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Abstract: The atoms in molecule theory (AIM) and electronic structure analysis are applied together to
investigate H-bonding patterns in metalated nucleobase complexes. The influence of Pt on the intra GC
base pair H-bonding has been found to reduce intra base pair H-bonding of N4(C)---O6(G) in the platinated
GC pair and GCGC tetrad. The relaxation of geometry constrains in metalated nucleobases is found to be
decisively important in the formation of novel molecular architectures from nucleobases and metal entities.
The incorporation of the platinum in the GCGC tetrad benefits the formation of the unique CH---N (H5-
(C)-+*N1(G)) hydrogen bond pattern in the tetrad by offering improved geometric constraints rather than
through changing the electronic properties around the H5(C) and N1(G) sites. Platination at the N7 of
guanine reduces the deprotonation energy considerably.

Introduction and self-assembled nucleobase aggredaté%.Ilt has been
recognized that Pt(ll) is of great importance in the formation
of these nucleobase ensemble¥. H-bonding directed self-

association may take place when two nucleobases are crosslinked

Multiple H-bonding has been found to be the driving force
in the molecular recognition process in metal nucleobase
complexes. The interaction of nucleic acid bases with metal 1819
cations has a strong effect on the structures and properties ofby transra_ZPt(II). ' ) )
nucleic acids. Replacement of the protons involved in H-bonds A detailed knowledge of the H-bonding patterns in the
between nucleobases by metal entities has led to compounddnétalated base pair and the base tetrad is important for
potentially relevant to biology and mediciAe? Construction un.derstandlng'the influence of the metal moiety on such. units.
of new complexes that exploit the right angles formed by metal- It IS also crucial for the development of the new designed
N(1) and metal-N(7) purine vectors has led to novel molecular metalated nucleobase ensembles that are relevant to biological

architectures for nucleobases and metal entities that includeSyStéms. Theoretical studies have been performed at different
triplets 1011 14tetrads’8 91217 1hexagond32molecular boxe&17 levels to explore the effect of metals on the formation of
nucleobase pairs and triméfs?®-3! The results obtained for
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the platinated GGC triplet (calculated at the HF level) suggest ain the platinated nucleobase tetrad complexes and to the
flattened structure due to the intramolecular H-bonding interac- development of novel molecular architectures of metal-
tion.!! The protonation energy of platinated adenine has been coordinated nucleobases. It should be noted that all of the effects
studied at the density functional theory (DFT) le%&IThe reported here are based on the gas phase models. Nongas phase
rotation energy barrier dfans[Pt(NHz)(C—N3),]?" has been environments might reduce some of these effects. However, the
investigated with the DFT methdd The stability enhancement  analysis of gas phase intrinsic trends is extremely valuable for

of base pairs through the polarization of the purine base by understanding the basic interactions in the formation of molec-
cations has been suggested by both the HF and DFT levelular ensembles of metal-coordinated nucleobases.
studies?*23Recently, a quantum chemical study suggested that
the inter GC pair proton transfer is increased by the presence
of divalent cations!

The dimerization of Pt(ll)-coordinated Guanin€ytosine
(GC) base pair§trans-[(NH3),Pt(9-EtG-N7)(1-MeC—-N3)]*}
yields a metalated GCGC base tetfédlhe biological impor-
tance of this metal-coordinated base tetrad is that it resemble

the guaninecytosin&gugnin&cytqsing tetrad that Iegds to augmented witldl-type andp-type polarization functions, 6-311(),%°
four-stranded structures important in bioloy®> Two unique was used for all of the nonmetal elements. It is well-known that the
features that are of general interest in DNA chemistry can be geometries and frequencies of the species calculated at the B3LYP/6-
seen from the platinated GCGC base tetrad. The first one is311G@,p) level agree well with experimeAt.Our previous studies of
that the crystal structure of this platinum-modified base tetrad hydrogen-bonded systems involving DNA bases have shown that the
reveals the unique multicenter H-bonding pattern around guanineB3LYP approach predicts reliable interaction energies and is compatible
O(6) that is strongly affected by the presence of the platirffium. With the MP2/6-31(d,p) method*** Three different basis sets were
The influence of the metals on the neighboring H-bonds is used for platinum to ensure reliable results. The all-electron basis set

crucial in building a stable molecular assembly from metal- AE represents the valence douliidasis set [10s8p5d1f] contraction

coordinated nucleobases. The second feature is that thisOf the (17s13p8d1f) primitive set by Huzindgalus two p and one f
d . ) d d H-bondi b functions for Pt. In addition, for comparison the LANL2DZ relativistic
compound contains an unprecedente -bonding pattern e'pseudopotentié‘l and the small core relativistic pseudo-

tween deprotonated gu.anine and r!eutral Cytosme. that involves,,iential MWB of the Stuttgart grodpwere used for Pt. To analyze
cytosine H(5) and guanine N(1). This extends the list of H-bond the H-bonding pattern in the tetrads, the atoms-in-molecules (AIM)

