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Abstract: The Pd(ll) complexes of new 2N10O-donor ligands containing a pendent indole, 3-[N-2-
pyridylmethyl-N-2-hydroxy-3,5-di(tert-butyl)benzylamino]ethylindole (Htbu-iepp), 1-methyl-3-[N-2-pyridyl-
methyl-N-2-hydroxy-3,5-di(tert-butyl)benzylamino]ethylindole (Htbu-miepp), 3-[N-2-pyridylmethyl-N-2-hy-
droxy-3,5-di(tert-butyl)benzylaminolmethylindole (Htbu-impp), and 3-(N-2-pyridylmethyl-N-4-hydroxyben-
zylamino)ethylindole (Hp-iepp) (H denotes a dissociable proton), were synthesized, and the structures of
[Pd(tbu-iepp)Cl] (1a), [Pd(tbu-iepp-c)CI] (1b), [Pd(tbu-miepp)CI] (3), and [Pd(p-iepp-c)Cl] (4) (tbu-iepp-c
and p-iepp-c denote tbu-iepp and p-iepp bound to Pd(ll) through a carbon atom, respectively) were
determined by X-ray analysis. Complexes l1a prepared in CH,Cl,/CH3;CN and 3 prepared in CH3;CN have
a pyridine nitrogen, an amine nitrogen, a phenolate oxygen, and a chloride ion in the coordination plane.
Complex 1b prepared in CH3CN has the same composition as 1a and was revealed to have the C2 atom
of the indole ring bound to Pd(Il) with the Pd(Il)—C2 distance of 1.973(2) A. The same Pd(Il)—indole C2
bonding was revealed for 4. Interconversion between l1a and 1b was observed for their solutions, the
equilibrium being dependent on the solvent used. Reaction of 1b and 4 with 1 equiv of Ce(IV) in DMF gave
the corresponding one-electron-oxidized species, which exhibited an ESR signal at g = 2.004 and an
absorption peak at ~550 nm, indicating the formation of the Pd(ll)—indole s-cation radical species. The
half-life, t.», of the indole radical species at room temperature was calculated to be 20 s (kobs = 3.5 x 1072
s™1) for 1b. The cyclic voltammogram for 1b in DMF gave two irreversible oxidation peaks at Ey, = 0.68
and 0.80 V (vs Ag/AgCl), which were ascribed to the oxidation processes of the coordinated indole and
phenolate moieties, respectively.

Introduction through the amino and carboxylate groups and may undergo
intramolecular stacking interactichd! as typically revealed for
[Cu(L)(Trp)]CIO4 (L = 2,2-bipyridine!? or 1,10-phenanthro-
line'3). The indole ring is not known to be involved in metal

gbinding in biological systems, but it can form various metal
indole bonds in chemical systems. We reported earlier that
alkylindoles coordinate to Pd(Il) through the imine nitrogen
atom of the tautomerick-indole ring where the NH hydrogen
atom is bound at the C3 atothPd(I1)—C3 bond formation was
observed for the complex of indole-3-acetate (IA) in th¢ 3
indole form, [Pd(IA) 2(py)2] (py = pyridine), where Pd(Il) binds
with |A to form a spiro ring through the carboxylate oxygen

Aromatic amino acid residues play vital roles in the stabiliza-
tion and functions of proteins:3 The tyrosyl residue serves as
an important metal binding site and forms the mefatienoxyl
radical species as has been established for Cu-containin
galactose oxidast? On the other hand, the indole ring of the
tryptophyl residue with the highest hydrophobicity among
o-amino acid& is known to form a hydrophobic environment
for specific binding of molecules and to be involved in electron-
transfer pathways® Tryptophan (Trp) coordinates to metal ions
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and C3 atoms with deprotonatidh Kostic et al. developed
unique artificial peptidases using Pd(ll) and Pt(ll) which
recognize the indole moiety and cleave the adjacent amide or
peptide bond specificallie Other examples are also known for
Pd(I)—indole C2 bonding as a result of a cyclopalladation-
like reactiont” The pendent indole ring in metal complexes of
tripodal ligands, where one of the coordinating groups was
replaced with an indole ring, was found to bind with Cu(l) by
n?-type coordination of the G2C3 bond to form a tetrahedral
structuret®

On the other hand, formation of the indolyl radical from a
tryptophyl residue in proteins has been established for the Z
intermediate, compound I, formed in the catalytic reaction of Y
cytochromec peroxidase (CcP)?:81%2%ndolyl radical formation N
is possible with other biological systerhgnd more recently
Gray et al. reported the formation of the photogenerated / OH
tryptophan radical in modified azurii$.Indole radicals in I
chemical systems have been generated by pulse radidlysis, Me/‘
but their characterization has been difficult because of the
instability. We observed previously that the Cu(l) complex of
the N,N-bis(3-indolyl)methyl derivative of 2-aminomethylpyr-
idine in CHCI, reacted with dioxygen to form a Cy(u-O),
intermediate, giving a compound with a bis(indolyl) moiety with
aspiroring structure as a decomposition prod&fcthis strongly
suggested that the bis(indolyl) structure resulted from the
coupling of two vicinal indolyl radicals, although we could not
detect radical species in the course of the reaction.

With these points in mind, we now investigated the behavior
of the pendent indole ring in the Pd(Il) complexes of 2N10-
donor ligands |nvoI.V|n-g a Pheno"_a pyridine, a“O_' a tert'?ry 3-[N-2-Pyridylmethyl-N-2-hydroxy-3,5-ditert-butyl)benzylamino]-
amine as metal binding sites (Figure 1). The indole ring ethylindole (Htbu-iepp). To a solution of 3,5-digrt-butyl)salicylal-
exhibited a stacking interaction with the coordinated pyridine dehydes (2.34 g, 10 mmol) and 3N-2-pyridylmethylamino)ethylin-
ring and replaced the phenolate group under suitable conditionsdole’®2 (2.6 g, 10 mmol) in methanol (50 mL) was carefully added
to form complexes with a direct Pd(H)C2 bond, which were sodium cyanoborohydride (0.63 g, 10 mmol). The resulting solution
shown to give the indole-cation radical species upon oxidation Wwas stirred fo 6 h to give a white powder, which was recrystallized
with cerium(1V). from CH;COOGHs. Yield: 2.14 g (45%).'H NMR (400 MHz,
CDCL): ¢ (vs TMS) 10.83 (br, 1H), 8.52 (d, 1H), 7.92 (s, 1H), 7.54
(t, 1H), 7.20 (m, 4H), 7.11 (m, 2H), 7.00 (t, 1H), 6.98 (s, 1H), 6.95 (s,
1H), 3.93 (s, 2H), 3.89 (s, 2H), 2.97 (m, 4H), 1.44 (s, 9H), 1.28 (s,
9H).

