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Binding of tryptophan residue to intrinsic metal ions in proteins is unknown, and very little is known about the
coordinating abilities of indole. Indole-3-acetamide displaces the solvent ligands from cis-[Pt(en)(sol)2]2+, in which
sol is acetone or H2O, in acetone solution and forms the complex cis-[Pt(en)(indole-3-acetamide)]2+ (3) of spiro
structure, in which the new bidentate ligand coordinates to the Pt(II) atom via the C(3) atom of the indolyl group
and the amide oxygen atom. This structure is supported by 1H, 13C, 15N, and 195Pt NMR spectra and by UV, IR,
and mass spectra. Molecular mechanical simulations by Hyperchem and CHARMM methods give consistent
structural models; the latter is optimized by density-functional quantum chemical calculations. Dipeptide-like
molecules N-(3-indolylacetyl)-L-amino acid in which amino acid is alanine, leucine, isoleucine, valine, aspartic
acid, or phenylalanine also displace the solvent ligands in acetone solution and form complexes cis-[Pt(en) N-(3indolylacetyl)-L-amino acid)]2+ (6), which structurally resemble 3 but exist as two diastereomers, detected by 1H
NMR spectroscopy. The bulkier the amino acid moiety, the slower the coordination of these dipeptide-like ligands
to the Pt(II) atom. The indolyl group does not coordinate as a unidentate ligand; a second donor atom is necessary
for bidentate coordination of this atom and the indolyl C(3) atom. The solvent-displacement reaction is of first
and zeroth orders with respect to indole-3-acetamide and cis-[Pt(en)(sol)2]2+, respectively. A mechanism consisting
of initial unidentate coordination of the ligand via the amide oxygen atom followed by closing of the spiro ring
is supported by 1H NMR data, the kinetic effects of acid and water, and the activation parameters for the
displacement reaction. In the case of N-(3-indolylacetyl)-L-phenylalanine, the bulkiest of the entering ligands, the
reaction is of first order with respect to both reactants. The bidentate indole-3-acetamide ligand in 3 is readily
displaced by (CH3)2SO and 2-methylimidazole, but not by CNO-, CH3COO-, and CH3CN. Complexes cis-[Pd(en)(sol)2]2+ and cis-[Pd(dtco)(sol)2]2+ react with indole-3-acetamide more rapidly than their Pt(II) analogues do
and yield complexes similar to 3. This study augments our recent discovery of selective, hydrolytic cleavage of
tryptophan-containing peptides by Pd(II) and Pt(II) complexes.

Introduction
Because of its unique properties, tryptophan plays important
roles in proteins and in experiments by which they are
studied.1-3 As the most hydrophobic amino acid, tryptophan is
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often found at or near catalytic active sites and sites for
molecular recognition.4 Luminescence makes tryptophan a
useful fluorophore, a reporter of dynamic processes in proteins.1
All of these interesting and useful properties are consequences
of the aromaticity of the 3-indolyl group in the side chain,
designated 1. This group sometimes forms stacks with side
chains of tyrosine and phenylalanine, and there are claims of
the indolyl group’s involvement in efficient electron-tunneling
paths in electron carriers and redox enzymes.5,6 The aromatic
system, of course, reacts with oxidants and electrophiles, and
some of these reactions are useful in chemical modification and
cross-linking of proteins. In substitution reactions, electrophiles
initially attack at the C(3) atom and usually then migrate to the
C(2) atom.1
(4) Nozaki, Y.; Tanford, C. J. Biol. Chem. 1971, 246, 2211.
(5) Nordlund, P.; Eklund, H. J. Mol. Biol. 1993, 232, 123.
(6) Pelletier, H.; Kraut, J. Science 1992, 258, 1748.
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Chart 1. Structures of the Complexes

Several amino acids contain nucleophilic side chains that
coordinate to transition-metal ions. These ions may be intrinsic
parts of the proteins and may be required for the protein’s
structure or function. Recently, transition-metal complexes
attached to protein surfaces have become useful as agents for
cleavage of proteins.7-17 In particular, attachment of suitable
palladium(II) and platinum(II) complexes to the side chains of
methionine and histidine in peptides and proteins can cause
selective, hydrolytic cleavage of proximate amide bonds.8-17
Very recently, we discovered that these complexes (Chart 1),
when attached to tryptophan residues, can rapidly cleave
peptides.18 This discovery raised the question of the coordinating
abilities of the indolyl group as investigated in the present study.
The pair of electrons on the nitrogen atom in indole is an
integral part of the π-electron system and is not readily available
for binding to metal ions.19 The N(1)H group is very weakly
acidic (pKa is 16.82) and can be deprotonated only by strong
bases.20 Alkali metals and Grignard reagents can form ionic
metal-nitrogen bonds.21,22 Methylmercury can displace the
hydrogen atom from nitrogen under mild conditions in aqueous
ethanol as the solvent.23 The kinetics and mechanism of this
reaction have not been studied.
Transition-metal ions, such as copper(II), readily form familiar
chelates with amino and carboxylate groups of tryptophan.24,25
The indole tautomer in which a hydrogen has moved from the
nitrogen to C(3) is named 3H-indolenine or simply indolenine.
Its 3-substituted derivatives exist in two enantiomeric forms (R
and S), shown in 2. Palladium(II) complexes of ligands 2
coordinated via the nitrogen atom have been characterized by
(7) (a) Ermacora, M. R.; Ledman, D. W.; Fox, R. O. Nat. Struct. Biol.
1996, 3, 59. (b) Heyduk, T.; Heyduk, E.; Severino, K.; Tang, H.;
Ebright, R. H. Proc. Natl. Acad. Sci. U.S.A. 1996, 93, 10162. (c)
Ghaim, J. B.; Greiner, D. P.; Meares, C. F. Biochemistry 1995, 34,
11311. (d) Hegg, E. L.; Burstyn, J. N. J. Am. Chem. Soc. 1995, 117,
7015.
(8) Korneeva, E. N.; Ovchinnikov, M. V.; Kostić, N. M. Inorg. Chim.
Acta 1996, 243, 9.
(9) (a) Parac, T. N.; Kostić, N. M. J. Am. Chem. Soc. 1996, 118, 51. (b)
Parac, T. N.; Kostić, N. M. J. Am. Chem. Soc. 1996, 118, 5946.
(10) Zhu, L.; Qin, L.; Parac, T. N.; Kostić, N. M. J. Am. Chem. Soc. 1994,
116, 5218.
(11) Zhu, L.; Kostić, N. M. Inorg. Chem. 1992, 31, 3994.
(12) Zhu, L.; Kostić, N. M. J. Am. Chem. Soc. 1993, 115, 4566.
(13) Zhu, L.; Kostić, N. M. Inorg. Chim. Acta 1994, 217, 21.
(14) Burgeson, I. E.; Kostić, N. M. Inorg. Chem. 1991, 30, 4299.
(15) Parac, T. N.; Kostić, N. M. Inorg. Chem. 1998, 37, 2141.
(16) Karet, G.; Kostić, N. M. Inorg. Chem. 1998, 37, 1021.
(17) Zhu, L.; Bakhtiar, R.; Kostić, N. M. JBIC, J. Biol. Inorg. Chem. 1998,
3, 383.
(18) Kaminskaia, N. V.; Johnson, T. W.; Kostić, N. M. J. Am. Chem. Soc.
1999, 121, 8663.
(19) Remers, W. A. Properties and Reactions of Indoles. In Heterocyclic
Compounds; Houlihan, W. J., Ed.; Interscience Publishers: New York,
1972; pp 1-226.
(20) Yagil, G. J. Phys. Chem. 1967, 71, 1034.
(21) Reinecke, M. G.; Sebastian, J. F.; Johnson, H. W.; Pyun, C. J. Org.
Chem. 1971, 36, 3091.
(22) Reinecke, M. G.; Sebastian, J. F.; Johnson, H. W.; Pyun, C. J. Org.
Chem. 1972, 37, 3066.
(23) Corbeil, M. C.; Beauchamp, A. L. Can. J. Chem. 1988, 66, 2458.
(24) Aoki, K.; Yamazaki, H. J. Chem. Soc., Dalton Trans. 1987, 2017.
(25) Masuda, H.; Sugimori, T.; Odani, A.; Yamauchi, O. Inorg. Chim. Acta
1991, 180, 73.

