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Cyclic Trimer versus Head—Tail Dimer in Metal —Nucleobase Complexes:
Importance of Relative Orientation (  Syn, Anti) of the Metal Entities and
Relevance as a Metallaazacrown Compound
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The formation and crystal structure analysis of a cyclic trinuclear Pd complex with bridging 1-methylcytosinato
model nucleobases is reported: [{(tmeda)Pd(1-MeC~-N3,N4)} 3] (ClO4)3-5.5H,0 (tmeda = N,N,N',N'-tetramethyl-
ethylenediamine; 1-MeC~ = 1-methylcytosine deprotonated at exocyclic amino group) is obtained, among others,
from the hydroxo-bridged dinuclear species [{ (tmeda)Pd(OH)},](ClO,),, which likewise has been characterized by
X-ray crystallography, and 1-MeC (1-MeC = neutral 1-methylcytosine) in aqueous solution. The usual head—tail
dimer (HT1) appears not to be formed presumably because of the steric bulk of the tmeda ligand, which prevents
a close approach of two tmeda ligands. There is also no evidence for formation of an alternative head—tail dimer
structure (HT2) which, in principle, would not lead to any steric clash of ligands, but would require an orientation
of the metal at N(4) that is almost perpendicular to the nucleobase plane. In the Pd; compound, the bridging
metals are approximately in an anti arrangement, thereby leading to Pd-+-Pd separations within the Pds triangle
close to 5.2 A. This arrangement is reflected in the *H NMR spectrum by a strongly deshielded H5 resonance of
the nucleobase, occurring at 6.56 ppm (D-0). The overall structure of the Pdj is that of a double cone, with ClO,~
counterions approaching the cavities from either side. The trinuclear structure is also maintained in Me,SO-ds. In
this solvent, Pd; acts as a fluoride anion receptor, with F~ binding to the N(4)H protons, as evident from large
downfield shifts of these protons. The compound is compared with cyclic adeninato complexes of hexacoordinated
metal ions, and a conceptional analogy with [12]metallacrown-3 species is outlined.

Introduction coordination geometry of metal, steric bulk of ligang8).

Self-assembly processes of mononuclear metal complexesThese aspects have been intensely discussed in terms of

to cyclic oligomers are a phenomenon of topical intetest. eqwtllbna :Oethetnttnmers ang ;etram?é‘,tetre}lrners and
Factors determining ring size of oligomers appear to be g Pentamers, an _elr?zmers and hexametas well as more
combination of different features which include thermo- complex equilibrig™** In contrast, equilibria between the

dynamics (ring strain, entropic effectsphysicochemical SmT"ef; C%/(.:I'C sphemes, the_ dldmer ar? (lj the tsteccta_nd largest
conditions of sample preparation (temperattiteressuré, cycle, the trimer, have received much less attention.
concentratior?;>6 crystal packing force$solvent® anions),
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This applies also to pyrimidine model nucleobase com-

pounds derived frontis-L,M" (L = NHs, PR, or L, =
diamine; M= Pt, Pd), a class of compounds Weand
otherd*1” have been particularly interested in. In the large
majority of cases with N(1) blocked uracil, thymine, and
cytosine nucleobases (as well as of structurally relate
ligands9), dinuclear compounds have been descriiddhere
is only a single example, from the group of Longato, on a
cyclic trinuclear complex, derived fromis-(PMes),Pt' and
1-methylcytosine (1-MeCY’

Here we report on our findings of how steric bulk of the
amine ligand L in cis[L,Pd' (1-MeCN3)(H,0)]>" (with
L, = N,N,N,N'-tetramethylethylenediamine) appears to
prevent formation of the dinucledread-tail complex and
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and then filtered from AgCl. Al-equiv amount of aqueous NaOH
(0.5 M) and excess NaClQvere added to the filtrate, which was
stirred for 1 h. The resulting solution was subsequently concentrated
in vacuo to a volume of 5 mL. Yellow crystals were obtained upon
cooling the solution in ice water. The yield was 224 mg, 66%. Anal.

g Caled (%) for GoHaNaO1CloPd: C, 21.25; H, 5.05; N, 8.26.

Found: C, 20.90; H, 5.00; N, 8.28H NMR (200 MHz, D,O): 6
(ppm) 2.58 (s, 12H, Ch), 2.72 (s, 4H, CH). IR (cm™1): 3438 vs,
3334 s, 2923 w, 1464 vs, 1408 w, 1385 w, 1285 m, 1107 vs, 1065
vs, 956 m, 931 w, 811 m, 773 w, 624 s, 513 m, 489 w, 456 w.

[{ (tmeda)Pd(1-MeC)} 3](ClO 4)3-5.5H,0. A solution of [(tmeda)-
Pd(u-OH)]x(ClO4)2 (134 mg; 0.2 mmol) and 1-methylcytosine (50
mg; 0.4 mmol) in 10 mL of HO was stirred at room temperature
for 48 h and then warmed to 8@ for 3 days. The solution was
centrifuged from some black powder (presumably Pd) and then

instead leads to a cyclic, trinuclear one. In the trimer, the evaporated under vacuum. Crystals suitable for X-ray crystal-

Pd ions are mutuallynti, whereas for a stableead-tail

lography were obtained upon slow cooling of a saturated (at 80

dimer asynarrangement is required. In a formal sense, the °C) agueous solution of the complex. The yield was 150 mg, 79%.
trinuclear complex can be considered a [12]metallaazacrown-Anal- Caled (%) for GeHrdN1sO20ClsPdy: C, 27.53; H, 5.53; N,

3 ([12] mac-3) compound, hence an inorganic analogue o
1, 5, 9-triazacyclododecane.

With this work we continue our studies on cyclic metal
complexes of N-heterocyclic ligands? including of pyr-
imidine nucleobase$?

Experimental Section

Preparation. The title compound {[(tmeda)Pd(1-MeCQ)}3]-
(ClO4)3°5.5H,0 was prepared from (tmeda)Pd&land 1-methyl-
cytosine (1-MeC¥ as follows.

[{ (tmeda)Pd@-OH)},](CIO 4),. Addition of AgNO; (340 mg,

2 mmol) to a suspension afs-[(tmeda)PdC] (294 mg, 1 mmol)
in 20 mL of water resulted in the immediate precipitation of AgCI.
The mixture was stirred at room temperature in the dark for 2

(13) Review: Lippert, BProg. Inorg. Chem1989 37, 1.