;-[N-Z-Pyridylmethyl -N-2-hydroxy-3,5-di(tert-butyl)benzylamino]-
methylindole (Htbu-impp). Indole (0.73 g, 6.2 mmol) andN-2-
pyridylmethylN-2-hydroxy-3,5-diert-butyl)benzylamin® (2.03 g,
6.22 mmol) were dissolved in methanol (50 mL), to which an aqueous
solution of formaldehyde (0.50 g, 6.2 mmol) and a small amount of
acetic acid were added. The resulting solution was stirred fo to
give a white powder, which was recrystallized from £LHDOGH:s.
Yield: 2.0 g (72%).*H NMR (400 MHz, CDC}): d (vs TMS) 11.04
(br, 1H), 8.56 (d, 1H), 8.16 (s, 1H), 7.65 (m, 2H), 7.36 (d, 2H), 7.27
(d, 2H), 7.14 (m, 3H), 6.85 (d, 1H), 3.93 (s, 2H), 3.84 (s, 2H), 3.83 (s,
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Figure 1. Structures of ligands.

Experimental Section

Materials. Indole and sodium cyanoborohydride were obtained from
Tokyo Kasei, triethylamine was from Wako, and Pg@las from
Aldrich. All of the chemicals used were of the highest grade available
and were further purified whenever necessargolvents were also
purified before use by standard methd4&MSO-ds was purchased
from the Cambridge Isotope Laboratory.
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2H), 1.46 (s, 9H), 1.26 (s, 9H).
1-Methyl-3-[N-2-Pyridylmethyl-N-2-hydroxy-3,5-di(tert-butyl)-
benzylamino]ethylindole (Htbu-miepp). Htbu-miepp was prepared in
a manner similar to that described for Htbu-iepp from 3,5edi{putyl)-
salicylaldehyd® (2.3 g, 10 mmol) and 1-methyl-3N¢2-pyridylmethyl-
amino)ethylindole (2.7 g, 10 mmal§:?"Yield: 3.6 g (75%)*H NMR
(400 MHz, CDC}): o (vs TMS) 8.46 (d, 1H), 7.65 (s, 1H), 7.52 (t,

(25) (a) Shimazaki, Y.; Huth, S.; Hirota, S.; Yamauchi, Bull. Chem. Soc.
Jpn 200Q 73, 1187-1195. (b) Shimazaki, Y.; Huth, S.; Odani, A,
Yamauchi, O.Angew. Chem., Int. E200Q 39, 1666-1669.

(26) Yajima, T.; Shimazaki, Y.; Ishigami, N.; Odani, A.; Yamauchi,|@org.
Chim. Acta2002 337, 193-202.

(27) Kuehne, M. E.; Huebner, J. A.; Matsko, T. Bl. Org. Chem 1979 44,
2477-2480.

J. AM. CHEM. SOC. = VOL. 126, NO. 23, 2004 7379



ARTICLES

Motoyama et al.

1H), 7.25 (m, 2H), 7.15 (t, 1H), 7.11 (g, 1H), 6.96 (t, 1H), 6.87 (t,
2H), 6.79 (s, 1H), 3.91 (s, 2H), 3.85 (s, 2H), 3.69 (s, 3H), 2.95 (m,
4H), 1.43 (s, 9H), 1.41 (s, 9H).
3-(N-2-Pyridylmethyl-N-4-hydroxybenzylamino)ethylindole
(Hp-iepp). Hp-iepp was prepared in a manner similar to that described
for Htbu-iepp from 4-hydroxybenzaldehyde (1.2 g, 10 mmol) antl-3-(
2-pyridylmethylamino)ethylindole (2.6 g, 10 mmol). Yield: 2.02 g
(57%).'*H NMR (400 MHz, DMSO¢s): 6 (vs TMS) 10.72 (br, 1H),
9.29 (s, 1H), 8.45 (d, 1H), 7.70 (t, 2H), 7.46 (d, 2H), 7.20 (m, 2H),
7.01 (t, 2H), 6.87 (t, 2H), 6.70 (d, 2H), 3.16 (s, 2H), 2.70 (t, 2H), 2.67
(t, 2H), 2.50 (s, 2H).
N-2-Pyridylmethyl-N-2-hydroxy-3,5-di(tert-butyl)benzylamine
(Htbu-pep). To a solution of 2-pyridylmethylamine (1.08 g, 10 mmol)
in methanol (100 mL) was added 3,5#dit-butyl)salicylaldehyde (2.34
g, 10 mmol), and to the resulting solution was carefully added sodium
tetrahydroborate (0.30 g, 8 mmol) with stirring. The reaction mixture
was then stirred for 12 h at room temperature, acidified by addition of

(d, 1H), 4.31 (d, 1H), 4.20 (d, 1H), 3.68 (d, 1H), 3.59 (td, 2H), 3.22
(d, 1H), 3.14 (d, 1H). Anal. Calcd fds (C,1H2oN,OCIPd): C, 53.97;
H, 6.25; N, 5.99. Found: C, 53.54; H, 6.23; N, 5.84. NMR (400
MHz, DMSO-dg): 6 (vs TMS) 8.67 (d, 1H), 8.02 (t, 1H), 7.63 (d,
1H), 7.48 (t, 1H), 7.01 (d, 2H), 6.96 (br, 1H), 6.89 (d, 1H), 4.66 (q,
1H), 4.06 (m, 2H), 3.45 (t, 1H), 1.35 (s, 9H), 1.21 (s, 9H).

