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Isocytosine (ICH) exists in solution as two major tautomers, the keto form with N1 carrying a proton (1a) and the
keto form with N3 being protonated (1b). In water, 1a and 1b exist in equilibrium with almost equal amounts of
both forms present. Reactions with a series of Pd" and Pt' am(m)ine species such as (dien)Pd", (dien)Pt", and
trans-(NHa),Pt" reveal, however, a distinct preference of these metals for the N3 site, as determined by ‘H NMR
spectroscopy. Individual species have been identified by the pD dependence of the ICH resonances. pK, values
(calculated for H,0) for deprotonation of the individual tautomers complexes are 6.5 and 6.4 for the N3 linkage
isomers of dienPd" and dienPt", respectively, as well as 6.2 and 6.0 for the N1 linkage isomers. The dimetalated
species [(dienM),(IC-N1,N3)]** (M = Pd" or Pt") are insensitive over a wide range of pD. The crystal structure
analysis of [(dien)Pd(ICH-N3)](NOs); is reported. Ab initio calculations have been performed for tautomer compounds
of composition [(NH3)sPt(ICH)J?*, cis- and trans-[(NH3),PtCI(ICH)]*, as well as trans-[(NH3),Pt(ICH),J**. Without
exception, N3 linkage isomers are more stable, in agreement with experimental findings. As to the reasons for this
binding preference, an NBO (natural bond orhital) analysis for [(NHz)sPt(ICH-N3)[>*strongly suggests that intramolecular
hydrogen bonding between trans-positioned NH; ligands and the two exocyclic groups of the ICH is of prime
importance. The calculations furthermore show a marked pyramidalization of the NH, group of ICH in the complex
once the heterocyclic ligand forms a dihedral angle <90° with the Pt coordination plane.

Introduction Chart 1
. . T . o
Isocytosine (ICH, 2-aminopyrimidin-4-t8-one, 1) is a H H. H
structural isomer of cytosine (@) and exists as two major )N@;‘ N = J‘g‘i
tautomerslaandlb (Chart 1). A third, minor tautomer (not HNT N7 TH NTTH
shown) adopts an enol structure. Although not a natural 1“ b
a

nucleobase like cytosine, nucleosides of isocytosine have
been reported to exhibit interesting pharmaceutical proper- IC
ties!}? and the C5-glycosidic derivative pseudoisocytidine
(yIC, 3) has proven a valuable tool for molecular biology H
studies, e.g. for DNA triplex formatidnand mechanistic jgs/ﬂ “NFaN—Su
O~ °N
H

NH,

|
studies of RNA catalysisMoreover, the potential usefulness HZN)%Q H
of isocytosine a a H bonding partner of the likewise non-
natural isoguanine in oligonucleotides has been a point of C ?Ic

. T3 . ) - .
interest:** Our focus on isocytosine originates from its potential metal binding properties and our general interest
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Complex Formation of Isocytosine Tautomers

tomerst Metal complex formation with isocytosine has Chart 2

previously been studied by other grodpsand there are

examples of X-ray structurally characterized metal com-

pounds with O%¢or N3 coordination. Various substituted

isocytosine derivatives (substituents at N1, N2, C5 positions)

have likewise been studiéél.

At the outset of our work, we were intrigued by the
potential of isocytosine to form inert metal complexes of
tautomerlb, hence metal compounds with N1 coordination.

We had previously observed that with cytosine the minor

tautomer could be complexed by metal ions to an extent that

exceeded its occurrence in solution by & Moreover,

examples of both linkage isomers (metal at N1 or N3) were
isolated on a preparative scale and characterized by X-ray
crystal structure analysis. In its deprotonated form, the

isocytosine tautometa provides, in principle, the ability of

recognizing guanine nucleobases in a way different from that

of cytosine, namely, in a reversed Watsdabrick manner

(Chart 2, top). Similarly, a N1 metalated isocytosine anion
can interact with guanine in this fashion, unlike N1 metalated

cytosinate, which pairs according to Watsabrick.'” These

considerations can be extended to pairing motifs between

H H
NFN O H-N NFN oo H-N  H
N NH-=== = N3\ T N3ic)
< S X /
N=H-------- (9] H N=H-==-momeee o
H
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H H
!
R H-N I H-N M
N 7 N/ 7 >_
RN Z) R /25\l
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S
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H H
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H H

cytosine and neutral, protonated, or metalated isocytosineplexes trans[(NH3).Pt(9-MeGHN7)CI|CI,% trans[(NH3).Pt(9-
(Chart 2, bottom) and contrasted with the situation in EtGH-N7)CIICI,? trans[(NH3),Pt(1-MeC)CI|CIZ® cis-[(NH3)-Pt-

hemiprotonated cytosine pairs (“i-motif*§.Our interest in

(1-MeC)CI|CIZ” andtrans[(NHz),Pt(1-MeT)CI]CP8 were prepared

these systems relates to our continuing efforts to synthesize2ccording to the methods given in the literature; [(dien)PdBr]Br

artificial oligonucleotide analogues consisting of a backbone

that contains suitable metal io#fst®

Experimental Section

Materials. Isocytosine (ICH) was purchased from Sigma;
K,PtCl, and KPdCl, were purchased from Heraeus; 9-MeGH
and 9-EtGH were obtained from Chemogen. [(dien)P]l,
[(dien)PdI]I2* trans[(NH3),PtCh],?2 cis-[(NH3),PtCh],%2 1-methyl-
cytosine (1-MeC¥? 1-methylthymine (1-MeT¥%* and the com-

(9) Roberts, C.; Bandaru, R.; Switzer, Tetrahedron Lett1995 36,
3601-3604.