X-ray crystallography and spectroscopic methods.26 Binuclear
dimeric complexes between palladium(II) and indole-3-acetate
involve cyclopalladation.27 Bidentate coordination to palladium(II) through the N(1) and the C(2) atoms occurs in binuclear
complexes.28 Hydrogen migration from N(1) to C(3) creates a
double bond between N(1) and C(2), as shown in 2.

We present here a spectroscopic, kinetic, and mechanistic
study of a reversible coordination of various indole derivatives
to platinum(II) and palladium(II) and the formation of new
complexes 3 and 6. Our findings show that indole, as a part of
tryptophan, can serve as an anchor for platinum(II) and
palladium(II) binding to peptides and proteins. Such labeling
by transition-metal complexes is important because it makes
possible selective cleavage of amide bonds and opens new
possibilities for the study of protein structure and function by
methods of inorganic chemistry.
Experimental Procedures
Chemicals. The deuterium-containing compounds D2O and DClO4
and the salts K2[PdCl4], PdCl2, and AgClO4‚H2O were obtained from
Sigma Chemical Co. and Aldrich Chemical Co. Indole-3-acetamide,
indole-3-acetic acid, indole-3-propionic acid, indole-3-acetic acid ethyl
ester, tryptophol, 3-indolemethanol, N-acetyl-5-hydroxy-tryptamine,
N-(3-indolylacetyl)-L-phenylalanine, N-(3-indolylacetyl)-L-isoleucine,
N-(3-indolylacetyl)-L-alanine, N-(3-indolylacetyl)-L-valine, N-(3-indolylacetyl)-DL-aspartic acid, N-(3-indolylacetyl)-L-leucine, and N-(3indolylacetyl)-glycine were obtained from Sigma and Aldrich. The
complexes cis-[Pd(Me4en)Cl2], [Pt(bpy)Cl2], and cis-[Pt(en)Cl2] were
obtained from Aldrich. Anhydrous AgBF4, Ag(CF3SO3), and AgClO4
(caution, strong oxidant!) were obtained from Aldrich. The ligands
ethane-1,2-diamine (en), N,N,N′,N′-tetramethylethylenediamine (Me4en), and 1,5-dithiacyclooctane (dtco) were obtained from Aldrich.
Acetone-d6, methanol-d4, and dimethylformamide-d7 were obtained from
Cambridge Isotope Laboratories. These and all other chemicals were
of reagent grade.
Palladium(II) and Platinum(II) Complexes. The palladium(II)
complexes cis-[Pd(en)Cl2], cis-[Pd(dtco)Cl2], and [Pd(dien)I]I were
prepared by the published procedures.29-31 The chloro and iodo ligands
were displaced by the solvent ligands (sol) in solutions of these
complexes and of purchased dichloro complexes and 2 equiv of AgBF4,
Ag(CF3SO3), AgClO4, or AgClO4‚H2O in acetone-d6. The solutions
were stirred in the dark at 25 °C for 1 and 8 h for palladium(II) and
(26) Yamauchi, O.; Takani, M.; Toyoda, K.; Masuda, H. Inorg. Chem. 1990,
29, 1856.
(27) Takani, M.; Masuda, H.; Yamauchi, O. Inorg. Chim. Acta 1995, 235,
367.
(28) Robson, R. Inorg. Chim. Acta 1982, 57, 71.
(29) Hohmann, H.; Van Eldik, R. Inorg. Chim. Acta 1990, 174, 87.
(30) Drexler, C.; Paulus, H.; Elias, H. Inorg. Chem. 1991, 30, 1297.
(31) Watt, G. W.; Cude, W. A. Inorg. Chem. 1968, 7, 335.
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platinum(II) complexes, respectively. The precipitates of AgCl and AgI
were filtered off in the dark, and a fresh solution of the complex was
used in further experiments. The coordinated solvent (sol) is acetoned6 or H2O. The salts cis-[Pd(en)(sol)2](ClO4)2 and cis-[Pt(en)(sol)2](ClO4)2 had absorption maxima at 360 and 327 nm, respectively, as
reported before.29 The complex trans-[Pd(PhCN)2Cl2] was prepared by
the published procedure.32
One-Dimensional Proton, Carbon-13, and Nitrogen-15 NMR
Spectra. These spectra were recorded with Varian VXR-300, Bruker
DRX-400, Bruker DRX-500, and AC-200 spectrometers. The chemical
shifts (δ) in the proton and carbon-13 spectra are given in ppm
downfield from the methyl resonance of the solvent, which was acetoned6. The chemical shifts in nitrogen-15 spectra are given in ppm
downfield and upfield from the resonance (at 0.00 ppm) of the external
standard, which was a saturated solution of 15NH4NO3 in D2O. The
internal reference in 1H NMR kinetic experiments was tetramethylsilane.
The quality of the 13C and 15N spectra was improved by their acquisition
in narrow windows. Usually 3000-20000 scans were taken. Carbon13 spectra were recorded with and without proton decoupling. In
quantitative experiments, in which accurate relative intensities were
needed, decoupling was not used, and 0.050 M [Cr(acac)3] was added,
to shorten T1. The proton and carbon-13 resonances were integrated
with estimated errors of (5 and (10%, respectively. Concentrations
of the compounds were determined on the basis of these integrals and
the known initial concentrations of reagents. Rates and rate constants
were calculated from the known concentrations of the reactants and
products, with estimated errors of 10-20%.
Platinum-195 NMR Spectra. These spectra were recorded with an
AC-200 spectrometer at 43 MHz, using 5-mm NMR tubes. The chemical shifts are given in ppm upfield from the resonance (at -1628 ppm)
of the external standard, which was a saturated solution of K2[PtCl]4
in a 1.0 M solution of NaCl in D2O at 296 K. The following parameters
were chosen: 90° pulse, P1 ) 8.7 µs, and delay D1 ) 1.0 s.
Two-Dimensional NMR Spectra. These spectra were recorded with
Bruker DRX-400 and DRX-500 spectrometers. Two-dimensional
heteronuclear shift correlation spectroscopy (HETCOR) was performed
using standard Bruker pulse programs. The 1H-13C HETCOR spectra
were obtained with the pulse sequence inv4gs and the following
parameters: 90° pulses; P1 ) 12.2 µs and P3 ) 10.0 µs; delays, D1 )
1.80 s and D2 ) 3.57 s. The 1H-15N HETCOR spectra were obtained
using the following parameters: 90° pulses; P1 ) 9 µs and P3 ) 38
µs; delays, D1 ) 1.75 s and D2 ) 3.45 ms. The 1H-13C experiments
optimized on long-range couplings were performed with the pulse
program inv4gslplrnd. The decoupling was not used during acquisition.
There were 128 free-induction decays of 1024 data points, with 4 scans
for each point. NOESY spectra were obtained with the standard pulse
sequence noesyst. There were 512 free-induction decays of 2048 data
points, with 8 scans for each point. The repetition time was 8.3 s, and
the spectral width was 4500 Hz in both dimensions. ROESY spectra
were obtained with the standard pulse sequence roesyst. There were
256 free-induction decays of 2048 data points, with 16 scans for each
point. The repetition time was 8.3 s, and the spectral width was 4500
Hz in both dimensions.
Diffusion Coefficients. The self-diffusion constants Ds were measured by use of pulsed-field gradient NMR spectroscopy with a Bruker
DRX-500 spectrometer. The variable-temperature controller was calibrated over the range 265-305 K using a standard methanol sample.33
All diffusion measurements were made using a stimulated-echo pulse
sequence34 modified by the inclusion of bipolar gradient pulses and a
longitudinal delay to minimize eddy-current effects.35 A series of 1D
1H spectra were acquired with this pulse sequence, successively
increasing the gradient strength. The delays δ ) 2 ms and ∆ ) 50 ms
were used for all experiments. The gradient strengths were calibrated
by measuring the decay of the integral of the NMR signal of residual
HOD in 99.98% D2O at 298 K. By use of the published value of Ds )
(32)
(33)
(34)
(35)