X-ray Structure Determination. The X-ray experiments were
carried out for the well-shaped single crystal of comglbyon a Rigaku
RAXIS imaging plate area detector with graphite monochromated Mo
Ka radiation ¢ = 0.71073 A). The crystal was mounted on a glass
fiber. To determine the cell constants and orientation matrix, three
oscillation photographs were taken for each frame with an oscillation
angle of 3 and an exposure time of 3 min. The X-ray experiments for
la, 3, and 4 were carried out on a Rigaku MSC Mercury CCD
diffractometer with graphite monochromated MaxKadiation ¢ =
0.71073 A). For the determination of the cell constants and orientation
matrix, six oscillation photographs were taken for each frame with an

concentrated HCI, and evaporated almost to dryness under a reducedscillation angle of 0.3and an exposure time of 10 s. Intensity data

pressure. The residue was dissolved in saturated aquegGONEO
mL) and extracted with three 100-mL portions of Ckldlhe combined
extracts were dried over B8Q, and evaporated almost to dryness under

were collected by taking oscillation photographs. Refraction data were
corrected for both Lorentz and polarization effects. The structures were
solved by the direct method and refined anisotropically for non-

a reduced pressure to give a white powder, which was recrystallized hydrogen atoms by full-matrix least-squares calculations except for the

from diethyl ether. Yield: 2.22 g (68%)H NMR (400 MHz, DMSO-
de): O (vs TMS) 8.53 (d, 1H), 7.78 (t, 1H), 7.37 (d, 1H), 7.28 (t, 1H),
7.08 (d, 1H), 6.85 (d, 1H), 3.87 (s, 2H), 3.84 (s, 2H), 1.35 (s, 9H),
1.22 (s, 9H).

[Pd(tbu-iepp)CI] (1a). To a solution of Htbu-iepp (0.47 g, 1.0 mmol)
in 1:1 (v/iv) CHCI//CHsCN (20 mL) was added Pd£(0.18 g, 1.0
mmol). A few drops of triethylamine were added to the resulting

disordered terminal carbons of one of tkeet-butyl groups in complex

3. The treatment of the disordered carbons3iwas made in such a
way that the six apparent carbons were placed ornettidoutyl group,

and the occupancy of each carbon was obtained by calculation. All of
the disordered carbons were refined isotropically. Each refinement was
continued until all shifts were smaller than one-third of the standard
deviations of the parameters involved. Atomic scattering factors were

solution, which was stirred overnight at room temperature to give orange taken from the literaturé Except for the hydrogen atoms of the phenol

crystals. Anal. Calcd folla (Cs1H3sNsOCIPd): C, 60.99; H, 6.27; N,
6.88. Found: C, 60.88; H, 6.31; N, 6.8 NMR (400 MHz, DMSO-
dg): O (vs TMS) 10.74 (s, 1H), 8.69 (d, 1H), 8.11 (t, 1H), 7.77 (d,
1H), 7.52 (t, 1H), 7.23 (d, 1H), 7.10 (s, 1H), 7.09 (s, 1H), 6.96 (t, 1H),
6.88 (d, 1H), 6.71 (m, 2H), 5.47 (d, 1H), 4.64 (d, 1H), 4.48 (d, 1H),
3.75 (d, 1H), 2.99 (m, 2H), 2.85 (m, 1H), 2.70 (m, 1H), 1.36 (s, 9H),
1.22 (s, 9H).

[Pd(tbu-iepp-c)CI] (1b). To a suspension of Htbu-iepp (0.47 g, 1.0
mmol) in CHCN (20 mL) was added Pd£(0.18 g, 1.0 mmol). A
few drops of triethylamine were added to the resulting solution, which
was refluxed overnight to give yellow crystals. Anal. Calcd fidr
(Cs1H3gNsOCIPd): C, 60.99; H, 6.27; N, 6.88. Found: C, 60.85; H,
6.41; N, 6.891H NMR (400 MHz, DMSO#k): d (vs TMS) 9.52 (s,
1H), 8.44 (d, 1H), 8.34 (s, 1H), 8.09 (d, 1H), 7.65 (t, 1H), 7.36 (q,
1H), 7.29 (q, 1H), 7.15 (m, 2H), 6.84 (m, 3H), 4.74 (d, 1H), 4.43 (d,
1H), 4.07 (g, 2H), 3.77 (m, 1H), 3.41 (m, 1H), 1.23 (s, 9H), 1.20 (s,
9H).

[Pd(tbu-impp)CI] (2), [Pd(tbu-miepp)CI] (3), [Pd(p-iepp-c)CI] -
CH3CN (4), and [Pd(tbu-pp)CI] (5). These complexes were prepared
in a manner similar to that described fbb as orange crystal(3,
and5) and yellow crystals4), respectively. Anal. Calcd fd (CsoHzeNs-
OCIPd): C, 60.41; H, 6.08; N, 7.04. Found: C, 60.38; H, 6.08; N,
7.05.1H NMR (400 MHz, DMSO#k): 6 (vs TMS) 10.97 (br, 1H),
8.22 (d, 1H), 8.04 (d, 1H), 7.59 (t, 1H), 7.28 (d, 1H), 7.10 (m, 3H),
7.01 (m, 3H), 6.91 (t, 1H), 4.94 (d, 1H), 4.80 (d, 1H), 4.17 (d, 1H),
4.00 (d, 1H), 3.60 (d, 1H), 3.47 (d, 1H), 1.44 (s, 9H), 1.26 (s, 9H).
Anal. Calcd for3 (Cs:HaoNsOCIPd): C, 61.54; H, 6.46; N, 6.73.
Found: C, 61.48; H, 6.48; N, 6.7%4 NMR (400 MHz, DMSO¢):

0 (vs TMS) 8.65 (d, 1H), 8.07 (t, 1H), 7.76 (d, 1H), 7.47 (t, 1H), 7.22
(d, 1H), 7.11 (d, 1H), 7.04 (d, 1H), 7.00 (t, 1H), 6.86 (s, 1H), 6.72 (t,
1H), 6.66 (d, 1H), 5.00 (d, 1H), 4.65 (d, 1H), 4.48 (d, 1H), 3.72 (d,
1H), 3.61 (s, 3H), 3.37 (d, 1H), 2.97 (m, 3H), 2.67 (m, 1H), 1.37 (s,
9H), 1.23 (s, 9H). Anal. Calcd fo# (CaaH23N3sOCIPGdCHSCN): C,
55.57; H, 4.85; N, 10.37. Found: C, 55.54; H, 4.83; N, 10#4NMR
(400 MHz, DMSO¢g): 6 (vs TMS) 9.45 (br, 1H), 9.45 (br, 1H), 8.53
(d, 1H), 7.83 (t, 1H), 7.30 (m, 6H), 6.84 (m, 2H), 6.47 (d, 2H), 4.75

7380 J. AM. CHEM. SOC. = VOL. 126, NO. 23, 2004

OH group and the disordered carbons3jrall hydrogen atoms were
located at the calculated positions, assigned a fixed displacement, and
constrained to ideal geometry with-& = 0.95 A and N-H = 0.90

A. The thermal parameters of calculated hydrogen atoms were related
to those of their parent atoms ty(H) = 1.2Uc(C,N). The hydrogen
atoms of the phenol OH groups were located from the difference Fourier
maps, while no hydrogen atoms were assigned to the disordered carbons
in 3. All of the calculations were performed by using the TEXSAN
crystallographic software program package from the Molecular Structure
Corp?® Summaries of the fundamental crystal data and experimental
parameters for the structure determination of compléxesb, 3, and

4 are given in Table 1.