(10) Tor, Y.; Dervan, P. BJ. Am. Chem. S0d 993 115 4461-4467.

(11) Horn, T.; Chang, C. A.; Collins, M. LTetrahedron Lett1995 36,
2033-2036.

(12) Strobel, S. A.; Cech, T. R.; Usman, N.; BeigelmanBliochemistry
1994 33, 13824-13835.

(13) Musier-Forsyth, K.; Shi, J.-P.; Henderson, B.; Bald, Rrskej J. P.;
Erdmann, V. A.; Schimmel, Rl. Am. Chem. Sod 995 117, 7253~
7254.

(14) (a) Brining, W.; Freisinger, E.; Sabat, M.; Sigel, R. K. O.; Lippert,

B. Chem. Eur. J2002 8, 4681. (b) Bitning, W.; Ascaso, |.; Freisinger,

E.; Sabat, M.; Lippert, Binorg. Chim. Acta2002 339, 400. (c) Miler,

J.; Sigel, R. K. O.; Lippert, BJ. Inorg. Biochem200Q 79, 261. (d)

Lippert, B. Inorg. Chem.1981, 20, 4326. (e) Faggiani, R.; Lippert,

B.; Loch, C. J. L.Inorg. Chem.198Q 19, 295.

See, e.g.: (a) Rodriguez-Bailey, V. M.; Clarke, MIdbrg. Chem.

1997 36, 1611. (b) LaChance-Galang, K. J.; Maldonado, |.; Gallagher,

M. L.; Jian, W.; Prock, A.; Chacklos, J.; Galang, R. D.; Clarke, M. J.

Inorg. Chem.2001, 40, 485. (c) Fiol, J. J.; GafatRaso, A.; Mata,

Terran, A.; I.; Molins, E.Inorg. Chim. Actal997, 262, 85. (d) Garcia-

Raso, A.; Fiol, J. J.; Adrover, B.; Moreno, V.; Molins, E. Mata,l.

Chem. Soc., Dalton Tran4998 1031.

(15)

(16) See, e.g.: Price, C.; Rees, N. H.; Elsegood, M. R. J.; Clegg, W.

Houlton, A.J. Chem. Soc., Dalton Tran$998 2001.

(17) Brining, W.; Sigel, R. K. O.; Freisinger, E.; Lippert, Bngew. Chem.
Int. Ed. 2001, 40, 3397.

(18) Gehring, K.; Leroy, J.-L.; Guernon, MNature 1993 363 561.

(19) Sigel, R. K. O; Freisinger, E.; Lippert, B. Inorg. Biochem1999
74, 296.

(20) Cude, W. A.; Watt, G. WInorg. Chem 1968 7, 335.

was prepared analogously to [(dien)PdflYellow crystals of
[(dien)PdBr]Br were isolated and characterized by X-ray crystal-
lography. Results will be published elsewhere.
Synthesis.[(dien)Pd(ICHN3)](NO3), was prepared as follows:
A suspension of [(dien)PdBr]Br (79.8 mg, 0.216 mmol) in water
(10 mL) was treated with AgN§(73.4 mg, 0.432 mmol) for 5 h
at 40 °C with the exclusion of daylight. The solution was then
cooled to room temperature, Agl was filtered off, and isocytosine
(314 mg, 0.216 mmol) was added. The mixture was again stirred
for 5 h at 40°C and kept for crystallization. Yellow crystals
appeared after a few weeks and were later dried in air (yield 20%).
Elemental anal. (%) for g,sNgOsPcd0.5H,0 (437.64): C 21.9,
H 4.2, N 25.6. Found: C 21.7,H 4.2, N 26.0. No water was detected
in the X-ray crystal structure, however.
[(dienPt)(IC-N1,N3)](ClO,); was prepared as follows: A sus-
pension of [(dien)Ptl]l (155.1 mg, 0.1405 mmol) in® (3 mL)
was treated with AgCI®(95.5 mg, 0.281 mmol) fo5 h at 40°C
with the exclusion of daylight. The solution was then cooled to
room temperature, Agl was filtered off, and the solution was divided
into two parts. Isocytosine (7.65 mg, 0.216 mmol) was added to
the first part of the solution. The mixture was again stirred for 5 h
at 40°C. The pD of the solution was later adjusted to 5.6, and 100
uL of [(dien)Pt(D,O)]?" solution was added to the mixture solu-

(21) Baddley, W. H.; Basolo, RFI. Am. Chem. S0d.966 88, 2944.

(22) Kauffman, G. B.; Cowan, D. Qnorg. Synth.1963 7, 239-245.

