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The interaction of the complexes [Pd(dien)(1-MeCyt)]?* (2) and [Pd(dien)(9-EtGH)]** (3) with the amino acids
L-tryptophan (Trp) and N-acetyltryptophan (N-AcTrp) was studied and compared with the previously studied platinum
analogues [Pt(dien)(1-MeCyt)]** (4) and [Pt(dien)(9-EtGH)]** (5). Solid-state structures for 2 and 4 are reported.
For the palladium complexes, the interaction is pH sensitive. Below pH 5, the noncovalent interaction with stacking
between the aromatic amino acid residue and the metalated nucleobase was observed. Fluorescence quenching
experiments indicated similar association constants for platinum and palladium derivatives 2-5. Unusual substitution
of the model nucleobases 1-methylcytosine (1-MeCyt) and 9-ethylguanine (9-EtGH) by tryptophan was observed
in the range of pH 5-11. The resulting species [Pd(dien)(Trp)]* (6) and [Pd(dien)(N-AcTrp)]* (7) were characterized
using *H NMR, 3C NMR, and ESI-MS spectroscopy with coordination indicated through the amino and deprotonated
amido nitrogens, respectively. Complexes 6 and 7 were also obtained from a solution of [Pd(dien)CI]* (1) incubated
with either Trp or N-AcTrp, respectively.

Introduction have been extensively used to model the covalent interaction
of analogous platinum(ll) complexes with nucleobases,
nucleosides, and nucleotides. The high reactivity exhibited
by the palladium systems (up toffaster hydration kinetics)
makes possible the study of binding equilibria which are
sometimes difficult to determine for inert platinum(ll)
complexeg. 6

Palladium-peptide interactions are of relevance because
of the hydrolysis of the peptide bond catalyzed by palladium
complexed.The effect of ligand Pd(en}", Pd(terpyj'} has
been extensively studied for steric effects as well as peptide
substrate specificity. Additionally, palladium(ll) and plati-
num(ll)—tryptophan interactions are of specific significance
because of the highly regioselective hydrolysis of tryptophan-

Nucleobase coordination to platinum centers in [Pt(dien)-
(nucleobase/nucleotidé)]complexes significantly enhances
its t—a stacking interactions with-tryptophan as measured
through fluorescence-quenching experiménthis interac-
tion may represent a novel motif for biomolecule targeting
and molecular recognition by metahucleobase (nucleic
acid) complexes. The study of new chemical structures may
also lead to hitherto unrecognized novel biological functions,
and to fully exploit the structural motif, it is necessary to
explore the extent of the kinetic and structural flexibility
within any given system. In the case of the [Pt(dien)-
(nucleobase/nucleotidé)]system, the effect of metal center
and kinetic lability onz—sm stacking interactions may be
studied using iso,eleCtroniC and isos_tructural- pal!adium (2) Ericson, A;; lljina, Y.; McCary, J. L.; Coleman, R. S.; Elmroth, S. K.
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[Metal(dien)nucleobasé]” Complexes

Chart 1. Representation of Structures for Compounds Used on This Experimental Section
Study with Numbering Scheme

= Cl (1) Reagents and SolventsL-Tryptophan, N-acetyl-tryptophan,
o 1-methylcytosine, 9-ethylguanine, and diethylenetriamine were
B-dien obtained from Aldrich and used as received. Water was double
NH . /N7 5 1\ distilled and deionized on a Barnstead ultrapure water system model

A-dien <Ns | 3 () NANOpure. Complexes [Pt(dien)(1-MeCyt)](NJ2 (4) and [Pt-

NN, (dien)(9-EtGH)](NQ), (5) were synthesized from [Pt(dien)CI|CI
according to reported procedures and characterized through el-

emental analysisiH/19%Pt NMR and ESI-MS.

NH,——Pd——NH, R <

CH,

/5 \ Instrumentation. pH measurements were performed on a

= , 3 @) Corning pH meter model 340, equipped with an Accumet micro-
NN C/N\\( electrode with calomel reference, model 13-620-0%6and 13C

’ 0 NMR experiments were performed on a Varian INOVA (400 MHz)

spectrometer. Chemical shifts were referenced to the residual peak
of water at 4.69 ppm ifH NMR and 2D NMR COSY experiments,
while dioxane (67.19 ppm) was used f6€ NMR experiments. A
mass spectrometer Micromas Q-Tof 2 equipped with a quadrupole/

\ time-of-flight detector was used for mass spectra. X-ray data were
/ collected on a Bruker SMART APEX CCD diffractometer with an
: area detector system.