Holden, J. R.; Baenziger, N. C. Acta Crystallogr. 1956, 9, 194.
Van Geet, A. L. Anal. Chem. 1970, 42, 679.
Tanner, J. E. J. Chem. Phys. 1970, 52, 2523.
Wu, D.; Chen, A.; Johnson, C. S. J. Magn. Reson., Ser. A 1995, 115,
260.
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2.272 × 10-5 cm2 s-1,36 the maximum gradient strength was determined
by a nonlinear least-squares fitting of the data to eq 1; the result was
Gmax ) 78.9 ( 2.0 G cm-1.37 In eq 1, G is the gradient strength (in
G/cm), I is the observed NMR signal intensity, I0 is the signal intensity
for G ) 0, γ is the gyromagnetic ratio of the 1H nucleus, δ is the
gradient duration, and ∆ is time between the encode and decode gradient
pulses.

I ) I0 exp[-(γδG)2(∆ - δ/3)Ds]

(1)

A 0.10 M solution of 3 was prepared in acetone-d6 and 1 equiv of
indole-3-acetamide was added, so the solution contained equal concentrations of the free ligand and 3. Because many of the resonances
in the 1H NMR spectra of indole-3-acetamide and 3 are well resolved,
this sample was used to measure the self-diffusion coefficients for both
species, under identical conditions. A series of stimulated-echo NMR
spectra with increasing G values was obtained at 271 K. Several wellresolved lines for indole-3-acetamide and 3 were integrated, and the
resulting decay data were fitted by nonlinear least-squares to eq 1 to
determine values of Ds, as shown in Figure S1. An average value of
Ds, obtained from the integration of several resonances, is reported for
both the free ligand and the complex.
Other Spectra. UV-visible spectra were recorded with a PerkinElmer Lambda 18 spectrophotometer at 296 K. Infrared spectra of
solutions were recorded with a Nicolet Magna-IR 560 spectrometer,
using sodium chloride cells with 0.1-mm spacers. Electrospray ionization mass spectra were obtained with a Finnigan TSQ700 triple
quadrupole spectrometer fitted with a Finnigan ESI interface. Samples
were introduced directly into the electrospray interface through an
untreated fused-silica capillary with a 50-µm i.d. and a 190-µm o.d.
Formation of Complexes 3 and 6. Complex 3 was prepared in situ
from the solvento complex, cis-[Pt(en)(sol)2]2+, and indole-3-acetamide.
To 5 mL of a 0.10 M solution of cis-[Pt(en)(sol)2]2+ (5 × 10-4 mol) in
acetone-d6 was added 0.087 g (5 × 10-4 mol) of solid indole-3acetamide, and the reaction mixture was stirred at room temperature.
The formation of the product, complex 3, was usually completed within
30 min and was monitored by 1H NMR spectroscopy. The product was
not isolated. Yield was 99%, according to 1H NMR spectra. In another
series of 1H NMR experiments, the concentration of cis-[Pt(en)(sol)2]2+
was varied between 0.0059 and 0.094 M, and the concentration of
indole-3-acetamide was 0.0094 M. The concentration of 3 was
determined by integrating the respective 1H NMR resonances. Complexes 6 were synthesized in situ from cis-[Pt(en)(sol)2]2+ and amino
acid derivatives of indole-3-acetamide by a similar procedure with a
longer incubation time, up to 6 h; yields were 95-99%, according to
1H NMR spectra.
Kinetics of Reactions. The solvent in all the reactions was acetoned6. The temperature was always 296 ( 0.5 K, except in the experiments
concerning the effects of temperature. The initial concentrations of the
solvento complex of palladium(II) or platinum(II) and the derivative
of indole were 0.094 and 0.0094 M, respectively, unless stated
otherwise. The coordination of the indole derivatives to various metal
complexes was followed by 1H NMR spectroscopy. In a typical
experiment, to a solution of a freshly prepared complex was added an
optional chemical, such as H2O or trifluoroacetic acid, and then a
solution of the indole derivative was added to start the reaction. The
acquisition began within less than a minute.
Rate constants for relatively fast reactions were determined in
experiments lasting for at least 7 half-lives by fitting the experimental
data to eq 2 obtained under pseudo-first-order conditions when cis-

[ligand] ) [ligand]0 exp(-kobst)

(2)