(23) Kistenmacher, T. J.; Rossi, M.; Caradonna, J. P.; Marzilli, LAG.
Mol. Relax. Interact. Processd®79 15, 119.

(24) Chow, Y. M.; Britton, B.Acta Crystallogr., Sect. B975 31, 1934.

(25) (a) Raudaschl, G.; Lippert, Bnorg. Chim. Actal983 80, L49. (b)
Aletras, V.; Hadjiliadis, N.; Lippert, BPolyhedron1992 11, 1359.

(26) (a) Erxleben, A.; Metzger, S.; Britten, J. F.; Lock, C. J. L.; Albinati,
A.; Lippert, B. Inorg. Chim. Acta2002 339, 461. (b) Britten, J. F.
Ph.D. Thesis, McMaster University, Hamilton, Ontario, Canada, 1984.

(27) Jaworski, S.; Schiborn, H.; Eisenmann, P.; Thewalt, U.; Lippert, B.
Inorg. Chim. Actal1998 153 31.

(28) Krizanovic, O.; Sabat, M.; Beyerle-PinR.; Lippert, B.J. Am. Chem.
Soc.1993 115 5538.
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tion. The progress of the reaction was monitored by NMR
spectroscopy. This procedure was repeated till only a single set of
signals due to [(dienP{IC-N1,N3)](ClO,4); was present. Colorless
crystals formed in the reaction mixture within 2 days &G A
single crystal was picked and characterized by X-ray crystal-
lography. Unfortunately, the crystal was of poor quality, although
X-ray data confirmed the composition. Elemental anal. (%) for
Ci12H30NgO13PLCl32H,0 (1040.97): C 13.8, H 3.3, N 12.1.
Found: C 13.7, H 3.2, N 12.1.

All the other reactions mentioned in the text were carried out
on the NMR scale.

Computational Details. The ab initio molecular orbital calcula-
tions were performed using the Gaussian 98 packagecombina-
tion of Becke’s three-parameter hybrid functiolalith Lee—
Yang—Parr's exchange functiorfdlwas applied for all structures.
The structures of the two tautomers were optimized using two
different basis sets, LANL2DZ and 6-31G*. The metals in the
Pd and Pt complexes have been described with the LANL2DZ basis
set, including effective core potentials, while the 6-31G* basis set
has been used for C, N, O, and H atoms. Additionally, the wave
functions were analyzed by the natural bond orbital (NBO)
method?? a standard option of Gaussian 98. The NBO analysis
explains the strength of hydrogen bonds in terms of deaoceptor
interactions between doubly occupied lone pair orbitals and
unoccupied antibond orbitals. The total energy was calculated as
the sum of the electronic energy and the zero-point vibrational
energy. Vibrational frequency calculations were carried out to

ensure that the stationary points located on the potential energy

surfaces by geometry optimization were minima.

NMR Spectroscopy.!H NMR spectra were recorded on a Bruker
AC200 (200.13 MHz) instrument in » using sodium 3-(tri-
methylsilyl)propanesulfonate (TSP) as internal reference.

Vibrational Spectra. IR spectra (KBr pellets) were recorded

on an IFS 28 FT spectrometer and Raman spectra on a Coderg

T800 with argon (514.5 nm) or krypton laser (647.1 nm) excitation.
Elemental Analysis.Elemental analysis was performed with a
Carlo Erba model 1106 Strumentazione element-analyzer.
X-ray Crystallography. Crystal data for compound [(dien)Pd-
(ICH-N3)](NO3), were collected at 150 K on an Enraf-Nonius-
KappaCCD diffractometét using graphite-monochromated MaK
radiation ¢= 0.7107 A). For data reduction and cell refine-
ment, the programs DENZO and SCALEPACK (Nonius, 2660)

Gupta et al.
Table 1. Crystallographic Data for [(dien)Pd(ICN3)](NO3),

empirical formula G@H1sNsO7Pd
habit, color block, yellow
crystal size (mrf) 0.32x 0.10x 0.06
fw 444.72

cryst syst triclinic

space group P1

a(h) 6.6310(13)

b (A) 10.651(2)

c(A) 12.214(3)

o (deg) 65.80(3)

p (deg) 87.08(3)

y (deg) 74.07(3)

V (A3) 754.7(3)

z 2

pealca (9 cntd) 1.957

T (K) 150(2)

radiaton (A) Mo Ko (=0.71073)
20 range (deg) 6.455.06
h,k,Icollected +8, +13,4+15
w (mm1) 1.285

reflns collected 3463

unique reflns withFo| > 40|F| 2824
refinement Fo?

solution method direct methods
no. of params refined 289

Rq? 0.0345

WR° 0.0863

Rint 0.0386

GOF 1.081

3Ry = JIIFo| — | FdVF|Fol. ®WRz = [ [W(Fe? — FA?/ 3 [W(FoA)Z] Y2

methods and subsequent Fourier syntheses and refined by full-
matrix least squares df? using the SHELXTL 5.1 prograri®. All
atoms were refined anisotropically. Hydrogen atoms were located
in a difference Fourier map and refined isotropically. Crystal-
lographic data and details of refinement are reported in Table 1.
pKa values.pH* values refer to uncorrected pH meter readings
(Metrohm 6321; combination glass electrode) yOolutions. pH*
values were adjusted by addition of Dh@r NaOD solutions; pD
values were obtained by adding 0.4 to the pH meter reading. The
pKa values of isocytosine and complexes of isocytosine were
determined using pH dependéit NMR spectroscopic measure-
ments in RO. pK, values were evaluated with a NewteGaus3®
nonlinear least-squares fit method that deals with the changes in
chemical shifts of all nonexchangeable protons with the change in

were used. The structure was solved by conventional PattersonPD Of the solution. The obtained acidity constants were then