X-ray Structure Determination. Colorless plates of were
obtained upon slow cooling (3 weeks,°Q) of a saturated DMF
solution after the addition of diethyl ether. Colorless plateg of
o . . ) were obtained by the hanging drop method in a water/2-methyl-
containing peptides promoted by bifunctional [M(én)M 2,4-pentanediol mixture. The structures were solved by direct
= Pd, Pt) complexe¥? More recently, the use of the methods with subsequent refinements using SHELXS-97 and
[Pd(en)}" moiety as a metal clip to stabilize peptide turns SHELXL-977 Analysis of short contacts was performed with the
and shorto-helices in 5-15 residue nonhelical peptides is Mercury 1.2.1. software from Cambridge Crystallographic Date
made possible by the correct combination of structure and Centre (CCDC).
the reactivity of the palladium cent&:1? In addition, the Fluorescence Experimentsin a typical experiment, 3 mL of
use of phosphine-modified peptides as ligands in palladium N-AcTrp (5 «M) were titrated with aliquots of the corresponding
catalysts to create artificial secondary structures, such as théluénching compound (7.5 mM) in the range [quenchgsKETrp]

B-turn, modulates the enantioselectivity of allylation reactions ~ 10-100; 20 mM Tris-HCI buffer adjusted with a few drops of
with cyclic substrate&® HNO; was used in all experiments (pH 4.8). The maximum intensity

The int i f talnucleobase/nucleotid of the spectrum (ca. 362.9 nm) was measured for each addition,
€ interactions ol metainucieobase/nucleolide Com- e association constants for each system were obtained from

p!exes_, often produced and studied in .Situ’ with other reIevamthe analysis of the EadieHofstee plot$® Measurements were made
biologic substrates and the properties of ternary metal 4t 20°C, and the reported association constakity {ere averaged
nucleobasepeptide species in general have not been ex- over a number of six different experiments; the significance of
tensively studied* 1 In this work, we study the interaction  results was compared using an unpaired t-test. Fluorescence spectra
between [Pd(dien)nucleobaselcomplexes and the amino  were recorded in the range of 29850 nm with a scan rate of 120
acid L-tryptophan andN-acetyl tryptophan (Chart 1). Com- nm/min.

parison is made with their platinum analogues, and evidence Synthesis of Complexes. [Pd(dien)CI|CI (1)Complex1 was

for a novel covalent interaction with-tryptophan through ~ synthesized by a modification of the reported procedtiRdChb
nucleobase substitution and the structural characterizationWas suspended in 2 mL of water and reacted with dien in a 1:2

of the palladium-trvptophan moiety are reported. molar ratio at 90°C until a yellow solution resulted~15 min).
P yptop y P The pH of this solution was then decreased from 6.9 to 4.8 by

(8) Kaminskaia, N. V.; KosticN. M. Inorg. Chem.2001, 40, 2368 addition of concentrated HCI, and half of the solvent was
2377. evaporated. After this, a few drops of ethanol were added, and
(9) Kaminskaia, N. V.; Johnson, T. W.; Kosti. M. J. Am. Chem. Soc.  yellow crystals appeared, which were filtered, washed with cold
1999 121, 8663-8664. ethanol/ether, and dried in vacuo (60% yield). Anal. Calcd for

(10) Kelso, M. J.; Beyer, R. L.; Hoang, H. N.; Lakdawata, A. S.; Snyder, i i ; ) )
J. P.; Oliver, W. V. Robertson, T. A.; Appleton, T. G.; Fairlie, D. P.  CaH1dNsClPd: C, 17.13; H, 4.68; N, 14.98. Found: C, 17.26; H,

l- tryptophan N- Acetyl-tryptophan

J. Am. Chem. So@004 126, 4828-4862. 4.40; N, 14.71H NMR (D;0): 6 2.90 (8 H, m).
(11) Kelso, M. J.; Hoang, H. N.; Oliver, W. V.; Sokolenko, N.; March, D. ; B ;
R.; Appleton, T. G.; Fairlie, D. PAngew. Chem., Int. EQR003 42, [Pd(dien)(1 Mecyt).](NO3.)2 (2). Two equwal.ents of AgNQ
421—424. were added to a solution dfin water, and the mixture was stirred
(12) Kelso, M. J.; Hoang, H. N.; Appleton, T. G.; Fairlie, D. P.Am. overnight to remove the chloride ligands and produce the complex
Chem. So0c200q 122, 10488-10489. [Pd(dien)NQINO; in situ. The solution was then filtered and

(13) Agarov, A.; Greenfield, S. J.; Ohishi, T.; Collibee, S. E.; Gilberston,
S. R.J. Org. Chem?2004 69, 8077-8085.