SpectroscopiesElectronic spectra were measured with a Shimadzu
UV-3101PC spectrophotometer. NMR measurements were performed
with a JEOL JNM-GSX-400 (400 MHz) NMR spectrometer. Frozen
solution ESR spectra were taken at 77 K in quartz tubes with a 4-mm
inner diameter on a JEOL JES-RE1X X-band spectrometer equipped
with a standard low-temperature apparatus. dfalues were calibrated
with a Mn(Il) marker used as a reference.

Collection of NMR Data for the van't Hoff Plot. The'H NMR
data were measured for each of five 1-mL aliquots of 1 rhMin
DMSO-ds after keeping them in a bath thermostated at 20, 30, 40, 50,
and 60°C, respectively. The average values of concentratiorapf
which were calculated from the data collected from five independent
measurements, were used for the van't Hoff plot.

Electrochemistry. Redox potentials cfaand1b (1.0 mM) in dried
DMF containing 0.1 M tetrax-butylammonium perchlorate (TBAP)
as supporting electrolyte were determined at room temperature under
deaerated conditions by cyclic voltammetry using a BAS 100B
electrochemical analyzer with a three-electrode system. A glassy-carbon
and a platinum wire were used as the working electrode and the counter
electrode, respectively. The reversibility of the electrochemical processes

(28) Ibers, J. A.; Hamilton, W. Gnternational Tables for X-ray Crystallography
Kynoch: Birmingham, 1974; Vol. IV.

(29) Crystal Structure Analysis Package, Molecular Structure Corp., 1985 and
1999.
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Table 1. Crystallographic Data
la 1b 3 4
formula PdG1H38N30C| PdCalH33N30C| PdCazH4oN3OC| PCtC52H53N902C|2
formula weight 610.51 610.51 624.54 1119.76
crystal color, habit orange, platelet yellow, prism orange, needle yellow, prism
crystal dimensions (mm) 0.4%5 0.16 x 0.02 0.12x 0.23x 0.21 0.18x 0.03x 0.05 0.26x 0.12x 0.10
crystal system orthorhombic monoclinic monoclinic monoclinic
a(h) 17.276(5) 8.5354(6) 11.777(2) 12.252(2)
b (A) 69.1(1) 15.3198(9) 8.450(2) 14.313(2)
c(A) 9.519(2) 21.615(2) 30.106(6) 15.292(2)
o (deg) 76.069(9)
B (deg) 87.961(3) 96.9551(9) 69.391(8)
y (deg) 86.72(1)
V (A3) 11 364(17) 2824.6(4) 2974(1) 2435.0(6)
space group Fdd2 P2:/n P2i1/n P-1
Zvalue 16 4 4 2
Deaic (g/c?) 1.427 1.436 1.395 1.527
F(000) 5056.00 1264.00 1296.00 1140.00
u (Mo Ka)/em™ 7.76 7.81 7.43 9.00
20maideg 55.0 55.0 55.0 55.0
observed refins 21911 26 676 23270 21652
independent refins 6015 6438 6566 10870
reflns used 6015 6438 6566 10870
no. of variables 335 334 343 604
Ri[l > 20(1)]2 0.038 0.030 0.040 0.047
Ry (all data¥ 0.101 0.077 0.108 0.114

ARy = Y |IFol — IFcll/%|Fol for I > 20(1) data. Ry = { Yo (|Fol — [F)/X0Fo?} Y% o = Lo%(Fo) = {0(Fo) + p24-Fo? 1.

N(3)
?A Cﬁ )
= o

J/

Iy, o
O\%\«\D\ci\u\

o fpa XN be

Figure 2. ORTEP view of [Pd(tbu-iepp)Cl]1@) drawn with the thermal cI(1)

ellipsoids at the 50% probability level and the atomic labeling scheme.  Figire 3. ORTEP view of [Pd(tbu-miepp)CI3) drawn with the thermal
ellipsoids at the 50% probability level and the atomic labeling scheme.

was evaluated by standard procedures, and all potentials were recorded

against the Ag/AgCl reference electrode which was calibrated with the coordinated and is without any interactions within the complex

ferrocene/ferrocenium redox couple. molecule.

The reactions of Htbu-iepp and Hp-iepp with Pg@h
CHsCN with refluxing gave [Pd(tbu-iepp-c)CIILp) and [Pd-
(p-iepp-Cc)CI}CH3CN (4), respectively, as yellow crystals.
Complex1b was also obtained by refluxinga in CH3CN for
12 h and was found to have the same formuld@asNo such
conversion was observed fBrwhere a methylene group instead

] X ; of an ethylene group bridges the tertiary nitrogen atom and the
[Pd(tbu-iepp)Cl] &) and [Pd(tbu-impp)Cl] %), respectively,  indole ring. Complexedb and4 were disclosed to have the

as orange crystals. A complex containing\emethyltryptamine  stryctures shown in Figures 4 and 5, respectively, where the
moiety, [Pd(tbu-miepp)Cl]3), was also obtained as an orange pd(|l) ion binds with the C2 atom of the indole ring in addition
powder by the reaction in GJEN at 80 °C. X-ray crystal o the amine and pyridine nitrogens in a square-planar geometry.
structure analysis revealed thed and 3 have a mononuclear  The unit cell of4 consists of two crystallographically indepen-
square-planar geometry formed by a phenolate oxygen, an amingjent Pd(ll) complexes and three @&N molecules. The Pd
nitrogen, a pyridine nitrogen, and a chloride ion, as shown in N, Pd-C, and Pe-Cl bond lengths olb and4 (Pd—N = 2.07—
Figures 2 and 3, respectively. Compl[2kaving a ligand very 2.11; Pd(1¥C = 1.97-1.98; Pd-Cl = 2.31-2.32 A) (Table
similar to that of 1a and 3 is inferred to have the same  2) are within the ranges reported for Pd(Il) comple3&¥.As
coordination structure. The PdN and Pd-O bond lengths of compared withla, 1b and4 have a longer PeN(1) distance,
these complexes (PeN = 2.00-2.08; Pd-O = 1.97-2.00 A)
(Table 2) correspond well with those reported for Pd(ll) (30) Barnard, C. T. J.; Russel, M. J. H. lBomprehensie Coordination

. L ) X Chemistry Wilkinson, G., Gillard, R. D., McCleverty, J. A., Eds.;
complexeg%30 The side-chain indole ring ofa and 3 is not Pergamon: Oxford, 1987; Vol. 5, Chapter 53.