(29) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
M. A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A., Jr.;
Stratmann, R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels,
A. D.; Kudin, K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone,
V.; Cossi, M.; Cammi, R.; Mennucci, B.; Pomelli, C.; Adamo, C.;
Clifford, S.; Ochterski, J.; Petersson, G. A.; Ayala, P. Y.; Cui, Q.;
Morokuma, K.; Malick, D. K.; Rabuck, A. D.; Raghavachari, K.;
Foresman, J. B.; Cioslowski, J.; Ortiz, J. V.; Baboul, A. G.; Stefanov,
B. B.; Liu, G.; Liashenko, A.; Piskorz, P.; Komaromi, |.; Gomperts,
R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A.; Peng, C.
Y.; Nanayakkara, A.; Gonzalez, C.; Challacombe, M.; Gill, P. M. W.;
Johnson, B.; Chen, W.; Wong, M. W.; Andres, J. L.; Gonzalez, C.;
HeadGordon, M.; Replogle, E. S.; Pople, J.Gaussian 98revision
A.7; Gaussian, Inc.: Pittsburgh, 1998.

(30) Becke, A. D.J. Chem. Phys1993 98, 5648.

(31) (a) Lee, C.; Yang, W.; Parr, R. ®hys. Re. 1998 B37, 785. (b)
Miehlich, B.; Savin, A.; Stoll, H.; Preuss, KEhem. Phys. Letl989
157, 200.

(32) (a) Reed, A. E.; Curtiss, A. E.; Weinhold, Ehem. Re. 1988 88,
899. (b) King, B.F.; Weinhold, FJ. Chem. Phys1995 103 333. (c)
NBO 4.0 Program Manual, University of Wisconsin Theoretical
Chemistry Institute Technical Report WISC-TCI-756 (USA: Univer-
sity of Wisconsin).

(33) KappaCCD packageNonius: Delft, The Netherlands, 1997.
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transformed to the values valid for® according to the literaturg.

Results and Discussion

Tautomerism of Isocytosine.lsocytosine crystallizes in
two tautomeric forms: 1,4-dihydro-2-amino-4-oxo-pyrimi-
dine (keto-N1H, 1a) and 3,4-dihydro-2-amino-4-oxo-
pyrimidine (keto-N3H,1b), in an exact 1:1 ratié®3° The
tautomers are hydrogen bonded to each other in a manner
similar to that of the guanine and cytosine pair in DRA.

(34) Otwinowsky, Z.; Minor, W. DENZO and SCALEPACKViethods
Enzymol.1997, 276, 307.

(35) Sheldrick, G. MSHELXTL-PLUS (VMS$)Siemens Analytical X-ray
Instruments, Inc.: Madison, WI, 199@GHELXL-93, Program for
crystal structure refinementniversity of Gdtingen; Gidtingen, 1993;
SHELXL-97, Program for the Refinement of Crystal Structures
University of Gdtingen: Gitingen, 1997.

(36) Tribolet, R.; Sigel, HEur. J. Biochem1987 163 353-363.

(37) Martin, R. B.Sciencel963 139, 1198-1203.

(38) Sharma, B. D.; McConnell, J. Rcta Crystallogr.1965 19, 797.

(39) McConnell, J. F.; Sharma, B. D.; Marsh, R. [ature 1964 203
399.



Complex Formation of Isocytosine Tautomers

A number of electronic spectroscopic studie®® have )
been carried out to study the tautomerism of isocytosine. % sox— X
These studies reveal that the ratio of the two tautomers ] / H6 proton

a

~

. . . 7.64
present in solution is solvent and temperature dependent. In 1 ]

ethanol and diethyl ether, keto-N3H fortib predominates 762 | Kok /

over keto-N1H formla, while in aqueous solution the two

forms are present in almost 1:1 ratfie®*® Temperature !\ 14

dependent solution studfésndicate that in aqueous solution,

with the rise in temperature, keto-N1H tautoriaibecomes sy,

more stable as compared to keto-N3H tautodterMorita 80 4 .

and Nagakur& have also determined the energy differences W

and entropy changes between the two (keto-N1H vs keto- 59 1 \K 1a

N3H) forms to be 1.3 kcal/mol and 4.7 cal/mol K, respec-

tively, on the basis of the temperature dependence of the

absorption spectra of the molecules. 0 > 4' 3 = m m vl
Several quantum-mechanical computational stdéiés

have been carried out on different tautomers of isocytosine. pD

In the gas phase, the keto-N3H tautoriieris more stable Figure 1. pD dependenced( ppm) of H5 and H6 resonances of isocytosine

than the keto-N1H tautometa From the calculated and b0.