[Pt(en)(sol)2]2+ was present in large excess over the incoming, indolecontaining ligand. Rate constants for relatively slow reactions were
determined from the initial rates, in experiments in which only 3-5%
of the reaction was followed. The reported values are the average of at
least three experiments; the error margins include 2 standard deviations.
(36) Longsworth, L. G. J. Chem. Phys. 1960, 64, 1914.
(37) Stejkal, E. O.; Tanner, J. E. J. Chem. Phys. 1965, 42, 288.
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They are obtained from repeated experiments, not from the fitting of
data. The microscopic rate constants were determined from fitting the
experimental data to the respective equations shown in Results and
Discussion.
The temperature was varied between 263 and 323 K. Activation
parameters were determined by fitting the experimental data to the
Eyring equation. Fitting to a linearized form of the Eyring equation
proved less accurate.
NMR Spectra of Indole Derivatives. The following derivatives of
indole were tested as ligands: indole-3-acetamide, indole-3-acetic acid,
indole-3-propionic acid, indole-3-acetic acid ethyl ester, tryptophol,
3-indolemethanol, N-acetyl-5-hydroxy-tryptamine, N-(3-indolylacetyl)L-phenylalanine, N-(3-indolylacetyl)-L-isoleucine, N-(3-indolylacetyl)L-alanine, N-(3-indolylacetyl)-L-valine, N-(3-indolylacetyl)-DL-aspartic
acid, N-(3-indolylacetyl)-L-leucine, and N-(3-indolylacetyl)-glycine. All
of these compounds were monitored by 1H and 13C NMR spectroscopy.
For their spectral properties, see the Supporting Information. For those
indole derivatives that coordinate to the platinum(II) atom as bidentate
ligands, 1H and 13C NMR chemical shifts of the resulting complexes
are shown in Tables S1, S2, S6, and S7. The chemical shifts could
deviate from the stated values by 0.20 ppm or less, depending on the
composition of the reaction mixture and other conditions.
Molecular Mechanics Simulations. Structures of the complexes 3
and 6 were simulated with CHARMM.38 The spiro-carbon atom was
set to be tetrahedral. Different improper angles were set at the spirocarbon atom to account for the diastereomers 6a and 6b. Planarity and
bond angles of 90° were imposed on platinum(II) and palladium(II)
atoms. The atoms of the coordinated amide bond and the metal atom
were kept in one plane, which was not necessarily the same as the
coordination plane. The energies were minimized by a simulated
annealing procedure. The structures of complexes 3 and 6 were also
built with the program Hyperchem39 and optimized with both steepestdescent and Fletcher-Reeves algorithms.
Quantum Chemical Calculations. The geometries obtained from
the CHARMM calculations were further optimized with the Amsterdam
Density Functional (ADF) package version 2.340 with the basis set IV.
The local density approximation for exchange and correlation is based
on the standard parametrization.41 For the nonlocal corrections, the
exchange part42 and the correlation part43 were used. The geometry
optimization was considered to be converged if the energy change was
<0.001 hartree and the bond length changes were <0.005 Å. Solvation
effects were not included. The structures were visualized with the
molecular graphics program RasMol2.44

Results and Discussion
Coordination of Indole-3-acetamide to cis-[Pt(en)(sol)2]2+.
When indole-3-acetamide and cis-[Pt(en)(sol)2]2+ are mixed in
acetone solution, a new complex of composition [Pt(en)(C10H10N2O)] is formed. Structure 3, in which platinum(II) is
coordinated to both the carbonyl oxygen and the indole carbon,
is shown below.
Proton and Carbon-13 NMR Spectra. As Table S1 shows,
1H resonances of the amide group at 6.63 and 6.30 ppm in the
free ligand move downfield to 8.90 and 9.15 ppm, respectively,
(38) (a) Brooks, B. R.; Bruccoleri, R. E.; Olafson, B. D.; States, D. J.;
Swaminathan, S.; Karplus, M. J. Comput. Chem. 1983, 4, 187. (b)
MacKerell, A. D.; Bashford, D.; Bellott, M.; Dunbrack, R. L.;
Evanseck, J. D.; Field, M. J.; Fischer, S.; Gao, J.; Guo, H.; Ha, S.;
Joseph-McCarthy, D.; Kuchnir, L.; Kuczera, K.; Lau, F. T. K.; Mattos,
C.; Michnick, S.; Ngo, T.; Nguyen, D. T.; Prodhom, B.; Reiher, W.
E.; Roux, B.; Schlenkrich, M.; Smith, J. C.; Stote, R.; Straub, J.;
Watanabe, M.; Wiorkiewicz-Kuczera, J.; Yin, D.; Karplus, M. J. Phys.
Chem. B 1998, 102, 3586.
(39) HyperChem, release 4.5; Hypercube, Inc., May 1995.
(40) Baerends, E. J.; Ellis, D. E.; Ros, P. Chem. Phys. 1973, 2, 41.
(41) Vosko, S. H.; Wilk, L.; Nusair, M. Can. J. Phys. 1980, 58, 1200.
(42) Perdew, J. P.; Wang, Y. Phys. ReV. A 1990, 41, 78.
(43) Lee, C.; Yang, W.; Parr, R. G. Phys. ReV. B 1988, 372, 882.
(44) Sayle, R. RasMol, version 2.5; a molecular visualization program;
updated Oct 1994.
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upon binding. The 13C resonance of the carbonyl carbon moves
downfield from 174.0 ppm in the free indole to 192.0 ppm in
the product, as data in the supporting information and Table
S2 show. These findings are consistent only with the direct
binding of the carbonyl oxygen to the platinum(II) atom, as in
structure 3.45-47 Proton and 13C NMR spectra were assigned
by two-dimensional correlation (1H-1H COSY and 1H-13C
HETCOR) and NOESY spectroscopy. Two-dimensional 1H15N HETCOR experiments ruled out formation of the iminol
species 4 and the deprotonation of the amide nitrogen atom,
because two protons attached to that nitrogen atom were clearly
seen.