Results and Discussion

Preparation and Structures of Pd(Il) Complexes.2N10-
donor tripod-like ligands, Htbu-iepp and Htbu-impp where H
denotes a dissociable proton, reacted with R&DH triethyl-
amine in 1:1 (v/v) CHCI,/C;HsOH at room temperature to give

J. AM. CHEM. SOC. = VOL. 126, NO. 23, 2004 7381
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Table 2. Selected Bond Lengths (A) and Angles (deg) for 1, 3, and 4

la 1b 3 molecule 1 molecule 2
Bond Lengths
Pd—N(1) 2.011(4) 2.092(2) 2.008(3) 2.103(3) 2.113(3)
Pd—N(2) 2.044(4) 2.078(2) 2.039(3) 2.074(3) 2.072(3)
Pd-0(1) 1.985(3) 1.975(2)
Pd—-C(1) 1.973(2) 1.980(3) 1.983(3)
Pd—-ClI 2.317(1) 2.3174(6) 2.3255(8) 2.3198(9) 2.3111(9)
Bond Angles
N(1)—Pd—N(2) 83.1(2) 82.95(7) 83.5(1) 81.7(1) 82.2(1)
N(1)—Pd-0(1) 175.1(1) 176.8(1)
N(1)—Pd-C(1) 173.56(8) 172.5(1) 173.3(1)
N(1)—Pd-ClI 95.2(1) 94.37(5) 94.66(8) 93.82(9) 94.44(9)
N(2)—Pd-0(1) 94.1(1) 93.8(1)
N(2)—Pd—C(1) 90.77(8) 91.9(1) 91.3(1)
N(2)—Pd-Cl 176.2(1) 176.64(5) 177.71(8) 175.41(8) 176.56(8)
O(1)—-Pd-ClI 87.8(1) 88.12(7)
C(1)—Pd-ClI 91.96(6) 92.6(1) 92.1(1)

L
%—}r— éa)

Figure 4. ORTEP view of [Pd(tbu-iepp-c)CIJlp) drawn with the thermal
ellipsoids at the 50% probability level and the atomic labeling scheme.

Figure 5. ORTEP view of [Pd(p-iepp-c)Cl]4) drawn with the thermal
ellipsoids at the 50% probability level and the atomic labeling scheme.

Table 3. Absorption and Cyclic Voltammetric Data for Pd(ll)
Complexes in DMF

wavelength/nm (e/M~tcm—?) E/V vs Ag/AgCI
tbu-iepp (@) 450 (940, sh) 340 (4100, sh) 0.97 1.08
tbu-iepp (Lb) 290 (14000) 0.68 0.80
tbu-impp @) 450 (920, sh) 340 (3900, sh) 0.89 1.01
tbu-miepp 8) 450 (900, sh) 340 (3900, sh)
p-iepp @) 295 (9200) 0.70 0.83

in the intramolecularr— stacking. The shortestgoe— Cpyridine

distance is 3.172(3) A fotb and 3.060(5) and 3.133(5) A for

4, and the angle between the average planes of the two aromatic

rings is 33.2 for 1b and 37.8 and 58.4 for 4. It is interesting

to note in this connection that the side-chain phenol and indole

rings stack only with the coordinated pyridine ring and do not

stack with each other. This finding corresponds well with our

previous observation on analogous compleXes.
Characterization of the Complexes. (a) Spectral Proper-

ties. The absorption spectra db and4 in DMF in the range

250-1000 nm exhibited a strong peak at 290 rm~14 000)

and 295 nm4 =

peaks at 340 and 450 nm (Table 3), supporting thhas the

same coordination structure as thatlaef and 3. Because the

450-nm peak is assigned to the phenolate-to-Pd(ll) charge-

transfer band (LMCTY¥S lack of this peak irlb and4 indicates

9200), respectively, whilgéa, 2, and3 showed

which may be ascribed to the difference in the trans effects of that the phenolate oxygen is not coordinated in these complexes

Pd—0 and Pd-C bonds. The indole C2C3 bond length irLb
(1.379(3) A) and4 (1.375(5) and 1.374(6) A) is only slightly
longer than that of uncoordinated indole rig2?6which is
reminiscent of the corresponding bond length of af
coordinated indole (1.379(7) A%. The Pd(l)-C distance in
1b and4 is much shorter than that of the reported metatiole
complexes (Pd(IF-C3 = 2.12-2.15}% Cu(l)—C2 and Cu(l}-
C3=2.23-2.27 A8 but is within the normal range for other
cyclopalladated complexé&.32 The phenol ring ofltb and 4

is located above the coordinated pyridine ring to be involved

(31) (a) Newkome, G. R.; Puckett, W. E.; Gupta, V. K.; Kiefer, G.Chem.
Rev. 1986 86, 451-489. (b) Yoneda, A.; Hakushi, T.; Newkome, G. R.;
Morimoto, Y.; Yasuoka, NChem. Lett1994 175-176. (c) Orpen, A. G.;
Brammer, L.; Allen, F. H.; Kennard, O.; Watson, D. G.; Taylor JRChem.
Soc., Dalton Trans1989 S1-S83. (d) Newkome, G. R.; Puckett, W. E.;
Kiefer, G. E.; Gupta, V. K.; Fronczek, F. R.; Pantaleo, D. C.; McClure, G.
L.; Simpson, J. B.; Deutsch, W. Anorg. Chem 1985 24, 811-826.