experimental data, it was found that in solid argon méatrix Chart 3

7.60 \,ER*,*,%/*%

ALY

4 ppm

1HS proton

[-]
SAana

isocytosine is present as a mixture of both enol and keto- — o

N3H tautomeric forms with the enol form being dominant. H'N)j

Our calculations on two tautomers (keto-N1H and keto-N3H) HZNJ\\N

in the gas phase are in agreement with the calculations carried H, 1 1b o}

out earliert’48 The energy difference between keto-N3H j"\\@| e ey N)‘j

form 1b and the keto-N1H formla using Lanl2dz and HaN H ‘H_zl\l)'%(g‘

6-31+G* basis sets is-8.4 and—11.0 kcal/mol, respectively. 0 1d
Solution Studies of Isocytosine.Brown and Teitef e )N.\ |

reported K, values of 4.0 and 9.59, which were obtained HaN E

by means of ultraviolet spectroscopy. In the course of the | 12

present work, K, values of isocytosine were determined
using pH dependeridt NMR spectroscopic measurements. assigned to the keto-N3H tautoméb of isocytosine.
pK, for the protonated ICK was found to be 4.0# 0.01, Similarly, the band at 1231.9 crh is assigned to the
and for the neutral ICH 9.4% 0.03 (Figure 1). Chart 3  stretching mode of the keto-N1H tautoniex of isocytosine
depicts the two acidbase equilibria. and, correspondingly, the other band at 1209.6ctm the
Raman spectra of isocytosine were recorded in the solid keto-N3H tautomerlb. There are also twin bands at 791
state as well as in different solvent mixtures of DMF and and 787 cm® for isocytosine in pure DMF, but there is only
H,O. For the solid isocytosine, in the spectral range-400 one band observed at 1214 chwhich is strongly asym-
1700 cnt?, there was a series of characteristic twin bahds metric, however. In water, there are a broad band at 791
due to complex ring bending (797.2 ch785.4 cmt) and cm™! and another one at 1232 cfwhich possibly is due
stretching modes of the ring (1231.9 thm1209.6 cm?) to two species present, although there is no clear separation
for the two tautomers. The band at 797.2 énfor the of individual peaks. As DMF is successively diluted with
deformation mode can be assigned to the keto-N1H tautomerwater, there is a shift to higher wavenumbers, i.e., from 789
laof isocytosine’! The band at 785.4 cmis consequently ~ to 791 cm* and from 1214 to 1232 cm, yet there is no
separation of individual peaks as is the case for isocytosine
(40) Watson, J. D.; Crick, F. H. QNature 1953 171, 964. in the solid state and in pure DMF.

41) Stimson, M. M.; O’Donnell, M. JJ. Am. Chem. S0d952 74, 1805. ; ; ; ;
2423 Morita., H.. Nagakura, STheor. Chim. Actzl968 11. 259_ Reactions of (dien)Pd with Isocytosine. In order to

(43) Hdeéne, C.; Douzou, PC. R. Hebd. Seances Acad. .St964 259, study the metal binding to isocytosine and to identify the

4 ﬁagikowski 3.S. Leszezynski, ht, J. Quantum Chent967 61 various binding sites, the reactions were carried out on the
453, T T T NMR scale. 1:1, 1:3, and 3:1 mixtures of isocytosine and

(45) Brown, D. J.; Teitei, TAust. J. Chem1965 18, 559. [(dien)Pd(DO)](NOs), were prepared, and reactions were

(46) Hdene, C.; Douzou, PC. R. Hebd. Seances Acad. St864 259 carried out without pH* adjustment at the start of the

4387. i
(47) Vranken, H.; Smets, J.; Maes, G.; Lapinski, L.; Nowak, M. J.; reaction. The samples were kept at 4D for a few hours
Adamowicz, L.Spectrochim. Actd994 50A 875. i i
(48) Zhanpeisov, N. U.; Leszczynski, ldt. J. Quantum Chenil998 69, un.tll no further Chafnges were deteCted.m]‘HG\lMR spectra
37. (Figure 2). A typical spectrum consisted of four sets of
(49) 149%6%%: g%ler, H. J.; Gunde, R.; Gunthard, H. H.Mol. Struct. aromatic H5 and H6 resonances (doublets eath;6.7—
(50) Lippert, B J. Raman Spectrost979 8, 274. 7.3 H2). Th(_e four sets of resonances-B were as&gngd
(51) Gupta, D.; Roitzsch, M.; Lippert, B. Unpublished results. on the basis of pD dependedH NMR spectroscopic
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Figure 2. H NMR spectrum (RO, pH* 3.96, isocytosine resonances only)
of reaction mixture (1:1) of [(dien)Pd@D)]?*and isocytosine after a few
hours at 40°C. Assignment of resonances-® was made on the basis of
their pD dependence.
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Figure 3. pD dependence)( ppm) of H5 proton for [(dien)Pd(ICHN1)]?t,
[(dien)Pd(ICHN3)]2*, [(dien)Pd(ICN1N3J)]?", and free isocytosine in .
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Figure 4. View of cation of [(dien)Pd(ICHN3)](NOs), with atom
numbering scheme.