Upon coordination, the proton resonance of N(1)H does not
disappear but is shifted from 10.32 ppm in the free indole to
10.80 ppm in the product. Two-dimensional 1H-15N HETCOR
experiments confirmed that the second resonance belongs to
the indole N(1)H and not to the hydroxide proton in iminol, as
in 4.
Two previous reports26,27 on complexes containing the 3Hindolenine tautomer (2) noted the characteristic 1H resonance
of C(3)-H, which is absent in the spectrum of the indole
tautomer (1). Absence of this resonance in the 1H NMR
spectrum of 3 supports our proposal of direct coordination of
the C(3) atom to the metal atom. Consistent heteronuclear 1H13C correlation spectra (Figure S2) do not show a proton attached
to the C(3) atom in 3. Because the absence of the hydrogen
atom bonded to the C(3) atom is an important feature of structure
3, we checked even the improbable case that it is undetectable
because it is replaced by the deuterium atom from acetone-d6.
If so, upon addition of H2O, the protium atom would reappear
at the C(3) atom. Neither one-dimensional nor two-dimensional
1H NMR spectra showed it, however. We conclude that the C(3)
atom does not bear a hydrogen atom. This fact is consistent
with structure 3.
The singlet resonance of C(8)H2 at 3.60 ppm in the free indole
is split into a pattern like an AB quartet in the product.
Evidently, the two methylene protons have different environments in the complex, owing to the neighboring groups. One
of these protons in the complex is shifted by 1.10 ppm downfield
(45) Cooney, M.; Gommans, L. H. P.; Main, L.; Nicholson, B. K. J.
Organomet. Chem. 1988, 349, 197.
(46) Fairlie, D. P.; Woon, T. C.; Wickramasinghe, W. A.; Willis, A. C.
Inorg. Chem. 1994, 33, 6425.
(47) Woon, T. C.; Fairlie, D. P. Inorg. Chem. 1992, 31, 4069.
(48) Zhang, F.; Yajima, T.; Odani, A.; Yamauchi, O. Inorg. Chim. Acta
1998, 278, 136.
(49) Myers, W. H.; Sabat, M.; Harman, W. D. J. Am. Chem. Soc. 1991,
113, 6682.
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relative to the free indole, probably because of its proximity to
a phenyl ring.48 The resonances of C(2)H at 7.28 ppm and C(4)H
at 7.59 ppm shift downfield upon coordination to 8.55 and 8.12
ppm, respectively. All the other indole resonances also move
downfield upon coordination, but these changes are much
smaller, as Table S1 shows.
The 13C NMR resonance of C(3) at 110.0 ppm in free indole3-acetamide moves to 72.0 ppm upon coordination. This change
is diagnostic of a conversion of an aromatic to a tetrahedral
carbon atom. Downfield movement of the methylene C(8) and
aromatic C(7a) resonances upon coordination are consistent with
the published values.27,46,47 The presence of the N(1) proton and
extended conjugation in 3 result in an upfield movement of the
imine C(2) resonance from the position of this resonance in
similar complexes.26,27,49-51
Platinum-195 NMR Spectra and Platinum-195 Satellites.
Because the 195Pt NMR chemical shift depends greatly on the
type (donor ability) and number of ligating atoms, this shift is
very informative about the composition of the complex, provided
its dependence on solvent and temperature is taken into
consideration (Table S3).52-54 Our finding for K2[PtCl4] agrees
with that reported earlier.54 Dependence of the 195Pt chemical
shift on temperature is greater for cis-[Pt(en)(sol)2]2+ (1.2 (
0.2 ppm/K) than for 3 (0.29 ( 0.10 ppm/K), presumably because
the former complex contains solvent molecules as ligands and
the latter does not.52
The resonances for all the complexes containing ethylenediamine ligands are relatively broad (∼20 ppm at halfmaximum) because of the unresolved coupling to 14N nuclei
and fast quadrupolar relaxation.55 As Table S4 shows, upon
addition of indole-3-acetamide the 195Pt resonance of cis-[Pt(en)(sol)2]2+ shifts upfield by 442 ppm. This finding suggests
the presence of donors much stronger than acetone and water
and is consistent with the coordination of the indolyl carbanion
and the amide oxygen, as in structure 3.56 The reported 195Pt
chemical shifts for ascorbic acid complexes are higher than those
for 3 because the anionic oxygen is a stronger electron donor
than the amide oxygen in 3.57 We did not detect platinum-195
satellites in 13C and 15N NMR spectra even for nuclei directly
bound to platinum, such as the nitrogen in the ethylenediamine
ligand in cis-[Pt(en)(sol)2]2+ and the C(3) carbon in 3, presumably because of the broadening caused by 14N-induced relaxation. This is a known phenomenon.58 There are, however, broad
195Pt satellites for C(2)H in 1H NMR spectra. The coupling
constant 3J ) 55.8 Hz agrees with the reported values.59
Ultraviolet Absorption Spectra. These spectra of indole
derivatives are sensitive to substituents and coordination to
metals. When indole-3-acetamide binds to cis-[Pt(en)(sol)2]2+,
(50) Hodges, L. M.; Moody, M. W.; Harman, W. D. J. Am. Chem. Soc.
1994, 116, 7931.
(51) Breitmaier, E.; Spohn, K. N. Tetrahedron 1973, 29, 1145.
(52) (a) NMR and the Periodic Table; Harris, R., Mann, B., Eds.; Academic
Press: New York, 1978; p 249. (b) Pregosin, P. S. Stud. Inorg. Chem.
1991, 13, 216. (c) Pregosin, P. S. Coord. Chem. ReV. 1982, 44, 247.
(53) Pesek, J. J.; Mason, W. R. J. Magn. Reson. 1977, 25, 519.
(54) Freeman, W.; Pregosin, P. S.; Sze, S. N.; Venanzi, L. M. J. Magn.
Reson. 1976, 22, 473.
(55) Schwederski, B. E.; Lee, H. D.; Margerum, D. W. Inorg. Chem. 1990,
29, 3569.
(56) Kirvan, G. E.; Margerum, D. W. Inorg. Chem. 1985, 24, 3017.
(57) Hollis, L.; Stern, E. W.; Amudsen, A. R.; Miller, A. V.; Doran, S. L.
J. Am. Chem. Soc. 1987, 109, 3596.
(58) Nagao, N.; Kobayashi, T.; Takayama, T.; Koike, Y.; Ono, Y.;
Watanabe, T.; Mikami, T.; Suzuki, M.; Matumoto, T.; Watabe, M.
Inorg. Chem. 1997, 36, 4195.
(59) Goggin, P. L.; Goodfellow, R. J.; Knight, J. R.; Norton, M. J.; Taylor,
B. F. J. Chem. Soc., Dalton Trans. 1973, 2220.
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the relatively narrow absorption maxima near 272 nm change
to a very broad band centered near 260 nm. The peaks at 220
nm decrease in intensity upon coordination. These findings are
consistent with structure 3.19,26,60 The platinum(II) d-d absorption band at 330 nm for cis-[Pt(en)(sol)2]2+ shifts to 327 nm
for complex 3, consistent with the relative strength of the ligand
fields of acetone and water on one hand and indole on the
other.61
Infrared Spectra. Substitution in the indole nucleus markedly
affects the N(1)-H stretching frequency.19 We confirmed19,62
that this value in indole-3-acetamide is 3365 cm-1 ( ) 160).
Upon coordination, this band is split into two bands, at 3252
and 3160 cm-1; a new band, corresponding to the protonated
imine group, Cd+NH-, appears at 1650 cm-1.19 These findings
also support structure 3.
Mass Spectra. The main feature at m/z ) 429.0 (Table S5)
corresponds to the molecular formula [Pt(en)(C10H9N2O)] and
overall charge +1. This finding argues for the deprotonated
complex 3 that incorporated deuterium from the solvent in the
course of the sample preparation. According to the NMR spectra,
however, complex 3 is not deprotonated in solution; all the
protons in fresh samples were clearly assigned to NMR
resonances. Deprotonation in the course of electrospray ionization is a recognized phenomenon. The most probable site of
this deprotonation is the indole nitrogen in 3, because it has
the lowest pKa value, ca. 8-9. The product is the 3H-indolenine
complex designated 5.63

Molecular Size. The diffusion coefficients Ds for indole-3acetamide and its complex 3 are (4.50 ( 0.13) × 10-5 and (4.38
( 0.10) × 10-5 cm2 s-1, respectively (Figure S1). Because these
values are equal, we conclude that the hydrodynamic volumes
of the two compounds are similar. Clearly, complex 3 does not
contain two molecules of indole-3-acetamide. Formation of the
dimeric species containing two platinum atoms bridged by two
indole molecules can also be ruled out.64
Structural Model for Complex 3. The evidence presented
so far consistently supports structure 3, for which there is a
recent precedent.27 Because suitable crystals could not be
obtained despite much effort, this conclusion could not be
verified crystallographically. Therefore, we undertook a comprehensive theoretical simulation of this structure. Two widely
used molecular mechanics programs, CHARMM38 and Hyperchem,39 yielded structures that are qualitatively the same. The
CHARMM output was optimized in calculations based on
density-functional theory. The result is shown in Figure 1.
Because the C(3) atom in indole-3-acetamide is prochiral, its
(60) Hinman, R. L.; Whipple, E. B. J. Am. Chem. Soc. 1962, 84, 2534.
(61) Storhoff, B. N.; Huntley, C. L., Jr. Coord. Chem. ReV. 1977, 23, 1.
(62) Katritzky, A. R.; Ambler, A. P. In Physical Methods in Heterocyclic
Chemistry; Katritzky, A. R., Ed.; Academic Press: New York, 1963;
Vol. 2.
(63) Longworth, J. W.; Rahn, R. O.; Shulman, R. G. J. Chem. Phys. 1966,
45, 2930.
(64) Cantor, C. R.; Schimmel, P. R. Biophysical Chemistry, Part II:
Techniques for the Study of Biological Structure and Function; W.
H. Freeman: San Francisco, 1980; pp 539-590.