(14) Rombeck, |.; Lippert, Blnorg. Chim. Actal998 273 31—40. (17) Sheldrick, G. MSHELX-97 Programs for Crystal Structure Analysis
(15) Wienken, M.; Kiss, A.; Seégo, |.; Fusch, E. C.; Lippert, BJ. Chem. Institut fur Anorganische Chemie der UnivergitaGottingen, Ger-
Soc., Dalton Trans1997 4, 563-568. many, 1998.
(16) Pesch, F. J.; Preut, H.; Lippert, Borg. Chim. Actal99Q 169 195— (18) Eadie, G. SJ. Biol. Chem.1942 146, 85-93.
200. (19) Baddley, W. H.; Basolo, K. Am. Chem. Sod966 88, 2944-2950.
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1-MeCyt was added in equimolar amounts, and the mixture was
stirred at room temperature for 24 h. The off-white solid was
obtained upon solvent evaporation, and the powder was then washed
with methanol and ether to remove unreacted 1-MeCyt (80% yield).
Anal. Calcd for GH,gO/NgPd: C, 23.55; H, 4.40; N, 24.43.
Found: C, 23.69; H, 4.05; N, 24.284 NMR (D;0): 6 7.45 (1H,
d,J= 7.3 Hz), 5.82 (1H, dJ = 7.3 Hz), 3.27 (3H, s), 2.95 (8H,

m). ESI-MS: m/z = 333.41 [Pd(dien)(1-MeCyt} HT]*.

[Pd(dien)(9-EtGH)](NOs3), (3). Complex3 was prepared in a
manner similar to that & using 9-EtGH as a nucleobase; the white
product was then recrystallized in a water/methanol solution to
obtain the final complex (60% yield). Anal. Calcd fog€,,0;N1¢-

Pd: C, 25.76; H, 4.33; N, 27.32. Found: C, 24.69; H, 4.05; N,
27.28.*H NMR (D;0): 6 7.98 (1 H, s), 3.97 (2H, g] = 7.3 Hz),
3.02 (8H, m), 1.29 (3H, tJ = 7.3 Hz). ESI-MS: m/z = 387.31
[Pd(dien)(9-EtGH)— H*]*.

Incubation Experiments (NMR Spectroscopy).In a typical
experiment, 710 mM solutions of the complexed+{5) were
incubated with Trp oN-AcTrp, at room temperature for 30 min
(Pd) or overnight (Pt). pD was adjusted by addition of NaOD
solution, NMR spectra were referenced to the residual signal of
D,0 (*H, 4.69 ppm) or dioxane¥C, 67.19 ppm).

Results and Discussion

I. Crystal Structures of [Pd(dien)(1-MeCyt)](NO3). (2)
and [Pt(dien)(1-MeCyt)](NOs), (4). The cations of com-
plexes2 and4 are very similar except for the torsional angle
formed between the nucleobase plane and the Pt,Pd-dieth-
ylenetriamine moiety, Figure 1.

The 1-MeCyt ligand is not completely perpendicular to
the coordination square plane, and appreciable deviations of

12.22 and 2351 for 2 and 4 are found, respectively. Figure 1. ORTEP diagram of [Pd(dien)(1-MeCy#)] (top) and [Pt(dien)-

Reported. cry;tal structures for the analogoys complexes With(l—MeCyt)F+ (bottom) with numbering scheme (50% probability ellipsoids).
the cytosine ligand featured smaller deviations from perpen- Hydrogen atoms omitted for clarity.

dicularity for the nucleobase, 9.14 (Pd) and 3.§Pt)2°

Interestingly, these latter complexes favor the opposite (7620 data sets). The contribution fromt-o attraction as
rotamer of that observed for the complexes discussed herestated in the HunterSanders rule is not discarded since a
(N4C-endo, Figure 1), which is generated because of theslight offset between the nucleobase’s planes is obséfved.
hindered rotation in the PdPN bond. The presence of the Bond lengths and bond angles are as expected. Table 1
methyl moiety modifies the intermolecular hydrogen-bonding summarizes the crystallographic data and details of refine-
pattern between cations in the solid state to a significant ment for [M(dien)(1-MeCyt)][(N@). (M = Pd,2; M = Pt,
extent, since Cyt/Cyt (N1HO2) interactions are replaced 4). Selected interatomic distances and angles are shown in
by dien/1-MeCyt (O2€-N2H) interactions. Also, the stack- Table 2.

ing interaction among 1-MeCyt's is seen with an approximate Il. Study of the Tryptophan/ N-Acetyltryptophan In-
internucleobase distance of 32) @nd 3.5 A @), which is teraction with [M(dien)(nucleobase)](NGs), (M = Pt, Pd).

not exhibited in the cytosine analogues (Supporting Informa- The complexes [Pd(dien)CI|CI1), [Pd(dien)(1-MeCyt)]-
tion, Figures S2S4). This fact could correlate with recent (NOs), (2), and [Pd(dien)(9-EtGH)](N€). (3) were synthe-
calculations performed at the second-order perturbationsized and characterized through microanalysis and spectro-
theory (MP2) level showing that the presence of substituents scopic techniques. The chloride complex was used as a
on an aromatic ring contribute favorably to face-to-face control for palladium-peptide interactions in the absence
stacking interactions via better distribution of the electrostatic of nucleobase. The chemical behaviorlsef3, as well asA
potential in the surface of the nucleobds&he ring—plane and5, toward Trp andN-AcTrp was examined over a range
overlap is appreciable since a ring overlap of less than 30% of pH.