(32) Omae, I0rganometallic Intramolecular-Coordination CompounBisevier

Science Publishers: Amsterdam, NY, 1986.
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in DMF, supporting that the Pd(Hindole C2 bond is main-
tained in solution as well as in the solid state. TheNMR
chemical shifts fodaand5 which is without a pendent aromatic
ring are very similar, and this supports that the side-chain indole
ring is not stacked with the coordinated pyridine ringlan On

the other hand, large shift differences were observed between
the indole protons ofaandlb in DMSO; the signals of indole

C4, C5, and C7 protons itb shifted downfield relative to those

of lawith the chemical shift difference\d = —(6 — d14), Of
—0.1to—0.6 ppm. These shifts which were also observed for
4 reflect o-donation to Pd(ll) by the indole ring and are in
contrast with the rather small differences observed between the
Cu(l)-n2-coordinated indole and free inddi2A large upfield

shift was detected for the indole NH protod = 2.40 ppm).

(33) (@) Crabtree, R. HChem. Re. 1985 85, 245-269. (b) Alsters, P. L.; Engel,
P. F.; Hogerheide, M. P.; Copijn, M.; Speck, A. L.; van Koten, G.

Organometallics1993 12, 1831-1844.



Indole Ring in Pd(ll) Complexes of 2N10-Donor Ligands

ARTICLES

Table 4. H NMR Chemical Shifts (6/ppm) and Upfield Shifts
(A0)2 of Pyridine and Indole Proton Signals for Pd(ll) Complexes
in DMSO-de

o (A0)ppm

tbu-iepp (1a)  tbu-iepp (1b) thu-impp (2) tbu-miepp (3) tbu-pp (5)
py3 7.77 7.164¢0.61) 7.01¢0.76) 7.76 {0.01) 7.63{0.14)
py4 8.11 7.65¢0.46) 7.590.52) 8.07 (-0.04) 8.02 ¢-0.09)
py5 7.52 7.154¢0.37) 6.91(0.61) 7.47 {0.05) 7.48 {0.04)
py6 8.69 8.44{0.25) 8.220.47) 8.650.04) 8.67 {-0.02)
inl 10.74  8.3442.40) 10.97 {0.23)
in2 6.88 7.10¢0.22) 6.86 ¢0.02)
ind 7.22 7.36¢0.14) 8.04¢0.82) 7.22(0.0)
in5 6.72 6.83¢0.11) 6.91¢0.19) 6.72(0.0)
in6 6.96 6.83¢0.13) 7.10¢0.14) 7.00 -0.04)
in7 6.72 7.29¢0.57) 7.10¢0.38) 6.66 {-0.06)

AA0 = —(0 — Ad1g), Whereds, refers to the shift foa

Complexeslb and?2 exhibited upfield shifts of the coordinated
pyridine proton signals relative to those fba, and theAod
values (0.25-0.76 ppm) (Table 4) clearly show that the pyridine
ring is stacked with the aromatic ring in solution. The NMR
spectral behavior oR is very similar to that of the Pd(Il)
complexes of 2N10O-donor ligands with a pendent indole ring
stacked with the pyridine ringf. These observations substantiate
that the side-chain conformations as well as the coordination
structures are maintained both in the solid state and in solution.

(b) Structural Changes. As expected from the conditions
for isolation of1la and1b, conversion oflato 1b occurred in
solution with the structural changes shown in Scheme 1. When
the solution of la in CH3CN/CH,Cl, was kept at room
temperature for a few days, two kinds of crystals, orange crystals
of 1a and yellow crystals olLb, separated. The solution &b
in DMSO, on the other hand, exhibited a color change from
yellow to orange with the appearance of a 450-nm peakaof
upon standing for 1 day at room temperature, indicating the
conversion fromlb to la This change was not observed in
CH3CN and CHCI,. Dependence of the interconversion on
solvents may be due to the solubility of the complexdsjs
much less soluble in CG4&€N/CH,Cl, than in DMSO and is not
converted tdlain this solvent mixture, whereas conversion from
lato 1b proceeds becauskh crystallizes out of the solution.
The IH NMR spectra indicated that the ratio d& to 1b was
1:0.3 in DMSO after 24 h at room temperature and 1:1 at 60
°C. Because of decomposition &b, complete conversion of
1b to 1a was not possible at 100C and higher temperatures.

To understand the mechanism of the conversion, we carried out(3s

an isotope-labeling experiment; deuterafdsl 1b-dpneno With

the deuterated phenol moiety, was converted in DM@+

70 °C to la-dingole Whose indole C2 position was over 85%
deuterated, but nondeuteratéth did not give any indole-
deuterated complex. The reaction Id in 2:1 (v/v) CD;CN/

D,0O gavelb with the nondeuterated phenol moiety. No such
conversion was detected for complkéxwhere coordination of
the intramolecular phenolate oxygen is not possible. These
results suggest that the phenol OH group takes part in the
process of the structural conversion betwéarand1b, where

the chelate effect is inferred to be important and the phenolate
oxygen abstracts the indole C2 proton to fatlmn Complexlb

separated from the solution as soon as it was formed, and this

may explain why the phenol OH group was not deuterated in
the above experiment. It is generally agreed that cyclopalladation
reactions of aryl compounds proceed by an electrophilic

substitution mechanisif. The rate-determining step in such
processes is the-€H bond cleavage, which is normally regarded
as an irreversible proce&s3¢ In reversible cyclopalladation
reactions of aromatic ligands, on the other hand, kinetically
controlled isomers have been reported to be different from
thermodynamically controlled isometswhich explains the
present structural conversion where the phenolate cond@ex
is kinetically favored and the cyclopalladated compléxis
thermodynamically favored in GJEN. Our results indicate that
the C-H bond scission is a reversible step in the present
interconversion betweeha and 1b. The energy gap between
laandlb, AE, was estimated from the van’t Hoff plot using
the 'TH NMR data in DMSO (see Experimental Section) to be
15 kJ moiL, which is relatively large when compared with the
rather small enthalpy of formation (6@20 kJ mof?) of a
Pd-C bond by cyclopalladatioff.36

Formation of the Pd(IH-indole o-bond observed fotb and
4 may be related with the favorable six-membered chelate ring
formed by the indole C2 and amine nitrogen atoms. We infer
from the structures oflb and 2 that the observed structural
difference is a consequence of the steric requirements for the
side-chain indole ring to approach the Pd cef#&onsidering
that complex3 containing anN-methylindole moiety instead
of the NH—-indole in1ladid not undergo the conversion tod
indole species under a similar condition O formation, the
conversion may require dissociation of the indeldH proton,
which is considered to be analogous to the tautomeric proton
migration giving the 8i-indole ring in some Pd complexes with
Pd(l1)-C3 and—N1 bindings!41517