Method of Calculation

The local minima of the tetrad complexes have been fully optimized
by the analytic gradient techniques. The methods used were the
Hartree-Fock (HF) self-consistent field approach and the density
functional theory (DFT) with Becke's three parameter B8xchange
functional along with the LeeYang—Parr (LYP) nonlocal correlation

Stunctional (B3LYP)3"38 The standard valence triple-basis set,

types to CH+-*N.78 Such a feature could be very important in
DNA chemistry because it expands the possible H-bonding
patterns in DNA base pairing interactions.

In this paper, our attention is focused on the electronic density

characteristics of the unusual H-bonding patterns of the plati-
nated GC base pairgéns[(NHz3),Pt(GH-N7)(C—N3)]?" and
trans[(NH3).Pt(G—N7)(C—N3)]*) and the corresponding dimer
{trans[(NH3):Pt(G—-N7)(C—N3)]*} .. Specifically, the influence

theory of Badet*” was applied. The Gaussian-98 package of pro-
gramg® was used in the calculations.

Results and Discussion

Closed-shell configuration dfans[(NH3),Pt(GH-N7)(C—
N3)]>" has been optimized at the HF and DFT levels of theory
with three different basis sets. The resultant structure is depicted
in Figure 1, and the main geometric parameters are listed in

of platinum on its neighboring H-bonding pattern and the Table 1. The optimized geometric parameters at the DFT level
CH:-+*N type H-bond are studied through a combined approach are similar to those optimized at the HF level except for the
that uses electron density deformation analysis and the atoms-inH-bonds between the proton of the coordinated ammonia (al)
molecules (AIM) theory. At the electronic structure level, these and the O6 of guanine and between the proton o &#2) and
electron density characteristics provide deeper insight concerningthe O2 of cytosine. The influence of the basis sets of Pt on the

the influence of metal cations on the H-bonding between the

nucleobases. Also, the deprotonation energy of the platinated
GC base pair of the tetrad is evaluated. These physical proper‘[ie§37

are of vital importance to the prediction of molecular recognition
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trans-[(NH:),Pt(G-N7)(C-N3)]**

Figure 1. Optimized structure of the platinated GC paams-[(NH 3),Pt(GH—N7)(C—N3)]?* and the corresponding mod&li andM1'. The representations
of color at the atomic position are red for O, blue for N, gray for C, and white for H. Geometric parameters of the models are given in A. Plain number is
for M1, and bold is forM1'.

Table 1. Optimized Geometric Parameters of
trans-[(NH3),Pt(GH—N7)(C—N3)]2* (1), the Deprotonated Complex
trans-[(NH3)2Pt(G—N7)(C—N3)]* (Il), and
{trans-[(NH3)2Pt(G—N7)(C—N3)]*}2 (Ill) at the B3LYP/AE Level of
Theory?

| Il 1l \%

atomic distance

R1: N3(C)--Pt 2.143 2.158 2.146 2.024

R2: N7(G)--Pt 2.139 2.114 2117 2.008

R3: N(al)--Pt 2.168 2.159 2.158

R4: N(a2)--Pt 2.161 2.166 2.166

R5: H4(C)--06(G) 2.207 1.728 2.279 (3.293  3.229

R6: H(al):-06(G) 2.173 1.836 1.865

R7: H(a2)--02(C) 2.103 2.136 2.016

R8: H4(C)--Pt 2.725 2.726 2.677

R9: H4(C)---06(G) 1.770 (2.79) 2.718

R10: H5(C):-*N1(G) 2.288(3.339 3.548
atomic angle

N3(C)—Pt=N7(G) 172.8 168.4 172.8 178.4

N(al)-Pt—N(a2) 176.5 177.7 178.1

N(al)-H—06(G) 133.0 141.4 147.2

N4(C)—-H—06(G) 160.8 163.2 157.7

N4(Cy—H—Pt 1115 108.9 113.7

N(a2-H—02(C) 132.3 133.4 136.1

N4(C)—H—-06(G) 167.1

C5(C)—H—-N1(G) 161.3

aBasis set used for nonmetal elements is 6-311G(d,p). Atomic distance

in A; atomic angle in). Crystallographic data dftrans-[(NH3),Pt(9-EtG-

N7)(1-MeC-N3)]*}; are listed in IV8 2@ Atomic distance between N4(C)

and O6(G) > Atomic distance between N4(&and O6(G).c Atomic distance
between C5(Q and N1(G).