and angles within the ICH ligand are not unusual. The N1
position is carrying a proton, consistent with the internal ring
angle of 121.3(4)at N1. The Pe-N distances range from
2.002(4) A (P&-N2E) to 2.039(4) A (PetN3E) and are
likewise normal. Angles about the Pd deviate markedly from
ideal square-planar (e.g., NHPd—N2E, 84.83 (14), N1E—
Pd—N3E, 167.77(16), as expected. The dien chelate adopts
the characteristic sting-ray geomeétryvith the methylene
groups C2E and C3E above the Rghane. The ICH plane
forms an angle of 73.2(1with the Pd coordination plane.
A comparison of the external angles at N3 {f3—C4,
114.5(3); Pd—N3—C2, 125.2(3)) shows these to be un-
equal. Consequently, O4 is closer to Pd as compared to N2.
N(1)H, N(2)H;, and O4 of the ICH ligand are involved in
numerous hydrogen bonding interactions (Supporting Infor-
mation). For example, the proton at N1 is “chelated” by two

measurement (Figure 3). Typically, 1:1 reaction mixtures oxygen atoms of a nitrate anion, whereas the two protons of
were treated with acid and/or base over a wide pH* range N2 form H bonds to oxygens of two different nitrate anions.

and!H NMR spectra were recorded.

04, on the other hand, is bonded to a proton of the amino

Resonances C are due to the dinuclear species, [(dien)gyoup N3E of the dien ligand. None of these contacts<2.9
Pd(ICNLN3)Pd(dien)}*, as this set of resonances is insensi- 3 q A) between heavy atoms is particularly short.

tive to pD. An intense set of resonances, B, is assigned to

the N3 linkage isomer, [(dien)Pd(ICN3)]?"/[(dien)Pd(IC-

N3)]*", pKa 6.5+ 0.01, by comparison with the spectrum of

the isolated compound, the structure of which has been
established through X-ray crystallography (see below). The
set of resonances furthest downfield, A, is assigned to the

N1 linkage isomer, [(dien)Pd(ICHL]2*/[(dien)Pd(IC-

ND]*, pKs 6.2 + 0.01. Finally, the set of resonances D

belongs to free isocytosine, IGHICH, pK, 4.0 4= 0.01.
Characterization of [(dien)Pd(ICH-N3)](NO3),. The
reaction of (dien)PH with isocytosine was done on a

preparative scale, and the solution was kept at room
temperature for crystallization. The yellow crystals were
isolated, and the characterization of the compound was
achieved by X-ray analysis as well as IR, Raman, and NMR

spectroscopyH NMR spectra were recorded in,O, and it

was found that there was an immediate equilibration of the

compound in solution to give four sets of resonancedA
with set B dominating.
A view of the molecular cation of [(dien)Pd(ICN3)]-

(NO3), is given in Figure 4. Pd is bonded through the N3

position of the isocytosine (PeN3, 2.029(3) A). Distances
3390 Inorganic Chemistry, Vol. 43, No. 11, 2004

In the IR spectra for isocytosine, tentative band assign-
ments (cm?) according to the literatutgarevsym (NH,) 3275
S, b; vasyr(NH2) 3150 s;v(C=0) 1655 sh;v(ring) 1388 s;
and »(N—H out of plane) 810 s. Upon Pccomplexation,
the bands are shiftedis,{NHy) 3134 s, byasyn{NH>) 3406.6
s;v(C=0) 1679 shy(ring) 1382.8; and/(N—H out of plane)
823.9 s. The Raman spectrum (solid state) of [(dien)Pd(ICH-
N3)](NOs), has characteristic bands at 797.5 and 1229.6
cm L,

Reactions of (dien) Pt with Isocytosine. Analogous
NMR scale reactions were also performed with [(dien)Pt-
(D2,0)](NOs3), and isocytosine. The reaction conditions were
similar except that the completion of the reactions took 2
days in the case of Pt. Later, pD dependért NMR
spectroscopic measurements (Figure 5) were carried out.
Depending on the pD of the solution, there were three or
four sets of resonances observed. As explained above,
resonances ‘A-D' were assigned on the basis of their pD

(52) Britten, J. F.; Lock, C. J. L.; Pratt, W. M. @cta Crystallogr.1982
B38 2148.
(53) Sakaguchi, T.; Tanno, Mlippon Kagaku Kaishl974 1637.
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Figure 5. pD dependence)( ppm) of H6 proton for [(dien)Pt(ICHNL)]%*,
[(dien)Pt(ICHN3)]2*, [(dien)Pt(ICN1,N3)]%", and free isocytosine in
D,0O.

dependence. The species distribution was similar to that in
the (dien)P&ICH system. Relevantky, values are 6.3%

0.03 for [(dien)Pt(ICHN3)]?" and 5.974 0.03 for [(dien)- Figure 6. Optimized computed structures of N1 and N3 linkage isomers
Pt(ICHN1)]2*. of [Pt(NHz)3(ICH)]?", trans[Pt(NH3)CI(ICH)]*, and cis-[Pt(NHz),Cl-
(ICH)I*.