Coordination of Indole Derivatives

Inorganic Chemistry, Vol. 39, No. 22, 2000 5009

Figure 1. Structure of the R enantiomer of the complex cation cis[Pt(en)(indole-3-acetamide)]2+ (3), as calculated by molecular mechanics (CHARMM) and optimized by quantum mechanics (densityfunctional theory, program package ADF). The figure was drawn with
the program RasMol2.

the greater the shielding of the amide oxygen from the
platinum(II) complex and the slower the displacement of the
two solvent ligands by the dipeptide-like ligand. Complex [Pt(bpy)(sol)2]2+, which contains a bulky bipyridyl ligand, does
not bind to indole-3-acetamide and N-(3-indolylacetyl)-L-alanine.

Table 1. Observed Rate Constant (kobs) for the Reaction in Eq 3,
Displacement of the Solvent Ligands in cis-[Pt(en)(sol)2]2+ by
Indole-3-acetamide and Its Amino Acid Derivatives as Bidentate
Ligandsa
NHX

structure

kobs × 103
min-1

NH2
L-Ala
L,D-Asp
L-Leu

3
6
6
6

120 ( 22
125 ( 18
67.6 ( 4.1
45.7 ( 3.9

NHX

structure

kobs × 103
min-1

L-Val
L-Ile
L-Phe

6
6
6

46.5 ( 4.9
48.1 ( 5.8
10.6 ( 1.5

a The initial concentrations of cis-[Pt(en)(sol) ]2+ and the bidentate
2
ligand were 0.094 and 0.0094 M, respectively. The temperature was
296 K, and the solvent was acetone-d6.

binding to platinum(II) creates a new chiral center, the only
one in complex 3.
Reactions of Amino Acid Containing Indole Derivatives
with cis-[Pt(en)(sol)2]2+. The structural difference between
indole-3-acetic acid and tryptophan is that the former lacks a
methylene group and an amino group. Nevertheless, condensation of the carboxylic group of indole-3-acetic acid and the
amino group of an amino acid yields compounds that are similar
to tryptophanyl-(amino acid) dipeptides. These dipeptide-like
bidentate ligands can displace two solvent molecules from the
coordination sphere of platinum(II) and form complexes 6 that
are structurally similar to 3; their spectroscopic properties are
given in Tables S1-S5. Because the amino acid moiety contains
a noninverting carbon atom of S (or L) configuration and the
indole C(3) atom can have either R or S configuration, the new
spiro complexes form diastereomers 6a and 6b, shown below
and in Figure S3. Indeed, 1H NMR spectra show two sets of
resonances of similar intensities; see Tables S1 and S2. This
doubling is not caused by restricted rotation around the amide
C-N bond because N-(3-indolylacetyl)-glycine, which lacks a
chiral amino acid moiety, forms only one product with cis-[Pt(en)(sol)2]2+. The fact that the relative concentrations of the two
diastereomers are approximately equal shows that the coordination is rather insensitive to the chirality of the amide substituent.
In other words, the two chiral atoms are too far apart for chiral
discrimination.
Steric Effect on Coordination of the Amino Acid Containing Indole Derivatives to cis-[Pt(en)(sol)2]2+. The observed
rate constants for the reaction in eq 3 were determined by 1H
NMR spectroscopy, as described in the Experimental Section.
The coordination is inhibited by the steric bulk of the amide
substituent X, as Table 1 shows. The bulkier the substituent X,

Importance of Chelation for Coordination of the Indolyl
Group to Platinum(II). Tables 1 and 2 show that only the
derivatives of indole-3-acetamide bind to cis-[Pt(en)(sol)2]2+ to
an appreciable extent. Other indole derivatives bind to a small
or undetectable extent. For example, the alcohol tryptophol does
not coordinate even in the presence of a 10-fold molar excess
of the complex. Indeed, the hydroxyl group is an extremely weak
ligand for platinum(II).65 Therefore, chelation via the indole C(3)
atom and the hydroxyl group, similar to that in 3, does not occur.
Because in our experiments H+ concentration is 1 × 10-3 to
1 × 10-4 M, indole-3-acetic and indole-3-propionic acids are
electroneutral and are weaker nucleophiles and poorer ligands
than the corresponding carboxamides. Unreactivity of the ethyl
ester supports this conclusion.
Table 2 shows that indole and its derivatives cannot bind to
platinum(II) as unidentate ligands; coordination of the C(3) atom
alone is not sufficient. A second donor group, with correct
electronic properties and steric disposition, is required. Indole
derivatives bind as bidentate ligands to platinum(II).
The Rate Law for Coordination. Indole-3-acetamide is wellsuited to mechanistic studies because reactions of this ligand
with cis-[Pt(en)(sol)2]2+, according to eq 3, are fast and are not
complicated by the formation of diastereomers. This reaction
is of first order with respect to the entering ligand, as Figure 2
shows. The slope of the plot yields a first-order rate constant
of (1.20 ( 0.22) × 10-1 min-1.
The reaction of indole-3-acetamide and cis-[Pt(en)(sol)2]2+
is independent of the concentration of the platinum(II) complex,
as Figure 3 shows. Experiments in which the concentration of
cis-[Pt(en)(sol)2]2+ was 10-100 times higher than the concentration of the entering ligand gave the result kobs ) (1.36 (
(65) Cohen, L. A.; Daly, J. W.; Kny, H.; Witcop, B. J. Am. Chem. Soc.
1960, 82, 2184.
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Table 2. Observed Rate Constants (kobs) for the Achieved or
Attempted Displacement of the Solvent Ligands in
cis-[Pt(en)(sol)2]2+ by Various Derivatives of Indolea

Figure 3. Observed rate constant for the coordination of indole-3acetamide to platinum(II), according to eq 2, does not depend on the
initial concentration of the cis-[Pt(en)(sol)2]2+complex. Combined are
the results from three sets of experiments: 0.0047 and 0.0094 M in
cis-[Pt(en)(sol)2](ClO4)2 (2), 0.027-0.094 M in cis-[Pt(en)(sol)2](ClO4)2
(b), and 0.014-0.094 M in cis-[Pt(en)(sol)2](CF3SO3)2 (9). The initial
concentration of indole-3-acetamide was always 0.0094 M. The solvent
was acetone-d6, and the temperature was 296 K.

cis-[Pt(en)(sol)2]2+ and the free ligand was varied, the final
concentration of 3 was always equal to the starting concentration
of the limiting reagent. No exchange between free and bound
indole-containing ligand was detected.
Figures 2 and 3 support the rate law in eq 4 for the
substitution reaction in eq 3.

d[3]/dt ) kobs [ligand]1[Pt(en)(sol)22+]0

a

For the reaction conditions, see Table 1.