"~ 1.740
", 1.980

1.064%1.551
b

1.707 =1.108

M1 and M1’

effects are not important for descriptions of the studied
properties of this complex. This consistency can also be seen
from the optimized structures of the N1(G) deprotonated
complex of the platinated GC base pairas[(NH3),Pt(G—
N7)(C—N3)]") and its dimer{trans[(NH3),Pt(G-N7)(C—
N3)]*}2 (Figures 2, 3 and Table 1).

Geometries of the Complexes: Theoretical Predictions vs
the Crystallographic Data. In general, the theoretical geometric
parameters agree well with the crystallographic data.

In trans[(NH3),Pt(GH-N7)(C—N3)]>", N3(C)--Pt (R1) and
N7(G)--Pt (R2), the theoretically estimated bond lengths are
about 0.06 to 0.13 A longer as compared with those observed
in crystal structures (2.143 A fdR1 vs 2.024 A and 2.139 A
for R2vs 2.008 A, respectively) The N4(C)--06(G) separation
of 3.00 A and 3.11 A measured in the crystal structures has
been evaluated to be 3.184 A in our theoretical calculations.
This corresponds to a relatively larger H-bonding distance of
H4(C)--06(G) R5 = 2.207 A). According to the calculations,
the molecular plane of guanine is titled relative to cytosine by
about 4.3, which is in good agreement with the experimental
values of 5.8 and 6.3. The calculated value of 172.&t the
B3LYP/AE level (174.9 at the B3LYP/MWB level) for the
N3(C)-Pt=N7(G) angle reproduces the experimental value of
175.0.

The trans[(NH3),Pt(G-N7)(C—N3)]* cation is obtained
from trans[(NH3),Pt(GH-N7)(C—N3)]>" by deprotonation at

The bond distances between Pt and the coordinated N predictedhe N1 position of guanine (Figure 2). There are several
with the all-electron basis set are slightly longer than those with significant differences between the geometric parameters of the
pseudo potential basis sets LANL2DZ and MWB. The average deprotonatedrans[(NH3),Pt(G—N7)(C—N3)]" complex (see
difference amounts to 0.07 A at both the HF and DFT levels of Table 1) and its parent compound. The N3(€}—N7(G) angle
theory. The H-bonds between the proton of the coordinategl NH decreases by approximately i the former as compared with
groups (al and a2) and the 06 of G and 02 of C are 0.09 A the latter. TheR5 and R6 bond distances that are related to
and 0.07 A longer at the DFT/AE level as compared to those at O6(G) are remarkably reduced (1.728 A and 1.836 A) due to

the DFT/LANL2DZ and DFT/MWB levels, respectively. Over-

the deprotonation. At a first glance, these changes are incon-

all, the geometric parameters predicted with the different basis sistent with those found in experimeritslowever, it should
sets are consistent with each other, signifying that the relativistic be noted that the crystallographic data reported are from the

J. AM. CHEM. SOC. = VOL. 126, NO. 39, 2004 12653
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trans-[(NH;),Pt(G-N7)(C-N3)]" M2

Figure 2. Optimized structure of the N1 deprotonated platinated GC pairs-[(NH 3).Pt(G—N7)(C—N3)]* and the corresponding model M2. The
representations of color at the atomic position are red for O, blue for N, gray for C, and white for H. Geometric parameters of the models are given in A.