Reactions of trans-(NH3),Pt" with Isocytosine. In an
attempt to obtain metal complexes containing the N1 linkage  Theoretical Calculations. Molecular geometries of a
isomers of isocytosine, several reactions in different ratios Variety of Compounds have been Computed in an attempt to
PtICH (1:1, 1:3, 3:1, etc.) were performed withans better understand the apparent preference bfaRtl Pd
[(NH3)Pt(DO)]*" and isocytosine and followed B NMR electrophiles for the N3 site of ICH. Figure 6 provides views
spectroscopy. Unfortunately, due to the large number of of optimized structures of the N1 and N3 linkage isomers
resonances (ca. 12 sets of doublets) it was not possible topf [Pt(NHs)s(ICH)]2t, trans[Pt(NHs).CI(ICH)]*, and cis-
interpret the complicated spectra obtained after the reaction.[pt(NH,),CI(ICH)]*. Calculations of relative energies of N1
However, it was clearly evident that there was always a and N3 linkage isomers in the case of (Y4t reveal a
predominance of N3 linkage isomers (H5 resonances in thepreference of the Ptentity for N3 (AE= 12.2 kcal/mol).
range 5.6-6.2 ppm) over N1 linkage isomers (H6 reso- The comparison between the two geometries shows that in
nances, 7.48.2 ppm), if chemical shifts of the (dien)Pt  the N1 linkage isomer the heterocycle is perpendicular to

linkage isomers were taken as a reference. the Pt(NH)s plane. The lack of any H bonding between the

Other Attempts To Obtain N1 Linkage Isomers. At- two trans-positioned Nkgroups at the Pt and the exocyclic
tempts to prepare and isolate N1 linkage isomers of iso- amino group of ICH and the inability of O4 to interact with
cytosine using different metal species, such a®dCl, any of the other ligands of Pt is consistent with this finding.

KoPtCl, cis[(NH3)Pt(1-MeC)CI|CI, trans[(NH3)Pt(1- On the other hand, in the N3 linkage isomer the isocytosine
MeC)CI|CI, trans[(NH3),Pt(9-RGHN7)CI]CI, and trans ring forms an angle of ca. 8%with the Pt(NH)s plane due
[(NH3)Pt(1-MeT)CI|CI (with 1-MeC= 1-methylcytosine, to the possibility of intramolecular H bonding between O4
9-RGH = 9-methyl- or 9-ethylguanine, 1-Me¥F 1-methyl- of ICH and one of the Nklligands of Pt (G-*N, 2.79 A).
thymine), or different solvents (ethanol, DMF, acetone) were The computations furthermore suggest weak H bonding
likewise unsuccessful. It was found that there was always abetween a second NHand the exocyclic amino group
predominance of N3 linkage isomers over N1 isomers. N1 N(2)H, (N--:N, 3.27 A), which has undergone some pyr-

linkage isomers were formed only in small amounts. amidalization. This finding is consistent with results of recent

N1, N3 Bridged SpeciesA dinuclear complex, [(dienP%) ab initio calculations which suggest that, contrary to long-
(IC-N1,N3)]3* was prepared and isolated in crystalline form time beliefs that nucleobase-Mgroups are perfectly planar,
as described in the Experimental Section. In #HeNMR exocyclic amino groups are indeed partially bybridized*

spectrum (RO, pD 6.7) H5 and H6 doublets of the ICH  with the ability to function a a H bonding acceptor in nucleic
ligand @J ~7 Hz) are observed at 5.78 and 7.77 ppm. The acid structure$?

latter displays unresolve*Pt satellites 3 ~25—30 Hz). The situation with the two linkage isomers tfans
The dien resonances occur between 2.83 and 3.27 ppm as #Pt(NHz).CI(ICH)]* closely parallels that of [(NEJsPt-
multiplet. Relative signal intensities of these resonances and(ICH)]?>". In the N1 linkage isomer, the ICH ring is
the aromatic IC protons are consistent with the dinuclear _ .
structure. In the Raman spectrum (solid state) IC bands aregég ['lj’igfaé.';D'bfgzoc”;fri\,ﬂ]g’;‘ésg'13?%3(?&2’2,‘;7 ji”ds[]e;‘lilr(zr&gezs\ﬂg'F’d
observed at 801.8 crhand 1235.5 cmt. Biol. 1998 279, 1123.
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(-11.8)

)
(ICH-NI)(ICH-N3)
(-14.0)————  (Illa)

(-17.7) = (la) hh (ICH-N3),
Figure 7. Optimized computed structures of the three types of bis
(isocytosine) complexes dfans(NH3),Pt' with different rotamers con-
sidered.

