schithorn, H.; Beyerle-Pfiiy) R.; Thewalt, U.; Lippert,
numbers shown on the corresponding fourth row of Table 4 B. J. Am. Chem. S0d.986 108, 3680.
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protonation energies. The Becke3LYP absolute values are very
close to values obtained with conventional techniques including
electron correlatiod?1which represent current reference values
for protonation energies of isolated adenine.

Comparison of the two methods for the platinated adenines
can be summarized as follows. Both methods clearly show that
protonation occurs in general at the N1 position after N7
metalation, closely followed by a protonation of the N3 position.
Both methods identically predict that attachment of a neutral
Pt adduct to the ring nitrogens reduces the proton affinity of

(a) (b) the remaining ring nitrogen sites by few kilocalories per mole.

compared to a nonmetalated base. Both methods also consis-

Figure 5. Isomeric forms of N1 protonated adenine wifk{Pt(NHz)- tently show that binding of+1 Pt adduct to the ring has a
(OH)] (6b) ligand at N3 position. (a) Proton shifted; (b) canonical considerably smaller effect on the protonation energies compared
form. to attachment of a proton (cf. Table 3 vs Table 2 of this paper
and Table 3 vs Table 2 in the Supporting Information). Finally,
both methods predict very similar relative values of protonation
energies for adenine that is metalated by a neutral Pt adduct.
On the other hand, as for nonmetalated adenine, the ADF code
provides systematically smaller absolute values of the gas phase
protonation energies. Further, for Pt adducts carrying charges
of +2, +1, and—1, we noticed that the two methods provide
for some protonation sites different relative protonation energies,
with the maximum difference between the two methods reaching
as much as 5 kcal/mol. We do not want, at this stage, to suggest
which of the two techniques is more accurate. Rather, the reader
can consider the differences between the two data sets as a solid
example of the error margins of this type of calculation for gas
phase proton affinities for nucleobases and metalated nucleo-
bases. It is obvious that the ADF ZORA method has a more
sophisticated treatment of the relativistic effects. At the same
time, the Becke3LYP calculations provide better values for a

bare adenine, indicating this method has a better basis set and
the nonprotonated, N3-metalated structure. We note that N7 better approximation of the electron correlation effects. Nev-

protona_tion of adenine carryings-[P{(NHs)(OH),] (6b) at N3 ertheless, the observed differences are not large and do not affect
destabilizes the hydrogen at N9 to such an extent that the above-

. ) . . any conclusion of the present paper. Note also that the results
mentioned energetically less stable isomeric form does not occur.

Adai talated f f tral A | ted. havi of the present paper are based on performing around 200
gain, a rare metaiated form of heutral A 1S generated, having gradient geometry optimizations; thus the level of calculations
the proton at N7 rather than N9.

. . . . is appropriate. We nevertheless plan to carry out high-level
It should be interesting to test experimentally (in water) pprop P y 9

S : - . X reference calculations for few selected structures soon.

tautomerization reactions of A by using a Pt(Il) entity carrying
an OH (acceptor) and OF(donor) ligands cis to the purine
nucleobase. While biologically not relevant (N9 position blocked
by sugar), the scenario observed for the parent nucleobase A Protonation of nucleic acid bases and its influence by a
may very well apply to N7 metalated adenosine or AMP. We nucleobase metalation are important processes that can affect
should nevertheless point out that the proton shifts in our certain aspects of nucleic acid structure and function. Therefore,
calculations occurred primarily because we attempted to enforceprotonation of nucleic acid bases, nucleosides, nucleotides, and
a ring protonation in order to study adenine protonation energies. other model compounds have been widely studied by condensed
As noted above, a direct protonation of the Okgand is in phase and solid phase experiments. In the present paper, we
general more favorable, though it does not rule out that in some have systematically calculated gas phase protonation energies
cases the most stable structure will consist of a rare adenineof adenine and platinated adenines using the DFT technique
tautomer. Complete evaluation of all possible options is beyond and compared them with available condensed phase experi-
the scope of this study and will be carried out soon. mental data. The analysis shows that while in the gas phase the

Comparison of the DFT/Becke3LYP Results with the ADF pure electrostatic effects associated with the charge on the metal
Method. As mentioned above, we have reevaluated part of the entity are the dominating contribution, in the condensed phase
results with the DFT method combined with the ZORA situation these electrostatic effects are mostly eliminated. Despite
relativistic approach as implemented in the ADF code. The main this, the comparison shows that the intrinsic gas phase trends
motivation for this extension of the calculations was to get some correlate surprisingly well with the available condensed phase
insight into the error margins of the calculated results. The ADF data, although we obviously suggest some caution concerning
results are summarized as Supporting Information in the Web a quantitative interpretation of the data. It concerns items such
edition of the journal. For nonmetalated adenine, the ADF code as the preferred site for a protonation for a given metal entity,
provides systematically slightly lower (in absolute value) gas difference of the effect of protonation and metalation on the
phase protonation energies compared with the Becke3LYP basicity of nucleobases, and others. Therefore, the gas phase
calculations. The difference is, however, less than 3%. Both data provide a very useful complement to the condensed phase
methods provide close to identical relative values of gas phaseand X-ray experiments. Gas phase studies appear to be capable

e® 00 ®
ozZzoITy

After protonation, the proton-shifted aqua form becomes
energetically more favorable than the intended protonated
adenine form in all cases when consideffitgand?. In addition,
except for one case, the canonical form could not be located
even as the second (local) minimum. The only exception is the
N1 protonated form of adenine carrying the neutig{Pt(NHsz)-
(OH),] (6b) at N3. There we have been able to identify two
stable isomeric forms. In the more stable one (Figure 5a) a
proton shift takes place from the N9 position to the neighboring
OH~ group, yielding a complex in which the adenine is neutral,
yet in a tautomeric form different from the preferred one, which
carries the proton at N9. The hydrogen could still be stabilized
at the N9 position as the secondary minimum, however, with a
high energy penalty of 16 kcal/mol. In this energetically less
favored isomeric form (Figure 5b), the contact between the OH
group and the N9 site is prevented by initially rotating tie
[Pt(NH3)(OH),] (6b) unit compared to the optimal position of

Concluding Remarks
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