(14) (a) Lock, C. J. L.; Peresie, H. J.; Rosenberg, B.; TurnerJ.G\m.
Chem. Socl978 100, 3371. (b) Faggiani, R.; Lock, C. J. L.; Pollock,
R. J.; Rosenberg, B.; Turner, Giorg. Chem.1981, 20, 804.

(15) (a) Grehl, M.; Krebs, Blnorg. Chem.1994 33, 3877. (b) Paschke,
N.; Rondigs, A.; Popenborg, H.; Wolff, J. E. A.; Krebs, Borg.
Chim. Actal997, 264, 239.

(16) Trovg G.; Bandoli, G.; Casellato, U.; Corain, B.; Nicolini, M.;
Longato, B.Inorg. Chem.199Q 29, 4616.

(17) Schenetti, L.; Bandoli, G.; Dolmella, A.; Troy8.; Longato, BInorg.
Chem.1994 33, 3169.
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49, 375 and references cited. (c) Dohta, Y.; Browning, C. S.; Rekonen,

P.; Kodaka, M.; Okada, T.; Okamoto, K.-i.; Natale, R.; Yip, C.; Farrar,
D. H.; Okuno, H.Inorg. Chim. Actal997 263 69. (d) Sakai, K.;
Tanaka, Y.; Tsuchiya, Y.; Hirata, K.; Tsubomura, T.; lijima, S.;
Bhattacharjee, AJ. Am. Chem. So0d.998 120, 8366.

This refers to N1-blocked pyrimidine bases. With the parent com-

pounds, also higher oligomers have been characterized, e.g.:

Rauter, H.; Mutikainen, I.; Blomberg, M.; Lock, C. J. L.; Amo-Ocho,

P.; Freisinger, E.; Randaccio, L.; Zangrando, E.; Chiarparin, E.;

Lippert, B.Angew. Chem., Int. Ed. Endl997, 36, 1296. (b) Rauterkus,

M. J.; Krebs, B.Angew. Chem., Int. ER004 43, 1169.

(20) (a) Schnebeck, R.-D.; Freisinger, E.; Glake Lippert, B.J. Am.
Chem. Soc200Q 122 1381 and references cited. (b) Rother, I. B.;
Willermann, M.; Lippert, B.Supramol. Chem2002 14, 189 and
references cited. (c) Beck, B.; Schneider, A.; Freisinger, E.; Holth-
enrich, D.; Erxleben, A.; Albinati, A.; Zangrando, E.; Randaccio, L.;
Lippert, B. Dalton Trans.2003 2533.

(21) De Graaf, W.; Boersma, J.; Smeets, J. J. W.; Spek, A. L.; Van Koten
G. Organometallics1989 8, 2907.
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Mol. Relax. Interact. Processd979 15, 119.

(19)

8250 Inorganic Chemistry, Vol. 44, No. 23, 2005

f14'59' Found: C, 27.45; H, 5.30; N, 14.651 NMR (400 MHz,
D,0, pD 3.5): ¢ (ppm) 7.17 (d3J = 7.6 Hz, 3H, H6), 6.51 (I
= 7.6, 3H, H5), 5.20 (s, 3H, N(4)H; slow isotopic exchange; cf.
text), 3.21 (s, 9H, Ch), 2.72 (m, 12H, Ch), 2.62 (m, 36H, Ch).
IR (cm™%): 3788 vw, 3659 w, 3434 s, 3229 m,2924 w, 1651 vs,
1537 vs, 1493 s, 1467 m, 1383 s, 1341 s, 1270 s, 1089 vs, 1016 w,
957 w, 810 m, 770 m, 697 w, 625 m, 572 w, 476 w.

[(tmeda)Pd(1-MeCN3),](NO3),:2H,0. AgNO; (340 mg, 2
mmol) was added to a suspensioncgf[(tmeda)PdCGl] (294 mg,
1 mmol) in 20 mL of water, and the mixture was stirred at room
temperature in the darkf@ h and then filtered from AgCl. 1-MeC
(250 mg, 2 mmol) was added to the filtrate and stirred for 1 h. The
resulting solution was subsequently concentrated in vacuo to a
volume of 5 mL. Yellow crystals were obtained after 2 days. The

h yield was 417 mg, 71%. Anal. Calcd (%) forgl34N100,0Pd: C,

30.36; H, 5.41; N, 22.13. Found: C, 30.40; H, 5.25; N, 22185b.
NMR (200 MHz, D;O, pD 7): 6 (ppm) 7.63 (d2J = 7.2 Hz, 2H,

H6), 6.02 (d, 2H, H5), 3.44 (s, 6H, GH 2.96 (m, 4H, CH), 2.64

(m, 12H, CH). IR (cm™%): 3243 vs, 3085 vs, 1666 vs, 1544 s,
1506 s, 1465 m, 1383 vs, 1064 w, 1041 m, 958 s, 787 vs, 643 vs

Spectroscopy and other MeasurementsH NMR spectra were
recorded on a Varian Mercury 200 instrument igCDusing sodium
3-(trimethylsilyl)propanesulfonate (TSP) as internal reference and
in Me,SO-ds using the solvent peak at 2.50 ppm as a reference. F
binding to the Pgdcompound was studied BiA NMR spectroscopy
following addition of aliquots of [NMg]F dissolved in MgSO-ds
to solutions of Pgin the same solvent. Relative amounts of Pd
and of F were determined on the basis of integrated intensities of
aromatic protons of 1-MeCin Pd; and [NMe]*. The downfield
shifts of the N(4)H, as well as one of the tmeda-{JkElsonances,
were followed. The presence of water in the mixture (primarily
from water of crystallization of Pdand the strongly hygroscopic

@ fluoride salt) prevented a quantitative determination of the associa-

tion constant of Pgwith F~ (see Results and Discussion). IR spectra
(KBr pellets) were recorded on an IFS 28 FT spectra. Elemental
analysis measurements were performed with a Carlo Erba model
1106 Strumentazione element-analyzer.
X-ray Crystallography. A single crystal was selected for

compound [(tmeda)Pd{OH)],(ClOy),, while several crystals of
[{ (tmeda)Pd(1-MeQ)} 3](ClO4)3:5.5H,0 were tested for their suit-

» ability. X-ray intensity data were collected at room temperature
for [(tmeda)Pd¢-OH)]x(CIO,), and at 120 K for {(tmeda)Pd(1-
MeC)}3](ClO4)3:5.5H,0 on an Enraf-Nonius-KappaCCD diffrac-
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Table 1. Crystallographic Data