(-35.9)———(IIb) # (ICH-N3),

PerpendlCUIar to the Pml plane, while it is tlllted (56'9 Figure 8. Relative energies of the six bis(isocytosine) complexdsanis-
in the case of the N3 isomer. The energy difference is 4.2 (NH3),Pt' shown in Figure 7.

kcal/mol, again with the N3 linkage isomer being the more
stable one. its head-head rotamer (1 kcal/mol), while the second
For the two isomers afis-[Pt(NH):CI(ICH)]*, the energy ~ rotamer lla iead-heag of trans[Pt(NHz)o(ICH-N3);]** is
difference is 6.9 kcal/mol, with the N3 linkage isomer being considerably less stable than head-tail rotamer, albeit
again the more stable one. In both isomers, the ICH plane isStill the second most stable speciesl{.7 kcal/mol). There
tilted with respect to the PYCI plane by 63.8(N1 isomer)  are two rotamer forms of the mixed complexans
and 55.7 (N3 isomer). It appears that, at least with the N1 [Pt(NHz)2(ICH-N3)(ICH-N1)]** either with O4 of (ICHN3)
isomer, weak H bonding between N(2)df ICH and the ~ Opposite to N(2)H of (ICH-N1) (llla) or with O4 of (ICH-
Cl ligand is responsible for this feature. With the N3 linkage N3) opposite to H6 of (ICHNI) (llib). The former is
isomer, in addition to such a possibility, also H bonding Stabilized by 14 kcal/mol relative to the least stable form
between O4 of ICH and one NHigand (O+*N, 2.75 A) as (la), and (lllb) is more stable by 11.8 kcal/mol. Taken
well as the CI and one NHligand (Ct--N, 3.01 A) is together, these results again confirm the preferentené
possible. It is to be noted that none of the intramolecular (NHs)2Pt' for N3 binding to ICH. With regard to the most
hydrogen bonds is to be considered particularly strong, stable Compound, thieead-tail rotamer lIb, it is reminiscent
simply because the angles at the acceptor (e.g., Cl) are noff thehead-tail rotamer oftrans{(NHs)zPt(cytosineN3)]*",

very favorable, e.g., PtCl--H, 62.8, in cis-[Pt(NHa).Cl- which is likewise more stable than itead-headform.5®
(ICH-N3)]* (see, however, below). Although internucleobase H bonding is not possible because
An interesting detail of both isomers ofs-[Pt(NHs)Cl- of the large separation between opposite exocyclic O4 and

(ICH-N3)]* is the pyramidalization of the amino group of N(2)Hzgroups, there is a possibility for H bonding between
ICH, in that it is opposite to that seen in thians[Pt(NHs),- NH; ligands and the O4 groups (2.84 A), leading to a tilting
CI(ICH-N3)]* and [Pt(NH)s(ICH-N3)]2*. It indeed strongly of the bases with respect to the Pt coordination plane {56.9

suggests that there is hydrogen bonding between N@H very much as in the minimum energy structure of the bis-
cl. (cytosine) compound (69.56 With N1 Pt coordination, no

such H bonding is possible.

As to the reasons for the preference of the N3 site of ICH
for Pt and Pd am(m)ine complexes, we considered a
favorable orientation of the dipole moment of one of the
two tautomers1a, Chart 1) as a possible explanation, very

Finally calculations were performed on a series of bis-
(isocytosine) complexes dfans-(NHs),Pt', which differed
in their combinations of binding sites (linkage isomers) and
their rotamer forms (Figure 7). As far as relative energies

are concerned, the following picture emerged (Figure 8): (i) A : L
The head-headform of trans[Pt(NHs)s(ICH-N1),]2* (Ia) much as previously considered for the preferential binding

is the least stable form, and thead-tail rotamer oftrans of metal ions to N7 of guanine nucleobaéébioweyer, thg
[Pt(NHs);(ICH-N3)5]2* (lIb) is the most stable oneAE= results of these calculations (hot shown) were inconsistent

—25.9 kcal/mol). (ii) Thehead—ta" 'jOtamer (Ib) oftrans (56) Sponer, J. E.; GlahE.; Leszczynski, J. Lippert, B.; SponerJJPhys.
[Pt(NH3)2(ICH-N1),])2" is only very slightly more stable than Chem.2001, 105, 12171.
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with the experimental findings and the energy calculations. modify the picture, yet the experimental findings in aqueous
NBO?? calculations were subsequently carried out which solution are consistent with the picture drawn on the basis
showed that in the N3 linkage isomer of [Pt(R)k{ICH- of the NBO calculations.

N3)]?" not only were hydrogen bonds between the s;NH

ligand and O4 of ICH formed but, in addition, hydrogen Summary

bonding took place between a second Nigand and the
substantially pyramidalized exocyclic amino group of ICH. . :
In fact, both hydrogen bonds stabilize the minimum structure 1SOCytosine complexes with N1 bound'Rtas not reached.

in the same order of magnitude. NBO delocalization energiesRather N3 metal binding is preferred with the metal
AE® no — 0*\y and AE@ ny — o*yy were obtained by am(m)lr_le compounds studied thus far. The res_ults of the
starting out from the minimum structure and by varying the Calculations tentatively suggest that a fine-tuning of the
dihedral angle between the ICH plane and the Pgjjlplane  coligands at the heavy metal may eventually permit the
between 6%and 89. The decreasing delocalization energies SYNthesis of the desired compounds. Work toward this goal
can be readily correlated to decreasing hydrogen bond'S N Progress.

strengths and decreasing total energies of the structures. This
suggests that the observed preference of the;]dPtl entity
for N3 of ICH is primarily caused by favorable intra-

Our initial goal of synthesizing, on a preparative scale,
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