is the common feature for an offset or slipped stacking mode  ||.a. Evidence for Formation of the Covalent [Pd(dien)-

of interaction, according to a recent geometrical analysis on (_-Tryptophan)] * Complex, 6. Mass SpectrometryESI-
complexes with aromatic nitrogen heterocycles as ligands MS spectra of the systenis-3/Trp taken at pD> 9.0 (pD

= pH* + 0.423 where pH* is the measurement of the pH

(20) Brining, W.; Ascaso, |.; Freisinger, E.; Sabat, M.; Lippert,liBorg.
Chim. Acta2002 339, 400-410.

(21) Sinnokrot, M. O.; Sherrill, C. DJ. Phys. Chem. 2003 107, 8377 (22) Janiak, CJ. Chem. Soc., Dalton Tran200Q 21, 3885-3896.
8379. (23) Glasoe, P. K.; Long, F. Al. Phys. Chem196Q 64, 188—190.
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Table 1. Crystallographic Data and Details of Refinement for
Compound2 and4

adducts such as [1-MeCyt H']" (m/z = 126.6) and

[(1-MeCyt), + H*]* (m/z = 251.6). The corresponding

2 4 sodium adducts, [1-MeCy# Na']* and [(1-MeCyt) +
formula GyH20NgO7Pd GoH20NgO7Pd Na'l™ (m/z = 148.6 and 273.6 respectively), were also
fw . 458.73 547.42 observed and are very likely caused by the NaOD added to
cryst color and habit colorless plate colorless plate . h uti D Fi 2 S Is d leob
temp (K) 153 (2) 153 (2) increase t e S0 ution pD, igure 2. Signals due to nucleobase
cryst size (mm) 0.3k 0.28x 0.12  0.28x 0.26x 0.08 adducts with protons and sodium were also observed for
g;ysgeséféup Pti'c“”'c ;gc“”'c system3/Trp with 9-EtGH: [9-EtGH+ H*]* (m/z= 180.6);

- T (m'z = 359.4); [9-EtGH+ Na']t (m/z
a(A) 9.6993 (5) 8.9086 (5) [(9-EtGH), + H']" ( ;
b (A) 9.8688 (5) 10.4677 (6) = 202.5); and [(9-EtGH)}+Na']™ (m/z= 381.3), Figure S5.
g(é)eg) 1606.26123100(?:20) 1601'(.5339730(?1)0) f’:IhuelC:—?al\rl '\I\/I/Isgnetict Resfonanpe ?pectrlo?copﬁg?nitgrilr_wg
 (deg) 67.1570 (10) 67.7770 (10) 0 spectra of equimolar solutions @&fand Trp
4 (Idigg) gféos?8607(lo) 7793;18175%(10) also suggested the formation of the complex [Pd(dien)(Trp)]
‘éo A9 5 ™ 5 ® (6), generated by the substitution of a nucleobase ligand by
Deatca(Mg/m?) 1.862 2.276 the amino acid, Figure 3. The reaction is pH dependent, and
/é(o’\g% Kay) (mm) i-éfs 2-2858 above a pH/pD value of 5, new signals corresponding to free
B(rang)e for data collection  2.2732 54 29432 49 nucleobase, as well as coordinated tryptophan, appear with
reflns collected 5398 5634 a concomitant decrease in the signals of the starting complex
refins observed 4823 4289 and free peptide. The peptide signals undergo a moderate
no of params refined 306 302 . e . ;
Ru 0.015 0.051 downfield shift in all aromatic signals, as well as some
R (observed data) 0.0242 0.0447 significant variations in the chemical shifts for the and
R (observed data) 0.0519 0.0754 _ i i i i
rezsidua,lmax,pmm 6 A 0.851 0,638 3.891. 2,483 p-proton signals, with the. proton signals shifted by almost

1 ppm.
These new signals were consistent upon changes in
temperature (20645 °C) and time (two weeks), but as stated,