Redox Properties.Oxidation of1b by 1 equiv of Ce(lV) in
DMF at —60 °C caused a color change from yellow to green,
giving a new peak at 550 nm in the visible absorption spectrum
(Figure 6). The reaction was found to be a one-electron oxidation
process from the reaction stoichiometry. Compfewas also
oxidized to exhibit a similar absorption peak at 551 nm. The
ESR spectra of oxidizetlb and4 exhibited a new sharp signal
atg = 2.004, and the amount of unpaired electron was calculated
to be more than 0.90 from the integrated spectrum. On the other
hand, the absorption spectrad and 3 remained unchanged
upon addition of Ce(lV), and no peaks characteristic of the
phenoxyl radicaP-37-38were observed. The oxidized species of

(34) (a) Parshall, G. WAcc. Chem. Red97Q 3, 139-144. (b) Ryabov, A. D.
Chem. Re. 1990 90, 403—-424. (c) Beller, M.; Riermeier, T. H.; Haber,
S.; Kleiner, H.-J.; Herrmann, W. AChem. Ber1996 129 1259-1264.

(a) O'Keefe, B. J.; Steel, P.lhorg. Chem. Commuri999 2, 10-13. (b)

O’Keefe, B. J.; Steel, P. Drganometallics2003 22, 1281-1292.

(36) Gamez, M.; Granell, J.; Martinez, MEur. J. Inorg. Chem200Q 217—
224.

(37) (a) Halfen, J. A.; Young, V. G., Jr.; Tolman, W. Bngew. Chem., Int.
Ed. Engl. 1996 35, 1687-1690. (b) Halfen, J. A.; Jazdzewski, B. A,;
Mahapatra, S.; Berreau, L. M.; Wilkinson, E. C.; Que, L., Jr.; Tolman, W.
B. J. Am. Chem. Socl1997 119 82178227. (c) Sokolowski, A.;
Leutbecher, H.; Weyherifler, T.; Schnepf, R.; Bothe, E.; BIll, E.;
Hildebrandt, P.; Wieghardt, KJ. Biol. Inorg. Chem1997, 2, 444—453.

(d) Zurita, D.; Gautier-Luneau, |.; Mege, S.; Pierre, J.-L.; Saint-Aman,
E.J. Biol. Inorg. Chem1997, 2, 46-55. (e) Jazdzewski, B. A.; Young, V.
G., Jr.; Tolman, W. BChem. Communl998 2521-2522. (f) Benisvy,

L.; Blake, A. J.; Collison, D.; Davis, E. S.; Garner, C. D.; Mclnnes, E. J.
L.; McMaster, J.; Whittaker, G.; Wilson, @hem. Commur2001, 1824~
1826. (g) Thomas, F.; Gellon, G.; Gautier-Luneau, I.; Saint-Aman, E.;
Pierre, J.-LAngew. Chem., Int. EQ002 41, 3047-3050. (h) Shimazaki,
Y.; Huth, S.; Hirota, S.; Yamauchi, @norg. Chim. Acta2002 331, 168—
177.

(38) (a) Sokolowski, A.; Mier, J.; Weyherriller, T.; Schnepf, R.; Hildebrandt,
P.; Hildebrandt, K.; Bothe, E.; Wieghardt, K. Am. Chem. Sod 997,
119 8889-8900. (b) Sokolowski, A.; Adam, B.; Weyhefiiter, T.;
Kikuchi, A.; Hildebrandt, K.; Schnepf, R.; Hildebrandt, P.; Bill, E,;
Wieghardt, K.Inorg. Chem1997, 36, 3702-3710. (c) Shimazaki, Y.; Tani,
F.; Fukui, K.; Naruta, Y.; Yamauchi, Ql. Am. Chem. SoQ003 125
10512-10513.
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Scheme 1. Interconversion between [Pd(tbu-iepp)CI] Isomers 1la and 1b and Indole Ring Deuteration (tert-Butyl Groups Are Omitted for
Clarity in the Complexes)

7 | NH ND
N V4 Z D
N
N PdCl,, Et;N
OH CH,Cl,/ CH,CN, R.T. Q’\N = Q—\N T
\ \
O/P\d/N = 0-——P\d/N =
H cl cl
PdCl, DMSO
CHCN \EtaN at50°C //cp cN/D,0 DMSO
reflux reflux at50°C

5

S -
Ra—N—= Rd—

= /%7

\ DMSO-dg / D,O \
cl cl
. . Tem™!
1b and 4 are considered to assume one of the three possible ”1"'(')0‘:;“

forms, an indole radical, a phenoxyl radical, or a Pd(lll)
complex. Mononuclear Pd(Ill) complexes are relatively uncom-
mon; the two well-characterized examples are [Pd([9]-aaFS
([9]-ane$S = 1,4, 7-trithiacyclononané&)and [Pd([9]-anely),] "
([9]-aneNs = 1,4,7-triazacyclononané§,both of which have
been structurally characterized by X-ray analysis. Several others
have been generated electrochemically or otherwise studied in
situ#142 |t has been reported that a Pd(lll) complex, [Pd([9]- 200
aneN);]3*, exhibits the absorption peaks at 383 nm= 590
M=t cm™1) and 314 nmd = 1240 M~ cm™1) and that [Pd- 0
([9]-aneS);]3" exhibits a peak at 475 nme (= 3000 M1 400
cm1).3940The ESR spectra of these Pd(lll) complexes showed __ _ wave'e"mh'"m o
Figure 6. Absorption spectral changes of oxidizéd with time in DMF

a broad isotropic or anisotropic signal based Orﬂh@ ground at —60 °C (5.0 x 1074 M). The spectra were recorded at 10-s intervals.
spin state in the rangg = 2.005-2.1233%%-41 The spectral
properties of oxidizedb and4 are very different from those

of the Pd(Ill) complexes, and the sharp signalgat 2.004
exhibited bylb and 4 indicates the formation of an organic
radical species of the Pd(Il) complexes (Figure 7), although the
g value is slightly larger than the value of 2.001 expected for

organic radicals and no nitrogen superhyperfine structures were (
observed. While the diért-butyl)phenoxyl radical species has
been reported to show a characteristic intense absorption band
at about 400 nm due to the—x* transition of the phenoxyl L ! L ! L |
radical?>37-38oxidized 1b and4 did not show this band. When 300 320 340

the green solution of oxidizetlb in DMF was left to stand at B/mT ———>

~60°C, it rpidly turned yellow, and the 550-nm absorption £9S . ESR spectin o oneletorodaet o OMF L TE
peak disappeared in the first-order decay (Figure 6). The half- ampiitude, 0.63 mT.