Mechanism of Coordination. Because the rate law in eq 4
shows zeroth order with respect to the cis-[Pt(en)(sol)2]2+
complex, we conclude that the rate-limiting step does not involve
this complex. The mechanism in eq 5 under certain conditions
satisfies the observed rate law. The first step is the displacement
of the first solvent ligand by indole, designated I. Considering
the structure of 3, the first step in eq 5 probably is the unidentate
coordination of indole-3-acetamide via the amide oxygen atom.
k1

k2

z Pt(en)(sol)I2+ + sol 98 3 + sol
Pt(en)(sol)22+ + I y\
k
-1

Figure 2. Initial rate for the coordination of indole-3-acetamide to
platinum(II), according to eq 3, depends on the initial concentration of
the entering ligand. The initial concentration of cis-[Pt(en)(sol)2](ClO4)2
was 0.094 M. The solvent was acetone-d6, and the temperature was
296 K.

0.24) × 10-1 min-1. Experiments in which concentrations of
the two reactants were similar gave the result kobs ) (1.70 (
0.12) × 10-1 min-1. In both series of experiments, the counteranion was ClO4-. In similar experiments with CF3SO3- as the
counteranion, the result was kobs ) (1.62 ( 0.43) × 10-1 min-1.
The three values are the same, within the margins of error.
The displacement of the two solvent molecules from platinum(II) by indole-3-acetamide is complete. When the initial
concentrations of the entering ligand and the complex were
0.094 and 0.0094 M, respectively, the final concentration of
the product, complex 3, was 0.0094 M. When the mole ratio of

(4)

(5)

This initial anchoring is followed by closing of the chelate ring
to yield the spiro compound 3 as the final product. Careful
examination of 1H NMR spectra reveal a higher concentration
of the Pt(II)-bound amide oxygen than of the Pt(II)-bound C(3)
atoms. This finding supports our view about the mechanism of
coordination and the structure of [Pt(en)(sol)I]2+. The equilibrium constant K was estimated from 1H NMR spectra. Only
the O-bound species is observed when 0.10 M indole-3acetamide and 0.10 M cis-[Pt(en)(sol)2]2+ are mixed in acetone
solution. Therefore, the concentration of free indole-3-acetamide
is lower than 1 × 10-3 M. The value of K > 105 M-1 agrees
with the previous studies.66 This equilibrium, for which K )
k1/k-1, is shifted to the right, especially in the presence of an
excess of the platinum(II) complex.
The second step is the rearrangement of the initial complex
to 3, with the displacement of the second solvent ligand. Under
the pre-equilibrium approximation, eq 6, the observed rate
constant for the formation of 3 is given in eq 7. Because the
equilibrium constant K is relatively large, as stated in eq 8, eq
7 reduces to eq 9. Because the concentration of the platinum(II)
complex is not a factor in eq 9, this simple expression agrees
with the evidence in Figure 3.
(66) Kaminskaia, N. V.; Kostić, N. M. Inorg. Chem. 1998, 37, 4302.
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k-1 + k1[Pt(en)(sol)22+] . k2
kobs )

Kk2[Pt(en)(sol)22+]
K[Pt(en)(sol)22+] + 1

Inorganic Chemistry, Vol. 39, No. 22, 2000 5011

(6)
(7)

K[Pt(en)(sol)22+] . 1

(8)

kobs ) k2

(9)

The alternative mechanism, involving an equilibrium between
two forms of indole-3-acetamide followed by the coordination
of one of these forms to cis-[Pt(en)(sol)2]2+, is shown in eq 10.
Under particular conditions (see the Supporting Information),
this mechanism can also satisfy the experimental results. The
equilibrium in eq 10 clearly is not amide-to-iminol tautomerization because both the entering ligand, indole-3-acetamide,
K

k2

83
I1 y\z I2 9
2+
Pt(en)(sol)2

(10)

and the final product, complex 3, exist as amides. Similarly,
tautomerism between the indole and 3H-indolenine forms of
the ligand19,65,67 probably is not involved, because it would favor
platinum(II) binding to indole nitrogen and such binding is not
observed. Deprotonation and formation of the indolyl anion,19
shown in eq 11, can, in principle, result in 3, because in the
second resonance form19,68,69 chelation via the C(3) and amide
oxygen atoms is favorable.

We tested this hypothesis by examining the effects of acid
on the coordination. Because addition of NaOH to the reaction
mixture in acetone-d6 caused precipitation of platinum(II),70 the
effects of base on the rate of coordination could not be
determined. Fortunately, the effects of acid were amenable to
study and gave useful mechanistic information. In the standard
reaction mixture for kinetic experiments with indole-3-acetamide
(see the preceding subsection), the concentration of strong acid
(HClO4) was 5 × 10-4 M and kobs (in eq 3) was (1.20 ( 0.22)
× 10-1 min-1. In three additional series of experiments, the
reaction mixtures were 0.10, 0.30, and 0.78 M in CF3COOH,
so that the concentration of strong acid was varied 1600-fold
overall. Higher concentrations of the acid had to be avoided
because the ethylenediamine ligand could be displaced from
the complex. The new kobs values were (1.86 ( 0.37) × 10-1,
(1.92 ( 0.37) × 10-1, and (6.0 ( 1.0) × 10-3 min-1 for the
three concentrations, respectively. Evidently, kobs does not
significantly depend on the acid concentration. The first three
values (at 5 × 10-4 M HClO4 and 0.10 and 0.30 M CF3COOH)
(67)
(68)
(69)
(70)

Hino, T.; Nakagawa, M.; Akaboshi, S. Chem. Commun. 1967, 656.
Nakazaki, M. Bull. Chem. Soc. Jpn. 1959, 32, 838.
Nakazaki, M. Bull. Chem. Soc. Jpn. 1961, 34, 334.
Cotton, F. A.; Wilkinson, G. AdVanced Inorganic Chemistry, 5th ed.;
Wiley: New York, 1988; p 974.

Figure 4. Observed rate constant for the coordination of indole-3acetamide to platinum(II), according to eq 3, depends on the concentration of water. Initial concentrations of indole-3-acetamide and cis[Pt(en)(sol)2]2+ were 0.0094 and 0.094 M, respectively. The solvent
was acetone-d6, and the temperature was 296 K.