Table 2. Selected Interatomic Distances (A) and Angles (deg)2for
and4

2 4 the intensities exhibited a strong pD dependence. The
Pd/PtN1 2.0494(16) 2.039(5) appearance of signals corresponding to coordinated tryp-
Egjgtt:“g ggggégg; g'gégg tophan occurs in parallel with signals corresponding to the
Pd/PEN3c 2.0462(13) 2.045(5) appearance of free nucleobase. Coordination of 1-MeCyt to
No—Pd/PLN3 84.16(6) 83.4(2) the [Pd(dienf" group does not cause an appreciable shift
N2—Pd/Pt-N3c 178.40(6) 179.6(2) of its proton signgls, but shiﬂ; for_the methyl group of
N3—Pd/Pt-N3c 94.31(6) 97.0(2) 1-MeCyt were easier to follow since it appeared as a strong
Hg:ﬁgﬁtﬁm 12‘;-%(2) 186‘;-‘;(22) singlet: 3.29 ppm (coordinated) and 3.25 ppm (ff&e).
N3c-Pd/PENL 97:40&3)) 95_'2((2)) Despite the reported stability of [Pd(dien)(nucleoside/nucle-

otide)] complexes even under very acidic conditions, com-

meter), showed signals corresponding to the starting com-Plex 2 was found to exhibit 1-MeCyt displacement to some
plexes (i.e.,1 [Pd(dien)CI}" (m/z = 246.0),2 [Pd(dien)(1- extent even at pB= 2.0. In this case, the signals for free
MeCyt)-H* (m'z= 333.4), ana [Pd(dien)(9-EtGH)-H]* nucleobase corresponded to the protonated form and appeared
(m/z= 387.2)) along with a strong signalafz = 412.3(1)  at 7.71 = 7.7 Hz) and 6.03%) = 7.7) for H6 and H5, a
which was assigned to the species [Pd(dien)(Trpjcause ~ het downfield displacement of 0.23 and 0.17 ppm, respec-
of (i) the presence of the characteristic isotopic distribution tively. In this case, a substitution pathway involving hy-
for the palladium atom and (ii) a single net-positive charge, drolysis through protonation of the 1-MeCyt ligand is
determined from the average/z value between peaks in indicated.
the signal. Figure 2 shows the ESI-MS spectrum for the Identical spectral changes of the tryptophan moiety were
system2/Trp where, in addition to the signals from the-Pd  seen for [Pd(dien)(L)](Ng). (L = CI~ (1) or 9-EtGH @)),
nucleobase and Pdl'rp complexes, an additional signal also and the appearance of free nucleobase was also observed in
exhibiting the isotopic distribution of palladium is assigned the latter case. The initial pD values were ca. 4.1, 4.8, and
to the species [Pd(dien)#fi" (m/z= 208.5). The loss of a 5.0 for 1/Trp, 2/Trp, and3/Trp, respectively. The singlet
proton from the diethylentriamine ligand was a general corresponding to the H8 proton Bappeared at 7.60 ppm
observation in all the palladium complexes studied here andwith a downfield shift of 0.38 ppm compared to the free
has been reported to sometimes occur under ESI-MSnucleobase. The shift of this signal is a very characteristic
conditions for other metal complexes, as vééll. diagnostic tool for assessing metalation/demetalation in
For [Pd(dien)(1-MeCyt)](N@)., further ESI-MS signals  guanine-derived molecules such as 9-E®8Hor the system
could be assigned to the free nucleobase forming protonatedl/Trp, no additional signals, excluding those for free and

(24) Reid, G. E.; O'Hair, R. A. J.; Styles, M. L.; McFadyen, W. D.;  (25) Kiss, A.; Farkas, E.; S@go, |.; Thormann, B.; Lippert, BJ. Inorg.
Simpson, R. JRapid Commun. Mass Spectro@®98 12, 1701~ Biochem 1997, 68, 85-92.
1708. (26) Miller, S. K.; Marzilli, L. G. Inorg. Chem.1985 24, 2421-2425.
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Figure 2. ESI-MS spectrum of a [Pd(dien)(1-MeCy)]Trp solution (pD 9.0); major species are indicated, and minor signals were assigned as follows:
A = [1-MeCyt+ H']* (126.6m/2), B = [1-MeCyt+ Na']" (148.6m/2), C = [(1-MeCyt), + H*]* (251.6W2), and D= [(1-MeCyt), + Na']* (273.6m/2).

H2
H6 (1-MeCyt)

*

Hae =

4

H7

o v

.."-ll. o

T 3 7.7 7.8
Figure 3.

7l 7la
(Trp)]™. The peak marked with the dashed arrow corresponds to 1-methylcytosine.

T d
7.1 ppm

7la 772
Influence of pD on'H NMR spectrum from a [Pd(dien)(1-MeCy#j}Trp solution; arrows indicate the shift for coordinated Trp in [Pd(dien)-
1642 Inorganic Chemistry, Vol. 45, No. 4, 2006
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Table 4. Summary of'3C NMR Chemical Shifts Observed in the
Aliphatic Region for coordinated and Free TigAcTrp, and
Diethylenetriamine (dien)

Trp [Pd(dien)(Trp)T AJ (ppm)
Ca (ppm) 56.10 60.48 +4.68
Cp (ppm) 27.21 29.64 +2.43
N-AcTrp [Pd(dien)N-AcTrp)]* AJ (ppm)
Ca. (ppm) 54.52 56.55 +2.03
CB (ppm) 27.34 28.05 +0.71