life, t1/», of oxidized1b and4 was calculated to be 2&ds =

800

600

400

500 600

800

3.5x 10?s ) and 18 skops= 3.9 x 1072 s71), respectively.
(39) (a) Blake, A. J.; Holder, A. J.; Hyde, T. I.; Scler, M. J. Chem. Soc., This shows that despite the difference in the phenol ring

Chem. Commuri987 987-988. (b) Blake, A. J.; Holder, A. J.; Hyde, T.  substituents oxidizedb and4 exhibit similar stability, which

bon ey S avey, A . Sciider, M.J. Organomet. Chent987 is in contrast with the dependence of the stability of the phenoxyl

(40) (a) Blake, A. J.; Gordon, L. M.; Holder, A. J.; Hyde, T. I; Reid, G.; radica-metal complexes on phenol ring substitueit§hese
Schraler, M. J. Chem. Soc., Chem. Commui988 1452-1454. (b) [ . L .
McAuley, A.: Whitcombe, T. Winorg. Chem 1988 27, 3090-3099. results exclude the possibility that the radical is assigned to the

(41) (a) Kirmse, R.; Stach, J.; Dietzsch, W.; Steimecke, G.; Hoyemdig. phenoxyl radical. On the other hand, the indole radicals from
Chem 198Q 19, 2679-2685. (b) Chandrasekhar, S.; McAuley, Iorg. .
Chem 1992 31, 2663-2665. (c) Mdler, E.; Kirmse, Rinorg. Chim. Acta  tryptophan andN-methylindole have been reported to show a

1997, 257, 273-274. (d) Jasper, S. A., Jr.; Huffman, J. C.; Todd, L. J. icti i i i 4,22
Inorg. Chem 1998 37, 6060-6064. (e) Blake, A. J.; Raid, G.: Sciuter, characteristic absorption band in the region 5560 nm;

M. J. Chem. Soc., Dalton Tran499Q 3363-3373. (f) Raid, G.; Blake, where the indolee-cation radical and the neutral indolyl radical

fé;;_l"'g’ggv T. I.; Schider, M. J. Chem. Soc., Chem. Commu88§ give a band centered at 560 and 510 nm, respectively. On the
(42) (a) Warren, L. F., Jr.; Hawthorne, M. &.Am. Chem. S04 968 90, 4823 basis of these considerations, we assign the oxidized forms of

4828. (b) Warren, L. F., Jr.; Hawthorne, M. ¥. Am. Chem. Sod97Q ; ; _ :

92, 11571173. (c) Grant, G. J.; Sanders, K. A.; Setzer, W. N.; VanDerveer, 1b _and4 haylng a peak at‘55_0 nm to the |r_1dqler cation

D. G. Inorg. Chem 1991, 30, 4053-4056. radical species, whose unpaired electron is inferred to be
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localized in the indole ring. The relatively short half-life of these The heme site of € has two tryptophyl residues, and one
radical species indicates that they are less stable than the-metal of them, Trp 191, is known to give an indolyl radical species
phenoxyl and other metabrganic radical specie®:37:38 in the course of the reactidh®2° The active-site structure of
Table 3 shows the redox potentials b, 1b, 2, and 4 the enzym shows that both coordinated histidine (His 175)
measured in DMF under anaerobic conditions at a scan rate ofgng Trp 191 are hydrogen-bonded to a proximal aspartyl residue

100 mV/s in the range-61.5 V where no Pd redox wave was  (Asp 235), which should affect the electron density of the indole
observed. Complexeks, 1b, and4 exhibited two irreversible g 8 pq(i)—indole C2 bonding with deprotonation facilitates

oxidation peaksig, 0.97 and 1.08 Vb, 0.68 and 0.80 V4, the indole radical formation as seen from the lower redox
0.70 and 0.83 V (vs Ag/AgCl)). Considering that the redox potential (Table 3) and may be compared with the Cull)

potential of a Cu(lf)-coordinated phenola}te OXygen 1s Iowe'r tha}n phenolate oxygen bonding in galactose oxidase. There has been
that of free phenol and that the potential of the indole ring is : . . : . . L .
no information of direct metatindole interactions in biological

. oo . N
higher than that of the phenol rirfgf the first oxidation peak systems, but our results suggest that the indole-Misp 235

of lais assigned to the oxidation of the coordinated phenolate hvd bond ke the indole ri velv ch d
moiety and the second one is assigned to that of the indole ring."Y@"0gen bond may make the indole ring negatively charge
and thus favor the radical formation.

On the other hand, the first and second oxidation peakidbof
and4 are assigned to the oxidation of the coordinated indole  The present findings demonstrate the versatile nature of the
and free phenol rings, respectively, because the oxidationindole ring in the Pd(Il) coordination sphere and will provide
potential of the second peak agrees well with that of the phenol further information on its functions in chemical and biological
moiety weakly coordinated to Cu(I¥). The redox potential of  systems.

the indole ring oflb and4 was found to be lower than that of

1a, which shows that the Pd(Il)-bound indole moiety is more  Acknowledgment. We gratefully acknowledge the support
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Conclusion

We prepared and characterized the Pd(ll) complexes of a
series of new tripod-like 2N10O-donor ligands with a phenol
ring and a pendent indole moiety. The direct indole carbon
Pd(ll) bonding has been established by the molecular structure
of 1b and4, which was also concluded for the solutionXdj
in DMSO-ds by the downfield shifts of the indole protons due

to effectives-donation by the C2 atom. Complexia and1b Supporting Information Available: X-ray crystallographic

were interconvertible in CBCN and DMSO as shown in B
Scheme 1. One-electron chemical and electrochemical oxidationsdata (CIF) for complexesa, 1b, 3, and4, and™H NMR spectra

of the Pd(lly-indole complexeslb and4, yielded the corre- showing the interconversion. This material is available free of
sponding Pd(Il-indole z-cation radical species, which is Ccharge via the Internet at http://pubs.acs.org.

supported by the characteristic 550-nm absorption peak and thejag31587v

ESR signal of the radical species. To the best of our knowledge,

FhIS is the first observation of the indatecation radical species (43) Finzel, B. C.: Poulos, T. L. Kraut, J. Biol. Chem 1984 259, 13027

in metal complexes. 13036.
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