are the same, within the error margins. The fourth one, at very
high acid concentration, decreased 25-fold. The mechanism in
eq 10 requires that kobs be inversely proportional to the acid
concentration; therefore, the fourth value should be 1600 times
smaller than the first. The experimental results disagree with
this mechanism because the fourth value (at 0.78 M CF3COOH)
is only 25 times smaller than the first. We favor the mechanism
in eq 5 for coordination of indole-3-acetamide to the platinum(II)
atom.
Inhibition of Coordination by Water. Addition of water
inhibits the coordination of indole-3-acetamide to cis[Pt(en)(sol)2]2+, as Figure 4 shows. We consider two possible
causes of this inhibition. First, competition between water and
the amide oxygen of indole-3-acetamide for binding to platinum(II) would lower the binding constant K. Such effects of
water have been previously observed.71 Second, acetone, a
weakly basic solvent, favors formation of the indolyl anion
in 3, whereas water is notoriously incompatible with
carbanions and other very strong bases.72 Both factors are
likely to contribute to the inhibiting effect of water on the
coordination.
Activation Parameters for Coordination. Because the
observed rate constant for the reaction in eq 3 corresponds to
k2 in eq 5, the activation parameters for the second step in eq
5 could be determined. The results in Figure 5 were fit to the
Eyring equation. The ∆Hq values of 78.2 ( 9.2 and 61.4 (
22.0 kJ mol-1 and the ∆Sq values of -37.5 ( 25.0 and -96.0
( 74.0 J K-1 mol-1 were obtained for indole-3-acetamide and
N-(3-indolylacetyl)-L-alanine, respectively. The relatively high
values of ∆Sq indicate that the transition state is only slightly
more ordered than the substrate.73 This finding is consistent with
the unimolecular closing of the spiro ring.
Change in the Rate-Limiting Step in the Case of a Bulky
Entering Ligand. Figure 6 shows that the rate of entry of the
bulkiest ligand, N-(3-indolylacetyl)-L-phenylalanine, depends on
the concentration of the platinum(II) complex. In this case, the
experimentally determined rate law is given in eq 12, which
differs from eq 4. In the case of bulky entering ligands, the
binding constant K is lowered and eq 8 does not apply. Indeed,
(71) Kaminskaia, N. V.; Kostić, N. M. Inorg. Chem. 1997, 36, 5917.
(72) Carey, F. A.; Sundberg, R. J. AdVanced Organic Chemistry, 3rd ed.;
Plenum Press: New York, 1990; p 397.
(73) Espenson, J. H. Chemical Kinetics and Reaction Mechanisms, 2nd
ed.; McGraw-Hill: New York, 1994; p 303. (b) Reeves, M. E.;
Thornalley, P. J. Biochem. Soc. Trans. 1993, 21, 169. (c) SlebockaTilk, H.; Pescorla, C. G.; Shirin, S. J. Am. Chem. Soc. 1997, 119,
10969.
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Table 3. Second-Order Rate Constant (kdis) for the Displacement of
Indole-3-acetamide from cis-[Pt(en)(indole-3-acetamide)]2+ (3) by
Various Potential Ligandsa
ligand

kdis, M-1 min-1

2-aminoethanol
(CH3)2SO
2-methylimidazole

>5.0
2.0
1.0

ligand
-

CNO
CH3COOCH3CN

kdis, M-1 min-1
<3 × 10-6
<1 × 10-6
<1 × 10-6

a The initial concentration of cis-[Pt(en)(indole-3-acetamide)]2+ was
0.0094 M. The temperature was 296 K, and the solvent was acetoned6.

Figure 5. Temperature dependence of the observed rate constants for
the coordination of indole-3-acetamide (9) and N-(3-indolylacetyl)-Lalanine (b) to platinum(II), according to eq 3. Initial concentrations of
indole-3-acetamide, N-(3-indolylacetyl)-L-alanine, and cis-[Pt(en)(sol)2]2+ were 0.0094, 0.0094, and 0.094 M, respectively. The solvent
was acetone-d6.

Figure 6. Initial rate for the coordination of N-(3-indolylacetyl)-Lphenylalanine to platinum(II) depends on the initial concentration of
the platinum(II) complex. The initial concentration of N-(3-indolylacetyl)-L-phenylalanine was 0.0094 M. The solvent was acetone-d6,
and the temperature was 296 K.

integration of the 1H NMR amide resonances of the free and
O-bound N-(3-indolylacetyl)-L-phenylalanine yield the result K
) 3.3 × 10-3 M-1. Therefore, eq 7 is reduced to eq 13, which
corresponds to the rate law in eq 12. The second-order observed

d[6]/dt ) kobs [ligand]1[Pt(en)(sol)22+]1

(12)

rate constant, kobs ) Kk2, determined from the slope of the plot
in Figure 6 and the initial concentration of N-(3-indolylacetyl)L-phenylalanine, is (1.16 ( 0.05) × 10-1 M-1 min-1.

kobs ) Kk2[Pt(en)(sol)2 ]0
2+

(13)

The rate law in eq 12 was tested further in experiments with
added CF3COOH, a strong acid. When its concentration was 5
× 10-4, 0.1, 0.3, and 0.78 M, the rate constant at 296 K of the
reaction with this bulky ligand was (1.16 ( 0.05) × 10-1, (1.16
( 0.08) × 10-1, (1.13 ( 0.05) × 10-1, and (1.01 ( 0.09) ×
10-1 M-1 min-1, respectively. Evidently, the rate constant is
practically independent of the acid concentration. We conclude
that, even when the entering ligand is bulky, the rate-limiting
step does not involve proton exchange. Again, the evidence is
inconsistent with the mechanism in eq 10. We favor the
mechanism in eq 5.
Stability of Complex 3. As Table 3 shows, some unidentate
ligands do and others do not displace indole-3-acetamide in
complex 3. Most of the reactions were too slow or too fast for

accurate kinetic experiments by 1H NMR spectroscopy. The
results nevertheless show that the new complex, 3, is moderately
stable with respect to substitution.
Coordination of Indole-3-acetamide to Palladium(II) Complexes. Because of the general similarity between platinum(II)
and palladium(II),74 complexes of palladium(II) analogous to
those of platinum(II) discussed above also react with indole3-acetamide and form complexes of the type 3. Their spectroscopic properties are given in Tables S5-S7. But the coordination to palladium(II) is faster; the reaction is nearly complete
in 0.5 min under the same conditions for which coordination to
platinum(II) required 30 min. The slowness of the latter reactions
is convenient, for it allowed the kinetic and mechanistic studies
presented above. Such studies with palladium(II) complexes
were unfeasible.
We also examined the reaction of indole-3-acetamide with
cis-[Pd(Me4en)(sol)2]2+ and [Pd(dien)(sol)]2+, complexes whose
platinum counterparts we did not study. The products of these
two reactions were structurally different from 3. The product
with the Me4en ligand shows downfield movement of the 1H
NMR resonances of the amide and C(8)H2 groups and no change
in those of the indole moiety. These facts indicate that indole3-acetamide coordinates as a unidentate ligand via the amide
oxygen atom.58,59 Large downfield movement of the carbonyl
resonance and invariance of the other 13C resonances corroborate
this conclusion.59 This unidentate coordination is incomplete,
and a large fraction of indole-3-acetamide remains free in
solution even if cis-[Pd(Me4en)(sol)2]2+ is present in excess.
Both 1H and 13C NMR spectra of indole-3-acetamide remain
unchanged even after a 20-h incubation with [Pd(dien)(sol)]2+
at 296 K. The unidentate coordination in the former case and
lack of coordination in the latter case result from steric repulsion
and the relative lability of palladium(II) complexes.
Conclusion
Reactions of platinum(II) and palladium(II) complexes with
indole-3-acetamide and its derivatives produced new complexes
of unusual structure. Various NMR, UV, IR, and mass spectra
revealed bidentate coordination via the indole carbon C(3) and
the amide oxygen. The indolyl group in the derivatives
containing substituents at the C(3) atom cannot coordinate to
platinum(II) as a unidentate ligand. If this inability also applies
to tryptophan and to other transition metals, this study may help
explain why tryptophan residue has not been found bound to
transition-metal ions that are intrinsic to proteins. Our recent
discovery of such binding and selective cleavage of tryptophancontaining peptides18 opens new directions for research into the
bioinorganic and biological chemistry of tryptophan.
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