[(tmeda)Pd- [{ (tmeda)Pd-
(u-OH)J2(ClOs)2  (1-MeC")}5](ClO4)s°5.5H,0
formula CioH34N4O10CloP b C3aH7¢ClaN15020 Pk
fw 678.13 1426.56
space group P2;/c P1
a(A) 5.9929(12) 12.621(3)
b (A) 9.6322(19) 13.074(3)
c(A) 21.324(5) 19.722(4)
o (deg) 90 78.22(3)
B (deg) 105.48(3) 86.87(3)
y (deg) 90 65.56(3)
V (A3) 1186.3(5) 2898.6(14)
z 2 2
Deatca (Mg/md) 1.899 1.635
u (mmY) 1.794 1.138
R1AWR2[l > 20(I)] 0.0448,0.0734 0.0636, 0.1266
Rindices (all data) 0.0990, 0.0872 0.1461, 0.1510

aR1= 3||Fo| — | Foll/ZIFo|. ®WR2 = [S[W(Fo? — FA)2/S[W(Fe2)2] ¥2.

tomete?® using graphite-monochromated MooKradiation ¢ =
0.7107 A). None of the crystals showed evidence of crystal decay
during data collection. For data reduction and cell refinement, the
programs DENZO and SCALEPACKwere used. Corrections for
incident and diffracted beam absorption effects were applied using
SADABS 2 The structures were solved by conventional direct
methods and subsequent Fourier syntheses and refined by full-Figure 1. Top and side views of [(tmeda)Pd(Oifd(tmedaft cation

matrix least squares df? using the SHELXTL 5.1 prograrif. with atom numbering scheme.
In [(tmedg)Po_lQ-OH)]z(CIO4)2, a rotationally disordered per- 1,110 5> selected Bond Distances (A) and Angles (deg) for

chlorate anion is present. Fof(fmeda)Pd(1-MeCQ)}3](ClO,)s- [(tmeda)Pdg-OH)]2(Cl0s)2
5.5H,0, one of the CIQ™ (CI(5A/ 5B)) is poorly defined, and only

o Pd1-01 2.029(4) N1A-C1A 1.473(8)
four positions were found for the oxygen atoms that could not be PAL-N1A 2.049(4) N1A-C2A 1.489(8)
resolved over the eight positions due to the disorder. Therefore,  pgi—N2A 2.052(5) N1A-C3A 1.498(9)
some C+O distances deviate from the average literature values. Pd1-O1A 2.040(4) N2A-C4A 1.481(9)
No rational disorder scheme has been f_oun_d which yielded better O1—PdL-N1A 97.59(2) PALN2A—CAA 105.8(4)
results. Of the CIQ anions, the CI(5A) is disordered over four O1-Pd1-N2A 175.10(2) PdEN2A—C5A 112.9(4)
positions (25% for each, cf. Supporting Information) around a center 01-Pd1-0O1A 80.38(2) Pd:N2A—C6A 108.9(4)

of inversion, making two positions each symmetry related. The N1A—Pd1-N2A 85.62(2) PdE+N1A—C3A 106.7(3)
Fourier-difference syntheses revealed the presence of 5.5 water O1A—PdI=NIA  174.12(3) ~ PdENIA—-C2A  108.1(7)
molecules, several of which were disordered. The hydrogen atom gjffglcil;:j\'f: %%g(é)) PAENIA-CI1A 114.103)
on O(1) in [(tmeda)Pd{-OH)],(ClO,), was located in a difference

Fourier map and refined isotropically while the other hydrogen 7 Symmetry transformations used to generate equivalent atomsx,2

atoms were fixed in idealized positions and allowed to ride on the T2-y. 72

zgi:mgeghx:retht?eyd ﬁeiﬁoggagfh?ﬁé ;)(;(rjrcot%erh?éﬁn:hg;/e\r/vn;?é Figure 1. Selected interatomic distances and angles are listed
. in Table 2. The cation is closely analogous to similar bis-

ttached. E t for the disordered at d C(6C), all - . .

atached. Except for the disordered atoms and C(6C), all non u-hydroxo bridged dimers of Pd” and Pt.28 The four angles

hydrogen atoms in the structures were refined anisotropically. - . .
Crystallographic data and details of refinement are reported in Table about the Pd centers and their immediate donor atoms deviate

1. markedly (by 7#9° in either direction) from the ideal 90
angle in square-planar metal complexes, resulting in slight
Results and Discussion tetrahedral distortions about the metals (e.g.: NEARJI(1)-

O(1A), 174.12(3); N(2A)—Pd(1)-0(1), 175.10(2)). Simi-
larly, the central Pd(£}O(1)—Pd(1AX-O(1A) unit is not a
square but rather a parallelogram, with the two halves of
N2.PdG; slightly bent and forming an angle of 6.8Ne note
that there are other examples of pid{ydroxo) dimers of
Pt" which display strongly bent butterfly structures with

u-OH Starting Compound. [(tmeda)Pd(OH)(KHO)]t,
prepared in solution from the diaqua species upon addition
of 1 equiv of NaOH, was isolated as a-pishydroxo bridged
dimer, [(tmeda)Pd(OHPd(tmeda}]", and crystallized as its
ClO,4~ salt. Two different views of the cation are shown in

i 9
(23) KappaCCD packageNonius: Delft, The Netherlands, 1997. hinge angles of up to 43
(24) Otwinowsky, Z.; Minor, W. DENZO and SCALEPACKJethods
Enzymol.1997, 276, 307. (27) (a) Getty, A. D.; Goldberg, K. LOrganometallics2001, 20, 2545.
(25) SADABSBruker Analytical X-ray Systems, Inc.: Madison, WI, 1998. (b) Schnebeck, R.-D.; Freisinger, E.; Lippert,BBur. J. Inorg. Chem
(26) Sheldrick, G. MSHELXTL-PLUS (VMS)Siemens Analytical X-ray 200Q 1193.
Instruments, Inc.: Madison, WI, 199@GHELXL-93, Program for (28) Faggiani, R.; Lippert, B.; Lock, C. J. L.; RosenbergJBAm. Chem.
crystal structure refinementUniversity of Gdtingen: Gitingen, Soc.1977, 99, 777.
Germany, 1993SHELXL-97, Program for the Refinement of Crystal  (29) Fekl, U.; van Eldik, R.; Richardson, C.; Robinson, Wirkrg. Chem
Structures University of Gdtingen: Gdtingen, Germany, 1997. 2001, 40, 3247 and references cited.
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Figure 2. Inter-relationship between two enatiomers (HT1, HT1*) of hetal dimers and hypothetical second hedadil dimer HT2. Rotation of M
planes by 180leads to the different forms. Note that HT1 and HT1* are V-shaped, with the two ntaland relatively short Ivt-M distances. (3:0.2

A with pyrimidine bases). In contrast, in HT2 the two nucleobases are essentially parallel, the mutual orientation of the metals is halfwagybetag:en
anti, and the M--M distance is long¥5 A with pyrimidine bases).