[Pd(dien)CIf [Pd(dien)(Trp)I  [Pd(dien)N-AcTrp)]™

dien-A CH 54.28 52.83 53.22
_ , _ (ppm)
Figure 4. pD-dependent formation of complex [Pd(dien)(Trpffom dien-B CH 48.28 48.35 49.23
different starting complexes; physiological pH (7.4) is shown as a dashed (ppm)
line: A6 (ppm) 6.00 4.48 3.99

Table 3. IH NMR — Chemical Shifts Observed for Coordinated and
Free Trp/N-AcTrp in 6 and7

nucleobase. The observation of an additional signal in the

(J[;Pn) P(ngIqr)p (pAp(rSn) N(_éngqu POL(’;;‘;;ﬁqC)Trp (pAp(?n) IH NMR spectrum attributable to the dinuclear species

H4 7.62 7.78 +0.16 7.56 7.69 +0.13 {[Pd(dien)}k(9-EtGHN1,N7}, previously reported for high

W 742 7_ggv3 7.9 Hz o1l 730 7_22'3 8.1Hz o2 pH values when N1 is deprotonattd>*” supports  this
dd,J=7.9Hz dd,J=8.1Hz possibility.

H2 720 740 020 714 697 —0.17 Il.Lb. Characterization of the [Pd(dien)(L-trypto-

H5 7.7 7.25 +0.08 7.13 6.88 -0.25 phan)]*Complex, 6. The 3C NMR spectra from systems

v 708 7ao P 0l 106 ess TP oo 1—3/Trp compared to free Trp at the same pD revealed that
t,J=75Hz t,J=7.4Hz shifts in aromatic carbons were not as pronounced as in the

Ho. 388 287 ~L0L 440 432 —0.08 case of the aliphatic carbons. The principal shift changes

HB 3.32 3.36 +0.04 324 314 ~0.10 are summarized in Table 4. In the aliphatic part of tH@

HE 3.6 3_3[2 4020 320 3_6”0 +0.20 NMR spectrum (data extracted from the simple system
m m UTrp), the two inequivalent sets of carbons in the dieth-

CHs 174 174 0.00 ylenetriamine ligand can be seen along with the signals for

® the o- and -carbons for compleX (Figure S8). Theo-

coordinated Trp, were observed confirming the proposed &1d/-carbons suffered downfield shifts of 4.68 and 2.43
substitution reaction and ruling out other possible side PPM. respectively, upon coordination to palladium, and the
reactions. separation of the tw&C NMR signals of the diethylenetri-
The chemical shifts for free and coordinated Trp are @mine ligand was decreased to 1.5 ppm compared to free
compared in Table 3. 2D NMR COSY experiments con- Trp, which has been correlated with displacement of chloride
firmed the assignments (Figures S6 and S7 in Supportingin the coordination sphere of the complex (vide inffajhus,

Information). The signal for the H4 proton in coordinated 1€ combinedH and**C NMR data are strongly suggestive

Trp was used as a good diagnostic to monitor the progresspf coordination through the amino group. This conclusion

of the formation of comples6 in the pD range tested. A is in agreement with the reported thermodynamic preference
direct comparison between chloride and nucleobase substitu®f 1€ p;lladggn(ll) ion for ligands with S- or N- donors
tion could be made using the integration for this doublet. over O-donors. ] o
Substitution of the chloride ligand occurs at a lower pD value 1€ process of nucleobase (aromatic N-donor) substitution

than those for both nucleobases suggesting a higher stabilityby tryptoph_an (aliphatic I\!—donor) may pe corrglated with'
in solution for complexe€ and 3. Approximately 80% of the properties of the putative spectator ligand diethylenetri-

the starting materiall, reacted to forns, [Pd(dien)(Trp)f, amine. The nature of the ligands bound to the metal ion can
whereas 40 and 25% are formed fr@mand3, respectively affect donor atom preference in substitution reactions, for
around the physiological pD (7.4), Figure 4. There is a example, [Pt(terpy)Ci] was found to react selectively with

consistently lower rate of [Pd(dien)(Trp)formation from the imidazole ring of histidine residues in proteins, whereas
complex3 than that from2 at similar pD values. the complex was unexpectedly unreactive to methionine,

The release of the steric demands of the exocyclic groupsd€¥ing the HSAB principlé? In a similar manner, [Pd-
on 1-methylcytosine may be one feature contributing to the (€TPY)CII" with 3 aromatic nitrogens was reported to be

more efficient dlsplacgment of thls_hgand by t_ryptophan. At (27) Griesser, R.; Kampf, G.. Kapinos, L. E.; Komeda, S.; Lippert, B
pD > 9, the formation of [Pd(dien)(Trp)]is reduced Reedijk, J.; Sigel, Hinorg. Chem2003 42, 32—41.