dimer of the deprotonated compléxn fact, as can be seen the proton of NH (a2) and O2 of cytosineR7), and the
below, these geometric parameters correspond very well to theinterbase H-bond H4(CrO6(G) R5). The relatively longer
molecular geometry obtained in our calculations for the dimer- H-bond length oiR6 andR7 (2.173 A and 2.103 A) is clearly
ized trans[(NH3),Pt(G—N7)(C—N3)]" complex. Therefore, a  due to the geometric constraints on the proton donog Nt
decrease in the N3(€EPt—N7(G) angle and the remarkable corresponds to the inferior atomic angle of N(aH—06(G)
reduction of theR5 andR6 distances should allow for a reliable  and N(a2}>H—02(C) (133.0 and 132.3 at the B3LYP/AE
prediction of the molecular geometry of the deprotonated GC level). A 0.07 A elongation oR6 compared taR7 could be
pair. Another significant change predicted for the deprotonated the result of the competition from the interbase H-bdril
complex is the considerable increase of the plane angle betweerAlthough the bond angle of N4(€EH—-06(G) (160.8) favors
the G and C bases. The<& plane angle amounts to about the interbase H-bond H4(€)O6(G), its bond distance has been
15° at the B3LYP/AE level of theory. The higher propeller twist found to be even longer (2.207 A) and is significantly longer
of the G and C bases is mainly the result of the deprotonation than the typical H(G)-O6(G) H-bond in the GCGC tetrad
of the compound. (1.989 A and 1.872 A in the O-bifurcated H-bonding forth).
Although no symmetric constrains were imposed upon the Since the competition fronR6 (2.173 A) is weaker than that
initial structures of{ trans[(NH3),Pt(G—N7)(C—N3)]*},, the from the second branch of H-bond (1.989 A) in the GCGC
final optimized structures exhib&i symmetry. As mentioned  tetrad, the increase of 0.220.33 A inR5 should be the result
above, good correspondence between the theoretical predictiorPf the influence of platinum.
and the crystallographic data has been noticed for the geometry T0 analyze the influence of platinum on the H4(GP6(G)
of the N-platinated GCGC base tetrgttans[(NHz),Pt(G—N7)- H-bonding, a model system in which the (j)sPt*" moiety is
(C—NB3)]*}». Specifically, the H4(G)-06(G) bond distance has ~ replaced by a proton, forming the well-known Hoogsteen"GC
been evaluated to be 2.279 A, which Corresponds to the pair,5° has been studied at the same theoretical level (B3LYP/
N4(C)+-06(G) atomic distance of 3.243 A. As a comparison, 6-311G(d,p)). The optimized structure displayed in Figure 1
an analogous crystallographic value amounts to 3.229 A. The shows that there are two local minima on the potential energy
N3(C)-Pt-N7(G) bond angle is predicted to be 172hich surface of such a complex. Depending on the positionqfitd
is 5.6 less than the experimental value (173.4onsidering  is labeled asvi1 when the proton is close to guanine Md’
that the calculated values relate to the isolated molecule, thiswhen the proton is located near cytosil has been found
underestimation of the bond angle is reasonable. Anotherto be less stable (by about 3.6 kcal/mol) thifi'. The
possible reason for the underestimation of the N3(G)NPA(G) H4(C)--0O6(G) bond length itM1 is very close to that of the
bond angle in{trans[(NH3),Pt(G-N7)(C—N3)]*}, is that O-bifurcated H-bonding form in the GCGC tetrad (1.980 A vs
counterions are not included in the calculations. 1.989 A)¥* Based on this model, the elongation of the
H4(C)---O6(G) bond length caused by the competition of NH
withO6(G)intharans[(NH3),Pt(GH-N7)(C—N3)]2" compound

is estimated to be around 0.01 A. Therefore, the influence of
+ . ;
Influence of Pt on the H4(C)+-06(G) H-Bonding Pattern. P2+ on the H4(C)--O6(G) bond dominates. It should be noted

There are three H-bonds in thens{(NH2)oPt(GH-N7)(C— that the H4(C)--Pt atomic distanceR8) of 2.725 A is quite

2+ . _ i (49) Gu, J.; Leszczynski, J. Phys. Chem. 2000 104, 7353-7358.
NS)] compound. the H-bond between the proton of coordi (50) Quigley, G. J.; Ughetto, G.; van der Marel, G. A.; van Boom, J. H.; Wang,

nated NH (al) and O6 of guanineR), the H-bond between A. H. J.; Rich, A Sciencel986 232, 1255-1258.

Overall, good agreement as compared to the crystallographic
data ensure high quality for the evaluated properties and
reliability of the calculation methods used in the study.
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M4

{trans-[(NH3)2Pt(G-N7)(C-N3)] '}
Figure 3. Optimized structures of the platinated GCGC tetrad and the corresponding Méd&he representations of color at the atomic position are red
for O, blue for N, gray for C, and white for H. Geometric parameters of the models are given in A.

Figure 4. Electron density and the density differendepf map in the plane of PtO6(G)-H4(C). The increase of contour lines in the density map is at
0.1 au. Contours in the deformation density mapt@t001 au. Dashed pink is for decrease of density, and solid blue is for increase of dApsity.

PI(NH3)2PtGHC'] — p[(NH3)2PE*] — p[GH] — p[C].

short compared to the large radius of'PtSince compounds  proton and the proton acceptor decreases, while the density

with a H-bond involving transition metals have been identi- between the proton and its acceptor increases as the result of

fied 1754 the weakening of the H4(€&)O6(G) H-bond could the formation of a H-bon& The alteration of electron density

be either through the interaction betweefRind O6 of guanine  from G, C, and the (Nk).P2" moiety to thetrans[(NHz),Pt-

or by the formation of the H4(C)-Pt H-bond. (GH—N7)(C—N3)]>" compound has been plotted in Figure 4.
H-bonding can be characterized by the change of electron As a comparison, the deformation density map oftiemodel

density for the bonded moiety. The electron density around the complex has been depicted in Figure 5. The electronic structure
of the H4(C)--O6(G) H-bond reveals itself in the deformation

(51) Brammer, L., Channock, J. M., Goggin, P. L., Goodfellow, R. J.; Orpen, - gansity map oM1. The concentration of electron density arises