The OH ligands in the here-described Pd dimer are such as NH the short approach of the Pt centers facilitates
involved in hydrogen bonding with oxygen atoms of the metal oxidations and metametal bond formation.
perchlorate anions (O()O(14A)), 2.88(1) A; Pd(%y It is obvious that increasing steric bulk of the L ligands
O(1)--O(14A), 117.4(3)). leads to a lengthening of the intramolecular metaktal

Oligomerization of Pyrimidine Nucleobase Complexes  distance, but it is presently unknown to which extent the
of cisL,M" (M = Pt, Pd). The 1:1 complexes of typeis- M--+M distance can be stretched with thead-tail structure
LoM"(Nb)(H.O) (M = Pt or Pd, Nb= nucleobase; charge HT1 still retained. From model building, it becomes evident
of complex omitted) have a tendency to undergo condensa-that an elongation of the metametal distance causes the
tion reactions with formation of oligomeric species. Similarly, metal ions bonded to the exocyclic X group (N(4)H in case
reaction of dinucleacis-[L ,M(OH),ML 2]2" with 2 equiv of of cytosine; O(4) or O(2) in case of uracil and thymine) to
nucleobase can lead to formation of oligomeric nucleobase move out of the nucleobase plane. After a rotation of one of
complexes. These processes can be accompanied by nucledhe two metal planes by 180the metal at the exocyclic
base deprotonation. With N1-blocked pyrimidine bases, group of the base is almost at right angle to the base plane.
cyclic dimerd31¢and in one case a cyclic triréhave been  Structural features of this second, hypothetibehd-tail
structurally characterized. There is a good chance that largerdimer (HT2) can be described as follows: The cation has

oligomers with cyclic or open structures exi$in general, no longer the characteristic V-shape of HT1, but rather the
the two bases in a cyclic dimer adophaad-tail arrange- two bases are oriented approximately parallel like steps of a
ment, in agreement with expectations from its way of stair with no overlap (Figure 2). Unlike in HT1, the; L
formation from monomericis-L,M(Nb)(H,0). Occasionally, ligands of both metal entities point in different directions in

this arrangement is also reached via isomerization of aHT2, thus avoiding any steric interference. Finally, the
correspondindead-headdimer3! Without exception and ~ M-+-M distance is long (estimatedl5 A). It is unclear if
irrespective of the mutual orientation of the two basesag- HT2 can exist with pyrimidine nucleobases as a bridging
tail or head-head, in all dinuclear X-ray structurally ligand. The sphybridization of the exocyclic X groups and
characterized complexes derived frasis-L,M", the two the spatial orientation of the lone electron pair(s) seem to
metals are mutuallgynand both metal ions are essentially make such an arrangement not very favorable. Irrespective
coplanar with the two nucleobases. This is depicted for the of the question of existence of HT2 as a stable entity, it is
head-tail dimer HT1 in Figure 2. As a consequence, the worth noting that successive rotation of both metal planes
metal coordination planes are more or less parallel or slightly leads again to bead-tail dimer HT1*, although its chirality
tilted, with the @ orbitals pointing toward each other.-MV is opposite to that of HT1. This discussion on metal plane
contacts are relatively short (ca. 3t00.2 A), depending on  rotation has anticipated that no bond breakage takes place
the bulk of the L ligands, the tilt angle of the metal during this process. It is obvious that opening of a single

coordination planes, and the torsion angle about the ¥ M—nucleobase bond would facilitate this rearrangement
vectors. Although inter-related in a number of ca¥a,  process greatly and likewise would speed up the intercon-
universal relationship between these parameters appears notersion of the twchead-tail enantiomers.

to exist®® In the case of M = Pt and with small L ligands Our attempt to obtain an HT2 form of {fmeda)Pd(1-

MeC)},]?" under the assumption that steric bulk of
(30) Lippert, B. InCisplatin-Chemistry and Biochemistry of a Leading the tmeda ligands might favor HT2 over HT1 was clearly

Cvné;ﬁﬁre‘ﬁf]f lfég%_LLpppg%EdsEd-;VHCA: Zuich and Wiley-VCH: not successful. Rather, the cyclic trimef(tmeda)Pd(1-
(31) O'Halloran, T. V.; Lippard, S. JI. Am. Chem. Sod983 105 3341, MeC")}s]*"(Pds) was detected in solution and eventually
(32) ((s)) :ollll_ls, t SS IE,I|013argl, gf] ﬁm. gnem. gogggi 182 ggé- isolated. In this trimer, like in HT1 and in contrast to HT2,
ollis, L. S.; LIppara, . . AM. em. S0 . . H .
(33) Schidihorn, H.. Thewalt, U.. Lippert, Binorg. Chim. Actal984 93, the metal ions are again close to coplan'ar Wlth the nucleobase
19. planes, albeit the metals adopt mutaati orientations. The
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c(2B)

cuB)
O

Figure 3. Perspective view of trinuclear catiof (fmeda)Pd(1-MeC-
N3,N4)}3]3+ and atom numbering scheme. The view is down the pseudo-
3-fold axis of the double cone.