considerably in the case of tl3Trp system in comparison  (28) Woon, T. C.; Fairlie, D. Plnorg. Chem.1992 31, 4069-4074.
(29) Appleton, T. GCoord. Chem. Re 1997 166, 313—359.

to 2, eXp_Iaineq by additional equilibria in_ SO_IUqun for (30) Ratilla, E. M. A.; Brothers, H. M.; KostiN. M. J. Am. Chem. Soc.
9-EtGH, involving both N1 and N7 coordination in the 1987, 109, 4592-4599.
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Scheme 1. Schematic Representation of the Reactions Performed on This Work Showing the Three Substitution Paths for the Formation of Complex

[ Fﬁ 1G

NH,

A/B, nucleobaset+ AgNO;3; C/D/E, Trp+ NaOH.

unreactive towardN-acetyllysine and glycine over a range tryptophan system: the formation of from 1 is ap-
of pH, further suggesting the unfavorable situation of proximately 50% at pD 9.2 compared to the almost quantita-
simultaneous aromatic/aliphatic coordination of nitrogens tive conversion of6 at the same pD. However the trend

around the palladium(ll) centé.The formation of6 from observed for ligand displacement from the Pd(Il) complex
the various complexes studied here is shown in Scheme 1.(i.e., C > 1-MeCyt > 9-EtGH) was maintained, giving
Il.c. Formation of [Pd(dien)(N-acetyltryptophan)]™ percentages for nucleobase substitution of 15% for 1-MeCyt

complex, 7.The reaction of complexeks—3 with N-AcTrp and <10% for 9-EtGH at pD 10.6. Attempts to produce
was also followed by ESI-MS antH NMR spectroscopy  complex7 in a greater than 50% yield by raising the pD
to evaluate the differences between an amino group and theabove 11 were unsuccessful, since at very high pD, a more
more representative amide bond of proteins. In all cases,complex equilibrium is produced. Species such as [Pd(dien)-
coordination of N-AcTrp to the palladium center was (OH)]" (mVz= 226.48) were detected vied NMR and ESI-
confirmed by the presence of a signal in the mass spectrumMS suggesting a displacement of the coordinated nucleobase
at m'z = 454.12, which was assigned to the species [Pd- or chloride by the more nucleophilic hydroxyl ligand,
(dien)(N-AcTrp)]*,7 (see Figure S9, Supporting Information). contrasting with recent results obtained for the platinum
The protonated and sodium adducts of the free 1-MeCyt andanalogue under highly basic conditiofts.
9-EtGH nucleobases observed previously in the case of Trp Il.d. Characterization of the [Pd(dien)(N-acetyltryp-
were also observed f&and3, respectively, confirming the  tophan)] Complex. Monitoring of the®*C NMR spectrum
nucleobase substitution MyY-AcTrp. *H NMR spectra of showed that the downfield shift experienced by theand
systemsl—3/N-AcTrp exhibited the presence of new signals S-carbons was not as large as that in the case for Trp,
attributed to coordination as the pD of the solution was although separations of more than 2 ppm were observed
increased above pD 8 (Figure S10, Supporting Information). (Table 4), correlating well with the modest proton chemical
The chemical shifts for free and coordinateéAcTrp are shifts. The separation between tH€ NMR signals of the
compared in Table 3. 2D NMR COSY experiments con- diethylenetriamine ligand has been used as a diagnostic to
firmed the assignments, Figure S11. Some differences withdetermine the nature of L in [Pt(dien)t”lcomplexes. Fol
respect to chemical shift changes were noted in comparisonwith L = CI~, the separation of these signals was found to
to the tryptophan case (i.e., only H4 and H7 protons undergobe 6.00 ppm, whereas complex@and7 have separations
upfield shifts and all other aromatic signals exhibited a (Ad) of 4.48 and 3.99 ppm, respectively, which are typical
downfield shift indicating a different electronic influence on values for N-donors such as nitriles or amides (Table 4).
the indole ring upon coordination). Additionally, signals in Coordination through oxygen also induces similar shift
the aliphatic part of the spectrum corresponding to protons differences of the dien C atoms, although in this case, values
Ho and H3 exhibited a smaller change ih compared to close to 5 ppm and above have been obset¥&daddition,
that in 6. the 13C NMR shift of the G=0 carbonyl moiety undergoes
The formation of complexr was monitored using the - - - -
corresponding integrals for H4 in tHé! NMR spectrum. GV %Sr?]enz”‘,]\)l_';_:'é(';’gggg!',\F,l):;v‘]sos;]';eEgi”&;gﬁ}f%‘gﬁggﬁ';Cﬁ'e)ﬂ]ef’lerﬂ'_ A
Coordination of N-AcTrp is not as favored as for the Ed. 2004 43, 5396-5399.
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an upfield shift uporN-AcTrp coordination and formation  Table 5. Association Constants Obtained from Eaefitofstee Plots of
of 7, in contrast to reported downfield shifts for binding N-ACTrp with Different Quenchefs
through the oxygen atom of a carbonyl moiétyThe 1 AF