A. G.; Koetzle, T.J. Chem. Soc., Dalton Tran$991 1789-1798. . ;
(52) Brammer, L.; McCann, M. C.; Bullock, R. M.; McMullan, R. K.; Sherwood,  between the proton and the proton acceptor with a corresponding

R. Organometallics1992 11, 2339-2341.

(53) Kazarian, S. G.; Hamley, P. A.; Poliakoff, M. Am. Chem. Sod 993
115 9069-9079. (55) Vanquickenborne, L. G. Quantum Chemistry of Hydrogen Bond. In
(54) Brammer, L.; Zhao, D.; Ladipo, F. T.; Braddock-Willking, Acta Cryst Intermolecular ForcesHuyskens, P. L., Luck, W. A. P., Zeegers-Huyskens,
T., Eds.; Springer-Verlag Berling: Heidelberg, 1991; p 41.

1995 B51, 632-640.
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Figure 5. Electron density differenceAp) map in the plane of H— Figure 6. Density difference between the complex and the GC pair and
06(G)-H4(C) of M1. Contours at=0.001 au. Dashed pink is for decrease the (NHs):PE" moiety: Ap = p[(NH3),PtGHCG] — p[(NH3)PE"] —

of density, and solid blue is for increastép = p[GH'C] — p[GHT] — p[GHC]. The electron density deformation map in the plane ef®6(G)—
p[Cl. H4(C) of the platinated GC pair. Contours-20.001 au. Dashed pink is

for decrease of density, and solid blue is for increase of density.

electron density deficiency at the positions of a proton and the
acceptor lone pair. The electron density increase along the strong
H-bond (H7(G)--N3(C)) is much larger compared to that of
the weaker H-bond (H4(€)O6(G)) inM1. The electron density
difference map ofrans[(NH3),Pt(GH-N7)(C—N3)]?* (Figure
4) also exhibits a decrease in density at the proton position and ||
at the lone electron pair of O6(G). However, the increasing
electron density is transferred away from the H-bond line
between H4(C) and O6(G) due to the attraction from tHe Pt
cation, resulting in a weak H4(€)O6(G) H-bond. The pos-
sibility for the formation of the H4(C)-Pt H-bond can be
excluded by comparing the total electron density of the complex |
with the summation of the individual density of the GC pair
and the (NH),P£" moiety. The density difference between the
complex and the GC pair and the (B)zP£" moiety in Figure _ _ B _
6 further demonstrates that there is no obvious electron 7947 7. Density of bond critical points around the HA{EDB(G) H-bond
o - .~ " and Pt in the platinated GC pair and the corresponding models. The unit of
deficiency at the location of the H4(C) proton. The main density is in au. Numbers in bold are faans[(NH3)Pt(GH-N7)(C—

contribution of the density increase comes from Pt and O6(G) N3)I*" andM1; in plain are fortrans{(NHz)2Pt(G-N7)(C—N3)]* andM2.
as can be seen from Figure 6. Consequently, an attractive® bond path and a BCP can be seen between Pt and O6(G) for the platinated

interaction between Pt and O6(G) is expected. GC pairs.

The AIM theory has been proven a useful and successful tool point has been found betweer?Pand O6(G) with the density
in the interpretation of charge density toward a wide variety of of 0.0125 au. The suggestion that the interbase H-bonding
chemical concept® The density at the bond critical point (BCP) between G and C is weakened mainly due to the competition
is of paramount importance in AIM. It has been used to interaction between Pt and O6(G) is also confirmed.
characterize different types of chemical bonds. In this study, Influence of the N1(G) Deprotonation on the H4(Cj--
the AIM calculations were performed at the B3LYP/AE level 0O6(G) H-Bonding Pattern. As mentioned above, the5 and
of theory. The charge densities of BCPs around Pt and H4- R6 bond distances that are related to O6(G) are remarkably
(C)---06(G) along with those of the mod®l1 complex have reduced (1.728 A and 1.836 A) due to the deprotonation of the
been depicted in Figure 7. The large value (0.022 au) of the platinated GC base pair. As a comparison, the N1(G) depro-
density at the BCP of the H4(€)O6(G) bond inM1 is tonated complexNi2) of the model compoundii1l has also
consistent with its short bond length and the well-defined been optimized at the B3LYP/6-311G(d,p) level of theory
electronic structure discussed above. Meanwhile, the small BCP(Figure 2). In accord with the change in monovalenteds
density value of 0.013 au for the H4(<)O6(G) bond inrans [(NH3)2Pt(G-N7)(C—N3)]*, the H4(C)--O6(G) H-bond inM2
[(NH3)-,Pt(GH-N7)(C—N3)]?* is in accordance with the weak is reduced to 1.682 A, about 0.30 A shorter than tha¥lih.
H-bond as a result of the influence of2Pt The attraction The characteristics of the H4(C)YO6(G) H-bond revealed
between Pt and O6(G) expected from the electronic structure in the deformation density map tans[(NH3),Pt(G—N7)(C—
analysis is confirmed by the AIM analysis. The bond critical N3)]* exhibit a well-defined electron density increase between