Table 3. Selected Distances (A) and Angles (deg) for
[{ (tmeda)Pd(1-MeC)} 5](ClO4)3-5.5H0

Pd1-N1A 2.076(8) Pd2N3F 2.056(7)
Pd1-N2A 2.086(6) Pd2N4G 2.018(6)
Pd1-N3E 2.065(6) Pd3N1C 2.077(8)
Pd1-N4F 2.015(6) Pd3N2C 2.083(6)
Pd2-N1B 2.064(8) Pd3N3G 2.045(6)
Pd2-N2B 2.072(6) Pd3N4E 2.019(7)
Pd1:--Pd2 5.166(3) Pd1-Pd3 5.175(2)
Pd2--Pd3 5.169(1)
N1A—Pd1-N2A 85.3(3) N2B-Pd2-N3F 94.7(3)
N1A—Pd1-N3E 171.6(3) N2B-Pd2-N4G 171.8(3)
N1A—Pd1-N4F 91.9(3) N3F-Pd2-N4G 89.7(3)
N2A—Pd1-N3E 93.7(3) N1G-Pd3-N2C 84.9(3)
N2A—Pd1-N4F 171.4(3) N1G-Pd3-N3G 93.9(3)
N3E—Pd1-N4F 90.2(2) N1G-Pd3-N4E 169.9(3)
N1B—Pd2-N2B 85.7(3) N2G-Pd3-N3G 173.9(3)
N1B—Pd2-N3F 174.8(3) N2G-Pd3-N4E 91.9(3)
N1B—Pd2-N4G 90.7(3) N3G-Pd3-N4E 90.3(3)
Pd1-N1A—C1A 106.7(5) Pd2N2B-C2B 103.3(6)
Pd1-N1A—C3A 117.2(6) Pd2N2B—-C5B 114.4(6)
Pd1-N1A—C4A 103.7(6) Pd2N2B—C6B 110.8(5)
Pd1-N2A—C5A 117.7(5) Pd3N1C-C3C 110.9(7)
Pd1-N2A—C6A 106.1(5) Pd3N1C-C4C 115.3(6)
Pd1-N2A—C2A 105.9(5) Pd3N1C-C1C 105.2(6)
Pd2-N1B—C3B 109.9(6) Pd3N2C-C6C 113.5(6)
Pd2-N1B—-C4B 114.1(6) Pd3N2C-C2C 104.9(7)
Pd2-N1B—C1B 106.4(6) Pd3N2C-C5C 110.3(6)

relationship between HT1, the hypothetical HT2, and the
cyclic trimer Pd thus can be reduced to their differences in
relative orientations of the two metals at N(3) and the
exocyclic groups X: The metals asgnin the case of HT1,
anti in the case of Pgland intermediate in the hypothetical
HT2.

X-ray Crystal Structure of Trimer. A view of the cation
of the cyclic trimer { (tmeda)Pd(1-MeGN3,N4)} 5](ClO,)s
5.5H,0 is provided in Figure 3, and pertinent structural data
are listed in Table 3. The cyclic trimer cation is chiral, but
only one of the two enantiomers present in the crystal is
shown.

— [N(1)CHs3)3 5.4-5.7 A

— [N
— [N@)Is
«—Pd;
—[NI:

4.5 (av) A
33-344A
5.2 (av) A
70-81A

« tmeda CH; groups 8.5-9.2 A

Figure 4. Schematic representation of fdbuble cone with separations
within triangles of same atoms indicated.

The three Pd ions are at the corners of an almost ideal
equilateral triangle, with Pe-Pd distances of 5.166(3)
5.175(2) A, and angles between 59.98(8nd 60.10(3)
within the triangle. The three bases are inclined by 74°7(3)
(ring E), 67.1(3) (ring F), and 71.8(2)(ring G) with respect

to the Pd plane. The three N(4) atoms likewise form a
triangle (3.329(8)3.427(8) A), as do the N(3) atoms
(4.443(8y-4.522(8) A) and the N(1)Ckgroups (5.408(16)
5.708(9) A). These triangles are no longer equilateral as a
consequence of the different inclinations of the three nucleo-
bases relative to the Rglane. Overall, the three 1-MeC
rings provide a cone of approximately 3-fold symmetry. The
three tmeda entities likewise form a cone, which at its base
is wider than that formed by the three nucleobases. Thus,
distances between equivalent amine-N atoms of the tmeda
ligands are 6.98(1), 7.12(1), and 7.12(1) A (N atoms of tmeda
opposite to N(3) sites of 1-MeQ and 7.92(1), 8.01(1), and
8.10(1) A (N atoms of tmeda opposite to N(4) sites of
1-MeC"), and distances between methyl groups of the tmeda
ligands furthest apart are 9.52(1), 9.78(1), and 10.19(1) A
(CHjs groups at N(2) opposite to N(4) of 1-MeCpointing
away from 1-MeC ligands). Thus, the Rdcation has the
shape of a double cone, which is wider at the tmeda Pd
“bottom” than at the 1-methylcytosine “top” (Figure 4). The
structure of Pglthus is similar to that otis-[{ (PMe)Pt(1-
MeC)}3]®" reported by Longato et al.

Geometries about the IPdons are normal. As expected,
the bite angles of the tmeda ligands deviate markedly from
90° (ca. 85, av), but the N3-Pd—N4 angles are virtually
ideal (Table 3). The two other angles are consequently larger
than 90, ca. 92. As to Pd-N bond lengths, they are normal
(2.015(6)-2.086(6) A), displaying a trend of PdN(tmeda)
> Pd—N3(1-MeC") > Pd—N4(1-MeC"). There are no major
changes in the cytosine rings of ds compared to free
1-MeC, Pd-(1-MeCN3), and HT1 of cis{NH3)Pd'3*
This statement includes C2D(2) and C(4)>N(4) bond
lengths.

As pointed out above, the major difference between the
here-described trinuclear species and related dinuclear
[{L.M(1-MeC")},]?" compounds with HT1 structure {M
= cis-(NH3),Pd' 34 cis-(NH3),Pt' 3° cis-(PMes),Pt' 16) is the
anti orientation of the metal at N(4) with respect to the metal

The anionic 1-methylcytosine nucleobases act as bridgingat N(3) of the same nucleobase. It is this swing of the metal

ligands, binding the Pdcenters via N(3) and the depro-
tonated N(4) position. Relative orientations of two adjacent
metal ions with regard to the bridging nucleobase art.