- . AF=—=>—="" + AF,
combination of spectral data thus suggests that the amide Ka [quencher]
nitrogen is the coordination site. The coordination through
the oxygen atom in any of the carbonyl moieties was further quencher Ka std deviation.
ruled out because of the weak coordination exhibited by these ~ 1-MeCyt . 6.2 (6.0) 0.3(0.1)
functionalities with a metal center. Coordination via a  [Pidien)(1-MeCytf 8.8(8.8) 03(0.2)

. . . [Pd(dien)(1-Mecytg+ 7.3 0.2

deprotonated amido nitrogen, in the caseNeAcTrp, can 9-EtGH 3.5(3.3) 0.2 (0.1)
be understood given the high pD values (8 for complex [Pt(dien)(9-EtGH)T* 7.0 (6.8) 0.1(0.3)

[Pd(dien)(9-EtGHR" 5.1 0.3

and>9 for 2 or 3) needed for the formation af Glycine is
reported to coordinate through O-coordination at low pH  2Values in parenthesis obtained fofTrp from ref 1. Eadie-Hofstee

_ ; ; ; equation, whereAF = F — F, is the difference between fluorescence
(3'6) but the N-bound Species 1S eXCIUSIVer formed at pH intensities oN-AcTrp in the presence~) and absence~) of the quencher.

7.4 for [Pd(dien)(HO)]* and glycine’® Bifunctional binding AF. is the difference of theN-AcTrp completely complexed with the
through formation of an N,O-chelate has been reported for quencher.

other amino acids in addition to TA.The thermodynamic

tendency to form the chelate leads even to the formation of 5)- In the first place, the good agreement betweenkthe

an organometallic bond with indolyl C(3): O coordination Values obtained foN-AcTrp and Trp suggests that the
when the model compound indole-3-acetamide is used N-acetyl moiety doess not affect the stacking interaction with
instead of Trg The possibility of coordination via the indole  the nucleobase considerably, and it confirms the inertness
N1 is also ruled out because of the small chemical shifts of platinum—nucleobase complexes to substitution side
observed for the aromatic signals (Table 3) and its high p  reactions with the Trp substrate, a result that very likely
value (16.8). Interestingly, coordination through this site has would have been compromised in the case of the palladium-
been reported only after previous coordination of an orga- (II) complexes. In general, a significant enhancement of the
nometallic ¢5-cymene)Ru(ll) fragment, which induce a stacking interaction was observed for metal-coordinated
drastic increase in the acidity of N1 by more than 8 orders nucleobases in comparison that of the free ones, in agreement
of magnitudeé®* In summary, we propose thad-AcTrp with our previous results.

coordinates via the deprotonated amido moiety to the Pd(ll)

center, and experiments aiming to obtain the solid structure Conclusions

of 7 and confirm the proposed structure are currently

underway. The kinetic lability of the Pd(ll) center compared to that
ll.e. Reaction of [Pt(dien)(Nucleobase)](NQ) (4, 5) of Pt(ll) resulted in a novel nucleobase substitution ane Pd
with L-Tryptophan and N-acetyl Tryptophan. No nucleo- amino acid complex formation. The increased steric hin-

base substitution was detected for-Rticleobase complexes ~ drance inherent in metatytosine compounds suggests that
4 and5 even after 72 h at pD 10.2. Slight chemical shifts in the 1-MeCyt compound should bkess susceptibleto

the range of 0.040.07 ppm could be detected fkACTTp, nucleophilic substitution by hindering (in the classic explana-
but they were attributable to stacking interactions as have tion) the approach of the incoming nucleophile. It is possible
been found previousl¥® that the substitution is favored by the correct orientation of
ll. Study of Noncovalent Interactions in [M(dien)- the amino acid through the enhanced stacking interaction;
(nucleobase)](NQ), (M = Pt, Pd) ComplexesThe initial the higher association constants observed for cytosine over

purpose of this study was to compare the effects of palladium guanine derivatives are in agreement with this possibility.
and platinum in [M(dien)(nucleobase)] compounds on the Palladium-peptide conjugates are proposed intermediates in
enhancement of the stacking interaction with tryptophan andthe catalytic cycle involving peptide bond hydrolysis cata-
derivatives. Experimental conditions were chosen to elimi- lyzed by species such as [Pd(emy@%]?". The application
nate the observed interactions of palladium by using a pH of the chemistry reported here to tryptophan-containing
(4.8) that was low enough to limit any covalent binding, even peptides and proteins is ongoing.

for the more reactive Trp molecule. The degree of quenching
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