platinated GC pair M1 and M2
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Figure 8. Electron density and the density differenée} map in the plane of PtO6(G)—-H4(C) of the N1 deprotonated compleXp = p[(NH3).PtGC']
— p[(NH3)2P2*] — p[G~] — p[C], where G is the N1 deprotonated guanine. The increase of contour lines in the density map is at 0.1 au. Contours in the
deformation density map at0.001 au. Dashed pink is for decrease of density, and solid blue is for increase of density.

Figure 9. ItEZIJrectron density difference mafp = p[{(NH3)PtGC"},] — 5 ¢ \

2p[(NH3)PE*] — 20[G ] — 2p[C] in the plane of Pt O6(G)-H4(C) of Figure 10. Density of bond critical points around the H4(GD6(G

the platinated GCGC tetrad. Contours in the deformation density map at {00 1'2 1 br' the platinated GOGG telrad. The unit of de(nsyijty(is)in au.
7_L0.001 au. Dashed pink is for decrease of density, and solid blue is for A curved bond path and a BCP with density of 0.0139 au can be seen
increase of density. between Pt and H4(C).

H4 of C and O6 of G (see Figure 8). Through this electron

density increase, the deprotonation process at N1 of G reinforcesPand O6(G) has minor intensification (0.0178 vs 0.0125 au)
the H4(C)--0O6(G) H-bond. A similar effect of N1(G) depro-  (see Figure 7).

tonation on the modeM2 is also apparent in its density Influence of Dimerization on the H4(C)--O6(G) H-
difference map. The density variation betwee# Rind O6(G) Bonding Pattern. Due to the dimerization, O6 of guanine is
in monovalencedtrans[(NH3),Pt(G-N7)(C—N3)]* has no involved in three H-bonds: H(a1)O6(G) R6) (bond length
substantial alternation compared to that of the divalenced parentof 1.865 A), H4(C)--06(G) R5) (bond length of 2.279 A),
complex. The density deformation between the complex and and H4(C)--06(G) R9) (bond length of 1.770 A) in the
the deprotonated GC pair and the (NP2 moiety resembles  platinated GCGC tetrad (Figure 3). In the tetrad, Rebond

the corresponding map in Figure 6. The deprotonation seemsis approximately 0.07 A longer than that in the platinated GC
to have little influence on the Pt— O6(G) interaction. The AIM  pair. This suggests th&9 forms a stronger bond thaR5,
analysis of the density at the BCPs of the deprotonated verifying that Pt weakens the intra-base pair H-bonding
complexes reveals significant increases in density betweenH4(C)---06(G).

the H4(C)--O6(G) H-bond (0.0465 vs 0.0221 au for model The electronic structure of the H4(€)O6(G) bond of the
complex and 0.0393 vs 0.0130 au for platinum complex, tetrad illustrated in Figure 9 displays the result of the formation
respectively). Whereas, the density change at the BCP betweerof H4'(C')---O6(G). The additional electron density around O6
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Figure 11. Electron density and the density difference map in the plane of H{@{G)—H4(C) of the platinated GCGC tetratlp = p[{(NH3)2.PtGC'}2]
— 2p[(NH3)2PtGC']. The increase of contour lines in the density map is at 0.1 au. Contours in the deformation density4rB@Datau. Dashed pink is
for decrease of density, and solid blue is for increase of density.

covers two areas; one points to the H4 of cytosine in the GC
pair and the other points to the Hdf C from another GC pair.

As compared to the electron structuretadns[(NHz3)Pt(G—
N7)(C—N3)]* (Figure 8), the formation of the second H-bonding
interaction between O6(G) and H@') reduces the H4(C)
0O6(G) H-bonding in the deprotonated monomer. Unlike the
electronic structure found irirans[(NH3),Pt(GH-N7)(C—
N3)]?" where the additional electron density is located between
Pt and O6 (Figure 4), the density increase can still be found
between H4 and O6. The interaction between Pt and O6 in the
tetrad is expected to be weak. On the other hand, a significant
increase in density can be seen between H4 and Pt in the
platinated tetrad, suggesting a possible-Pt4(C) interaction.
This electron density property is in accordance with the figyre 12 Gradient vector field of the charge density around the
Pt---H4(C) separation of 2.677 A in the tetrad (2.725 A in the CH5(C)+-N1(G) H-bond in the platinated GCGC tetrad. The bond critical
base pair). points are in triangles.