(34) Krumm, M.; Mutikainen, |.; Lippert, Blnorg. Chem1991, 30, 884.
(35) Faggiani, R.; Lippert, B.; Lock, C. J. L.; Speranzini, R. A.Am.
Chem. Soc1981, 103 1111.
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Figure 5. Interactions of two of the four Cl© anions with Pgcation: (a) Interaction of O(11A) with three N(4)H sites (“bottom” of double cone). Only
the 12-membered ring is shown. (b) Space filling representation of interaction of this @i® bottom cone. (c) Interaction of second GIQwith top cone
(tmeda ligands are omitted for clarity). (d) Space filling representation of top cone withr CIO

at N(4) around the C(4)N(4) bond which enables the large  distances of ca. 3.023.07 A between N(4) sites and O(12A).
M-++M separation of ca. 5.175(2) A and hence formation of There are additional weak contacts between the other three
a cyclic trimer. There are moderate deviations of the metal oxygen atoms of the CIQ and protons of 3 out of the 12
entities at N(4) from idealnti arrangement, which are  methyl groups of the three tmeda chelate rings which are
reflected by the distances of the three Pd ions from the bestclose to the lower cone C(3A), C(4B), and C(6C); see also
nucleobase planes, namely 0.19(2) A (Pd(1) to ring E), the paragraph labeled “Pds Receptor for Fluoride” below.
0.06(2) A (Pd(2) to ring F), and 0.15(2) A (Pd(3) to ring A second CIQ anion (CI(3A)) approaches the double cone
G). The values compare with estimated-127A values for from the “top”. Comparison of the thermal ellipsoids of the
the hypothetical HT2 dimer. atoms of the two anions clearly shows that the one approach-

A major difference between the previously reported Pt ing from the top is less fixed and more flexible. It appears
complexX” and the here-described £sbecies refers, despite  that the interaction between one of the oxygen atoms of this
identical CIQ~ anions, to the interactions between the second CI@Q (O(31A)) involves weak hydrogen bonds with
trinuclear cations and the anions. While cations and anionsthe methyl group in the N(1F) position of the nucleobase
are well-separated in Rtin the here-described Pdpecies (3.327(14) A). There are two additional positions for GO
two distinct interaction patterns betweens;Rdd CIQ™~ are anions: one has a 50% occupancy (CI(2A)), and one has a
seen (Figure 5). Thus in Bdwo of the three counteranions 50% occupancy as well and is at the same time disordered
approach the openings of the double cone: OneCHdion (CI(5A) and CI(5B)). Neither of these is immediately
(CI(1A)) interacts via O(12A) with the N(4)H triangle from  associated with the Rdcations but rather located in
the “bottom”. While the protons at the N(4) groups were hydrophobic cavities between Rehtions formed by aromatic
not located in the X-ray structure determination, inspection H5 and H6 protons as well as methyl groups of tmeda
of a model clearly reveals that the three protons of N(4)H ligands. There is a weak hydrogen bond (3.175(16) A)
are pointing toward the perchlorate oxygen atom, with between O(24A) and C(6E) of the nucleobase.
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Figure 6. Lowfield sections ofH NMR spectra (RO) obtained upon mixing [(tmeda)Pd(1-Md®3);]2* and [(tmeda)Pd(kD),]2" (1:1) and addition of

NaOD: (a) immediately after adjusting pD to 10.4; (b) after 3 days at@5D has dropped to 9.2; (c) after heating to°@for 25 h, pD 9.2; (d) after
additional heating to 60C for 3 days, pD 9.2. For assignment efV, see text.

@
(d)

(Im)(IV)

78 7.6 74 72 7.0

H NMR Spectra: Formation of Pd; and Evidence for d), 5.0 ppm (N(4)H; s), 3.16 ppm (N(1)GHs), and 2.9 ppm
anti Orientation of 1-MeC™ in Pds. Isolation of the cyclic (tmeda-CH; m) as well as at 2.77, 2.76, 2.65, and 2.33 ppm
Pd trimer was preceded B NMR spectroscopic studies (tmeda-CH; s, each). Already prior to isolation of Pdnd
on the interaction of the-OH dimer [ (tmeda)Pd(OH),]?" its X-ray crystallographic confirmation as a cyclic trimer,
with 1-MeC and that of [(tmeda)Pd(1-Mels),]>" with we had speculated that | must be a species in which the
[(tmeda)Pd(0),)]?" at alkaline pD. In both cases, the region 1-methylcytosine base is anionic, bridging twd' Rehs, and
of the aromatic cytosine protons is rather complex at the in particular is in ananti orientation relative to the Pcdat
beginning of the reaction but simplifies greatly as the reaction N(3). Thus, the upfield shift of H6 as compared to free
proceeds. Eventually, only a limited number of sets of 1-MeC (7.56 ppm) or typical (1-Me®3)Pd' species (ca.
resonances remain. In Figure %) NMR spectra obtained 7.6 ppm) was consistent with an anionic 1-methylcytosine
by mixing [(tmeda)Pd(1-Me@3),]?" with [(tmeda)Pd- base being present. On the other hand, the remarkable
(D20);]?" at alkaline pH are given. In sequence of relative downfield shift of the H5 doublet relative to free 1-MeC
intensities, the following cytosine resonances are eventually (5.95 ppm) or (1-MeQN3)Pd' (ca. 6.0 ppm) could only be
observed: Doublets (I) correspond to those of;, Pas rationalized if a second metal was reasonably close to H5, a
unambiguously confirmed by recording a spectrum of the situation realized only with this metal being bonded at N4
isolated compound. Its 1-MeCresonances (fD, pD 7.7) and present in aanti arrangement with respect to N(3). We
are observed at 7.17 ppm (H6,%d,= 7.6 Hz), 6.56 ppm have previously reported an even larger downfield shift of
(H5, d), and 3.12 ppm (N(1)CHs). Somewhat surprisingly, H5 resonances in pyrimidine nucleobase complexes, namely
the N(4)H protons exchange only very slowly agai?ist in complexes derived from (tmeda)Pt(1-Mé\3), (1-MeU
(days) and give rise to a singlet at 5.20 ppm. The tmeda = 1-methyluracilate§® This situation was interpreted in terms
ligands of Pd display two CH quartets centered at ap- of a “face-back” arrangement of the two metals, hence an
proximately 3.0 ppm and four individual methyl singlets at anti orientation of the metal at O(4). The steric bulk of the

2.85, 2.83, 2.75, and 2.40 ppm. In wet DMS)-these (36) Frommer, G.; Lianza, F.; Albinati, A.; Lippert, Biorg. Chem1992
resonances are observed at 7.36 ppm (H6; d), 6.38 ppm (H5; = 31, 2434.
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tmeda ligand obviously prevented an arrangement with the Scheme 1
second metal beingyn We propose that the larger downfield
shift of H5 in the case of the 1-MeU compounds (1.64 pim)
relative to 0.5 ppm in Pgis largely due to the fact that in
the 1-MeU complex the nucleobase was already anionic. In
contrast, in the case of Binding of the second metal at
N(4) is accompanied by deprotonation of the nucleobase.
As the two effects of base deprotonation and metal binding
counteract each other as far as the H5 shift is concerned,
this effect is smaller in the case of the 1-Me€ompound.

The nature of the second compound (II) with its H6
doublet at 7.05 ppm and its H5 doublet at 5.93 ppm was
identified by analyzing the relative intensities of the 1-MeC
and the methyl resonances of the tmeda ligands. Integrals
of the various resonances gave a ratio of two tmeda ligands
per 1-methylcytosine. As the H5 and H6 resonances are

constistent with a«(1-MeC -N3,N4) mode, we assign this
species a dinuclear structure, eithgftineda)Pd(OH)(u-
1-MeC -N3,N4)]" or [{(tmeda)Py,(u-OH)(u-1-MeC -
N3,N4)]?t. Attempts to isolate this compound in pure form

have not been successful as yet. We originally also consid-

ered the possibility that (II) is thbead-tail dimer (HT1)

[{ (tmeda)Pd(1-MeGN3,N4)},] 2, in analogy to the situation

in thecis-(PMes),Pt'/1-MeC system®1’There it was shown
that HT1 forms as the kinetic product, while the cyclic trimer
Pt only formed after long reactions times as the thermody-
namic product. However, the chemical shifts of the cytosine
resonances of Il, when compared with those of the closely
related ht dimers {fenPd(1-MeC-N3,N4)},]*" (H6, 6.89
ppm; H5, 5.69 ppn3f andcis-[{ (NH3),Pt(1-MeC-N3N4)} ;] 2+

(H6, 6.91 ppm; H5, 5.71 ppn3¥f, do not agree with a
dinuclear structure, even though there is general good
agreement£0.04 ppm) in 1-MeC chemical shifts of 1:1 and
1:2 complexes ofis-a,Pd' (a= NHj3, & = en, a = tmeda).

Resonances of the two species Il and IV are closely
similar and overlap. Although in some of the spectra these
sets look like two double doublets, addition of [(tmeda)Pd-
(1-MeCN3),)?" leads to an intensity increase of only one
of the two doublets (lll: H6, 7.63 ppm; H5, 6.02 ppfd,=
7.4 Hz) (Supporting Information). The remaining doublet
(IV: H6, 7.62 ppm; H5, 6.00 ppn3) = 7.4 Hz) is tentatively
assigned to [(tmeda)Pd(1-Me3)(OH)]*.

Occasionally, yet not in the example given in Figure 6,
also a fifth set of 1-MeC resonances is observed, which
unambiguously can be assigned to free 1-MeC (H6, 7.56
ppm; H5, 5.95 ppm; N(1)Ckl 3.36 ppm at pD 7.2).

The fact that, as demonstrated above, &go forms from
the 1:2 complex [(tmeda)Pd(1-Mel3),]>" clearly demon-
strates that the Pe(1-MeCN3) bond is labile and hence a
self-assembly process is taking place.

Relationship of Pd; with Cyclic Adeninato Complexes.
The cyclic 1-methylcytosinato-bridged £dompound de-

N

N
R

anti orientation relative to the metal at the endocyclic N(1)
site. In the compounds with octahedral metal ions, this
situation is reinforced by the additional interaction of the
metal with N(7) (Scheme 1). The metal triangles in the
adeninato compounds containing octahedral metal ions have
dimensions exceeding slightly those of the Pd triangle, with
M--+M distances of ca. 5.6 A In the Pt trianglé’ the Pt--Pt
distances are between 5.20 and 5.32 A and hence very similar
to those of Pg The presence of the fused imidazole ring
extends the availabler-surface in the adenine triangles,
however, and in the case of the nucleosides adenosine and
2-deoxyadenosine, the upper cavity is further enlarged by
the sugar entities. Consequently, a rich receptor chemistry
has been reported for cyclic adenine nucleoside triffers.

Analogy of Pd; with Metallacrowns. There is a close
conceptional analogy between the classical crown ethers and
the azacrowns, in which some or all of the oxygen atoms
are replaced by NH functionaliti¢d** This analogy has

(37) (a) Smith, D. P.; Baralt, E.; Morales, B.; Olmstead, M. M.; Maestre,
M. F.; Fish, R. H.J. Am. Chem. S0d.992 114, 10647. (b) Fish, R.
H. Coord. Chem. Re 1999 185-186, 569.

(38) Yamanari, K.; Ito, R.; Yamamoto, S.; Fuyuhiro, Bhem. Commun.
2001, 1414.

(39) (a) Korn, S.; Sheldrick, W. Snorg. Chim. Actal997, 254, 85. (b)
Korn, S.; Sheldrick, W. SJ. Chem. Soc., Dalton Tran$997, 2191.

(40) Zhu, X.; Rusanov, E.; Kluge, R.; Schmidt, H.; Steinborn,liarg.
Chem.2002 41, 2667.

scribed here bears a close resemblance with a series of cyclig41) Longato, B.; Pasquato, L.; Mucci, A.; Schenetti, L.; Zangrando, E.;

trinuclear complexes with adenine nucleobases and six-

coordinate metal entities such as'"®RiP-Cs-Mes),*” 38 RU! (5-
arene)® or fac-PtV(CHs)3*° as well as the four-coordinate
cis-(PMePh)sPt! entity#! Like in Pd, in all cases the metal
bound to the exocyclic, deprotonated amino group is in an

8256 Inorganic Chemistry, Vol. 44, No. 23, 2005

Inorg. Chem.2003 42, 7861.

(42) (a) Chen, H.; Maestre, M. F.; Fish, R. Bl. Am. Chem. Sod.995
117, 3631. (b) Chen, H.; Ogo, S.; Fish, R. H.Am. Chem. S04996
118 4993. (c) Bakhtiar, R.; Chen, H.; Ogo, S.; Fish, R. Ghem.
Commun.1997, 2135.