The AIM analysis of the BCPs of the complex suggests a ) )
weakened H4(G)-06(G) H-bond (with density of 0.0082 au  tonated guanine tautomer. Large H@)1(G) separation
atthe BCP) and a stable H&')---O6(G) H-bond (with density ~ S€€MS to suggest that the geome_tnc constrains prevent the
of 0.0423 au). It is important to note that the BCP between pt formation of H5(C)--N1(G) H-bond inM4.
and 06 that exists in the platinated GC pairs cannot be found The H-bond lengths between the platinated GC pairs predicted
in the tetrad. Instead, a bond critical point with density of 0.0139 in the theoretical study have been found to be 1.77GRA)(
au has been detected between Pt and H4(C) in the tetrad (Figur@nd 2.288 A R10). The former corresponds to an X@)---

10). Although the Pt-H4(C) atomic distance and its bond O6(G) separation of 2.790 A, about 0.08 A longer than the

critical point characteristic are typical for a H-bond, the corresponding crystallographic data (2.715 A). For the latter,

electronic structure in the density deformation map and the value the H5(C)++*N1(G) bond distance seems to be 0.42 A too short

of N4(C)—H—Pt atomic angle (113°J are not convincing that ~ compared to the experimental measurement. However, if one
this is a H-bond. adjusts the short H5(€)C5(C) distance of 0.88 A assumed in

Electronic Structure of the Unprecedented H5(C)++-N1(G) experiments to 1.080 A (theoretical prediction), the experimental
H-Bonding Pattern. Another unique feature of the platinated H5(C)-+*N1(G) bond length should be adjusted to 2.51 A, about
GCGC tetrad is that typical H-bonding geometric characteristics 0.21 A longer than the theoretical value. Considering that there
are derived for the H5(:+-N1(G) atomic pair. As a corre- IS no counterion included in the calculation, the short theoretical
sponding model, the N7 protonated GCGC base tethad)) (  H5(C)--*N1(G) H-bond length supports the proposal that the
has also been optimized at the B3LYP/6-311G(d,p) level of long H-bonding distances are essentially a consequence of the
theory (Figure 3). However, the H5(G+N1(G) H-bonding stacking effect of the counteridfiThe C5(C)—H—N1(G) bond
pattern has not been observed for the model comMéxin angle of 161.3evaluated at the B3LYP/AE level of theory also
which the H5(C)--N1(G) separation amounts to 3.182 A. agrees well with the experimental value of 160
Recent theoretical study of the microsolvation of guanine  The electron density deformation map of the H5¢N1(G)
tautomers suggested that the formation of H-bonds at N1(G) H-bond in the metalated GCGC tetrad (Figure 11) illustrated a
and H7(G) greatly stabilizes the N1-deprotonat®t¥-pro- well-defined increase of electron density between H5 of C and
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M5

M6

Figure 13. Optimized structure of the CHN modelsM5 and the diprotonated mod®l6. The representations of color at the atomic position are red for
O, blue for N, gray for C, and white for H. Geometric parameters of the models are given in A.

able 2. Deprotonation Energy of the Platinated GC Pair and the

N1 of G. On the other hand, no density boost has been detected('—;orrespomﬂng Models at the DFT Levels of Theory?

between the corresponding atoms in the model td#ddThe
gradient vector field of the charge density around the
H5(C)+N1(G) H-bond in the platinated GCGC tetrad is
displayed in Figure 12. The trajectories of the gradient of density
starting from H5(C) also follow the direction of the steepest
ascent of the electron density deficiency surrounding the H5 of
cytosine in Figure 11. The density value of 0.0154 au at the
BCP between H5(C) and N1(G) signifies a moderate H-bond.

General Features of Electronic Structure of the CH--N
H-Bonding Pattern. To explore the possibility of the C+N

AE
platinated GC pair
AE 9.01
LANL2DZ 8.98
MWB 8.98
model 11.62
guanine 15.37

aBasis set used for nonmetal elements is 6-311G(dXH. =
E{[(NH3).Pt(G-N7)(C—N3)]"} — E{[(NH3),Pt(GH-N7)(C—N3)]*} in
eV. Models and Guanines are calculated at the B3LYP/6-311G(d,p) level.