(43) Steed, J. W.; Atwood, J. ISupramolecular Chemistrylohn Wiley
& Sons Ltd.: Chichester, 2000.
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Figure 7. Analogy between crowns, azacrowns, metallacrowns, and
metallaazacrowns.

lately been extended by Pecoraro et al. to cyclic metal
complexes termed “metallacrowns” (Figure 7). They repre-
sent inorganic analogues of crown ethr&ccording to this

and concentrating on the N(4)H resonance, there was no
evidence for any hostguest chemistry between Pand F
found in D,O as the solvent, presumably as a consequence
of efficient solvation of host and guest. In DMS#-
however, shifts of severdH resonances of the trinuclear
Pd; cation in the presence of Fwere detected (Figure 8).
Thus, addition of increasing amounts of [NNf to a
solution of Pd resulted in a marked downfield shift of the
N(4)H resonance, moderate downfield shifts of two of the
four CH; resonances of the tmeda ligand, and minor upfield
shifts of the aromatic protons of the 1-Medigand. A
saturation behavior was seen with more than 2 equivof F
added. For example, chemical shift changes of (@O,

salt, 4 mmol/L) in the presence of 4 equiv of [NMe
amounted ta\d = 3.75 ppm for N(4)H, 0.20 and 0.10 ppm,
respectively, for tmeda-C41—0.18 ppm for H6, and-0.04

ppm for H5 (Figure 8). Attempts to analyze the chemical
shift data and to determine an association constant were

concept, CH groups are substituted by heteroatoms such aspampered by the fact that water was introduced into DMSO-
N atoms and transition metal ions. For example, [lZ]crown- de by both the Pgcompound (water of crystallization) and
3 can be converted into the [12]metallacrown-3 by takmg the hygroscopic [NMgF salt and the fact that the N(4)H
advantage of the self-assembly process of a Ru half-sandwichagqnance proved quite sensitive to the presence of Water.

complex and 3-hydroxy-2-pyridone ligands (Figuré®This
compound displays a high affinity for tications, for
example*®a46b47Eollowing similar considerations, the here-
described Pgcompound could be regarded as a [12]metalla-
azacrown-3 ([12] mac-3). It is obvious that its receptor

properties no longer are those of a crown ether and likewise

not those of an azacrown in that the NH group, originating
from N(4)H of 1-MeC", has no available electron lone pair.
Consequently, no receptor chemistry of;Roward metal
ions is to be expected, but both the positive charge af Pd

and the presence of NH functions make this compound a

potential anion receptor (vide infra).
Pd; as Receptor for Fluoride. The association of two of
the CIQ;~ counterions with the Rdcation, as seen in the

solid-state structure (Figure 5) and the positioning of the three

protons of the N(4) groups, prompted us to look into the
potential of Pgto act as a fluoride host. Fluoride was chosen
because of its size and spherical shape.

Anion receptors based on directed hydrogen bonding
interactions between host and guest are a field of topical

interest!® with fluoride binding and sensing representing a
particular challengé’ After applying*H NMR spectroscopy

Deliberate additon of BD to DMSO+s solutions of Pdand

F~ indeed caused a partial reversal of the chemical shifts
mentioned above. Consequently, the slopaAdffor N(4)H

as a function of the ratior] between F guest and Pg
receptor is artificially lowered with the break in the curve
eached near ~ 2 (Supporting Information). We do not
consider this evidence for a 2:1 stoichiometry (twolddund

per Pd) but rather a consequence of the introduction of water
in the system.

As pointed out above, only two of the four methyl
resonances of the tmeda ligands proved sensitive foitF
was the one furthest downfield (2.77 ppm in DM$k)-and
the one furthest upfield (2.33 ppm) which underwent
downfield shifts with increasingFamounts. It either reflects
CH---F hydrogen bonding, averaged over the protons of CH
groups involved, or is due to a reorganization of the lower
cone in the presence of fluoride. From the structure provided
in Figure 3, it appears that at least the methyl groups C(3A),
C(4B), and C(6C), which are closest to the cavity with the
three N(4)H’s at its bottom, are affected by Binding.

Concerning the long-term stability of the 6~ adduct
in Me,SO-ds, gradual*H NMR spectroscopic changes were

(44) With all oxygen atoms replaced by NH groups, these ligands are also 0bserved within days at Z% only in cases of high Fexcess

termed polyamine macrocycles or azacorands.

(45) (a) Lah, M. S.; Pecoraro, V. IComments Inorg. Chert99Q 11, 59.

(b) Pecoraro, V. L.; Stemmler, A. J.; Gibney, B. R.; Bodwin, J. J.;
Wang, H.; Kampf, J. W.; Barwinski, AProg. Inorg. Chem1997,

45, 83. (c) Bodwin, J. J.; Cutland, A. D.; Malkani, R. G.; Pecoraro,
V. L. Coord. Chem. Re 2001, 216—-217, 489.

(46) (a) Piotrowski, H.; Severin, Rroc. Natl. Acad. Sci USR002 99,
4997. (b) Grole, Z.; Lehaire, M.-L.; Scopelliti, R.; Severin, K.Am.
Chem. Soc2003 125 13638. (c) Piotrowski, H.; Hilt, G.; Schulz,
A.; Mayer, R.; Polborn, K.; Severin, Kxhem. Eur. J2001, 7, 3197.
(d) Lehaire, M.-L.; Scopelliti, R.; Herdeis, L.; Polborn, K.; Mayer,
P.; Severin, Klnorg. Chem.2004 43, 1609.

(47) Mimassi, L.; Guyard-Duhayon, C.; Rager, M. N.; Amouri, IHorg.
Chem.2004 43, 6644.

(48) (a) Various aricles inSupramolecular Chemistry of AnigrBianchi,

A., Bowman-James, K., Eds.; Wiley-VCH: New York, 1997. (b) Choi,
K.; Hamilton, A. D.Coord. Chem. Re 2003 240, 101 and references
cited.

(r = 4). A sign of secondary reactions taking place was the
appearance of sharp resonances in the-2.7 ppm region
of the spectrum.

(49) For very recent representative reports, see e.g.: (a) Kang, S. O.; Van
der Velde, D.; Powell, D.; Bowman-James,XAm. Chem. So2004
126, 12272. (b) Zhang, B.-g.; Cai, P.; Duan, C.-y.; Miao, R.; Zhu,
L.-g., Niitsu, T.; Inoue, HChem. Commur2004 2206. (c) Arimor,

S.; Davidson, M. G.; Fyles, T. M.; Hibbert, T. G.; James, T. D.;
Kociok-Kohn, G. I.Chem. Commur2004 1640.

(50) The amount of water being present in solution was determined from
the integrated intensities of the;@ signal (ca. 3.34 ppm) relative to
that of the [NMa]* signal (ca 3.09 ppm) and those of the H6 and H5
resonances of the cytosine ligands. A typical situation was found as
follows: cpgz3 = 4 mmol/L, cinmesir = 5.92 mmol/L; 32.4 equiv of
water per F present,d N(4)H, 6.92 ppm.
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Figure 8. H NMR spectra (DMSQds, ¢ = 4 x 1072 M) of Pd; compound (bottom) and in the presence of 4 equiv of [WHMétop). Note that the water
peak increases strongly upon addition of the fluoride salt. Signals with asterisks refer to unknown species.
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