H-bonding pattern between bases in general, a GC pair linked The density at this BCP in thd5 andM6 models is similar

through H5(Cy--N1(G) and H4(C)--O6(G) was optimized for
comparison (Figure 1345). In this model, the H5(C)-N1(G)
H-bond length amounts to 2.335 A, 0.05 A longer than that in
the platinated GCGC tetrad. The C5E1—N1(G) bond angle

of 163.#4 in M5 indicates strong H-bonding between H4(C)
and O6(G). Two protons were added to N7 of G and N3 of C
in the model base paiM86) to mimic the charge influence of
Pt on the H5(Q---N1(G) H-bond in the platinated GCGC tetrad.
The H5(C)--N1(G) bond length and the C5(€EH—N1(G) bond
angle have been computed to be 2.330 A and P59e&pec-
tively. Accordingly, the geometry of the H5(€)N1(G) H-bond

is not significantly influenced by the charge variation on the
GC pair. In addition, platination seems to slightly increase the
H5(C)--N1(G) H-bonding interaction as demonstrated by the
shorter H5(C)-*N1(G) H-bond distance of 2.288 A.

The electron density deformation map of thts and M6
models exhibits the typical H-bonding characteristics for the
H5(C)---N1(G) atomic pair. The density increasehtb is only
slightly smaller than that itM6, which is consistent with the
difference of their H-bond length. However, the electron density
increase iNM6 is almost the same as that in the platinated
GCGQC tetrad. Therefore, the shorter H5()1(G) H-bond in

the tetrad should be the result of the geometric constraints due

to the platination of G and C in the tetrad. The electronic
structure of the H5(C)-N1(G) H-bond is also not sensitive to
the chemical alternation at the N site of the bases.

to that in the tetrad, 0.0148 au and 0.0145 auM& and M6,
respectively. This similarity confirms the observation that the
electronic structure of the H5(€)N1(G) H-bond is insensitive
to the chemical alternation on the N sites.

Influence of Pt on the Deprotonation Energy oftrans-
[(NH 3),Pt(GH—N7)(C—N3)]J>". The energy properties of the
metalated GC pairs and the corresponding models are sum-
marized in Table 2. The deprotonation energyrans[(NHs)o-
Pt(GH-N7)(C—N3)]?* has been evaluated to be 9.01 eV at the
B3LYP/AE level of theory. For comparison, the deprotonation
energy for the model GC pair and guanine base amounts to
11.62 and 15.37 eV, respectively, at the B3LYP/6-311G(d,p)
level. Platination at the N7 of guanine considerably reduces the
deprotonation energy. This result is consistent with the earlier
experimental observations in solutions that the release of the
protons from N1 of G is facilitated by the N7-coordinated cis-
ayPt(11).57 This significant reduction of deprotonation energy
of guanine in the platinated complex should be attributed to
the fact that part of the electron density of guanine transfers to
the positively charged Pt(ll), as can be seen from Mulliken
population analysis.

The binding energy of the N-platinated GCGC base tetrad
with respect to the two platinated GC pairs has been evaluated

(56) Hanus, M.; Ryhacek, F.; Kubar, R.; Bogdan, T. V.; Trygubendo, S. A,;
Hobza, PJ. Am. Chem. SoQ003 125 7678-7688.

(57) Sigel, H.; Song, B.; Oswald, G.; Lippert, Bhem. Eur. J1998 4, 1053
1060.
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to be 2.87 kcal/mol at the B3LYP/AE level (3.98 kcal/mol at poration of the platinum in the GCGC tetrad benefits the
the B3LYP/LANL2DZ level and 3.78 kcal/mol at the B3LYP/  formation of the unique CH-N (H5(C)---N1(G)) hydrogen
MWB level). However, this small binding energy does not bond in the tetrad by offering improved geometric constraints
represent the H-bonding energy between the platinated GC pairgather than by changing the electronic properties around the
because both pairs are positively charged and no counterionsH5(C) and N1(G) sites.
are taken into account in the calculations. A charge repulsion  The existence of the €H---N type H-bond does not depend
model calculation with two single-charged particles at the on the metalation of the nucleobases. The electronic structure
distance of two Pt's in the tetrad demonstrates that the chargeof the C-H--*N H-bond is not affected by the chemical
repulsion energy in this system is as high as 39.69 kcal/mol. alternation or the electronic properties at the N7 site of guanine
Therefore, the H-bonding energy between two platinated GC and the N1 site of cytosine in the base pair. The H-bonding
pairs amounts to 42.56 kcal/mol, signifying a quite strong energy of the G-H---N type H-bond is expected to be similar
bonding energy for the €H5(C)--N1(G) type H-bond. A to that of the N-H---N type.
detailed analysis for the bonding energy of the unique bonding Platination at the N7 of guanine reduces the deprotonation
pattern in the plantinated base pairs and base tetrads will beenergy considerably. The deprotonation energy of the divalenced
reported elsewhere. platinum complextrans[(NH3),Pt(GH-N7)(C—N3)]?>* has
been evaluated to be 9.01 eV. For comparison, the deprotonation
energy for the model GC pair and guanine base monomer
The consistency of the geometric parameters predicted with amounts to 11.62 and 15.37 eV, respectively.
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