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Synthetic, structural, spectroscopic, and kinetic studies have been carried out on the Pd(ll) complexes of new
2N10-donor ligands containing a pendent indole, 3-(N-2-pyridylmethyl-N-2-hydroxy-5-methoxybenzylamino)ethylin-
dole (HMeO-iepp), 3-(N-2-pyridylmethyl-N-2-hydroxy-5-nitrobenzylamino)ethylindole (HNO,-iepp), and (N-2-pyridyl-
methyl-3-indolylethylamino)acetic acid (Hiepc) (H denotes a dissociable proton). [Pd(MeO-iepp)Cl] (2), [Pd(NO-
iepp)Cl] (3), and [Pd(iepc)Cl] (4) were prepared and revealed by X-ray analysis to have a pyridine nitrogen, an
amine nitrogen, a phenolate or carboxylate oxygen, and a chloride ion in the coordination plane. UV absorption
and *H NMR spectral changes indicated that all the complexes could be converted to the indole-binding complexes
where the O donor was replaced by the indole C2 atom by cyclopalladation in DMSO or DMF in the temperature
range of 40-60 °C. Formation of the indole-binding complex species obeyed the first-order kinetics, from which the
activation parameters were estimated. The formation rate was dependent on the properties of the O-donor group,
a lower pK, value of its conjugate acid causing faster conversion to the indole-binding species in the order 2
(methoxyphenolate) < 3 (nitrophenolate) < 4 (carboxylate). On the other hand, the ratio of the indole-binding complex
to the O-donor complex as a result of the conversion was greater for the complexes with a higher pK, value of the
ligand OH group, the order being 2 > 3 > 4.

Introduction side chains of tyrosine and phenylalanine and is reported to

Tryptophan plays important roles in proteins and chemical °€ involved in electron tunneling pathways in electron
systems, because of the unique properties of the indoleC/Mers and redox enzymes.Formation of the indolyl
ring13 As the most hydrophobic amino acid among the radical in proteins has been established for the intermediate,

amino acids from protein sourcégryptophan is often found compound I, formed in the course of the catalytic reaction
: : - . i 11 i -
at or near catalytic and molecular recognition sites. The Of cytochromec peroxidase (CcP).** Indolyl radical forma
indole ring of tryptophan sometimes forms stacks with the tion is possible with systems such as modified azurins, where
the photogenerated tryptophan radical has been observed by
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Cyclopalladation of Indole Ring in Pd(ll) Complexes
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Although no metatindole nitrogen bonds are known for N | N
biological systems, various modes of indole coordination in N N. _COOH
transition-metal complexé&s'8 andz— interaction with a
metal-coordinated aromatic nitrogen ligatid® have been Vi l OH 4 I
reported for chemical systems. The Cu(l) complexes of HN HN
tripodal ligands having an indole moiety in place of one HNO,-iepp Hiepc

of the coordinating groups were found to have a Cu(l) Figure 1. Structures of ligands.

(C2=C3)»?bond to form a tetrahedral structufelhe indole

nitrogen atom of alkylindoles coordinates to Pd(ll) as an between the indole ring and the Pd center, the existence of
imine nitrogen of tautomeric KB-indole where the pyrrole  the phenol moiety, and the unsubstituted indole NH moiety.

hydrogen atom is bound at the C3 at&hindole-3-acetate We carried out crystallographic, spectroscopic, kinetic, and
(IA) reacts with Pd(ll) in the Bl-indole form in the presence  mechanistic studies on the interconversion of the Pd(Il) coor-
of pyridine (py) to give a dimeric complex, [RdA) 2(py)2], dination structures of various 2N10 donor ligands containing

where Pd(ll) binds with the deprotonated C3 and carboxylate an indole ring (Figure 1), to gain further insight into the
oxygen atoms of |A in addition to the imine nitrogen to form  formation of the Pd(IB-indole bond. Especially, we focused

a spiro ring!® Pd(ll)—indole C2 bonding was also reported on the function of the phenol moiety and prepared a series
to occur as a result of cyclopalladati&fOn the other hand,  of the indole-containing ligands with a substituted phenol
the Pd(ll) and Pt(ll) complexes as artificial peptidases moiety or a carboxylic acid. Our findings indicate a versatile
developed by Kosti@t al. recognize the indole moiety by nature of the indole ring, which may suggest possibilities of
their high affinity for the indole ring and cleave the adjacent tryptophan as a functional unit in biological systems.
amide or peptide bond specifically.Very recently, we

reported some Pd(Il) complexes of 2N10-donor ligands with Experimental Section

a pendent indole moiety (Scheme 1), which were found t0  \aterials. Sodium cyanoborohydride was obtained from Tokyo
be interconvertible between the Pdtphenolato(O) and  Kasei, triethylamine was from Wako, and Pe@ias from Aldrich.
Pd(Il)—indole(C2) complexes with a 2N1O1CI and a Allthe chemicals used were of the highest grade available and were
2N1C1Cl donor set, respectively. One-electron oxidation of further purified whenever necess@iSolvents were purified be-
the Pd(ll)-indole(C2) complex yielded the corresponding fore use by standard metho#sDMSO-ds was purchased from
Pd(ll)—indole zr-cation radical speci€$.The Pd(ll)-indole Cambridge Isotope Laboratory. The synthesis Nf2tpyridyl-
bonding was formed under thermodynamically controlled Methy+N-2-hydroxy-3,5-ditert-butyl)benzylamino]methylindole
conditions in CHCN and CHCL/CH:CN. However, the  (Htbu-iepp) has been reported previouSly. _
interconversion or formation of the Pd)ndole o bonding 3-(N-2-Pyridylmethyl-N-2-hydroxy-5-methoxybenzylamino)-

S . ethylindole (HMeO-iepp). To a solution of 2-hydroxy-5-meth-
was found to be limited by factors such as the distance oxybenzaldehyde (1.52 g, 10 mmol) and\8a-pyridylmethylamino)-

ethylindole?324(2.6 g, 10 mmol) in methanol (50 mL) was carefully

(13) Shimazaki, Y.; Yokoyama, H.; Yamauchi, ngew. Chem., Int. Ed

1999 38, 2401-2403 added sodium cyanoborohydride (0.63 g, 10 mmol). The reaction
(14) Yamauc’hi, 0.; Takani, M.; Toyoda, K.; Masuda,lkbrg. Chem199Q mixture was then stirred for 24 h at room temperature, acidified
29, 1856-1860. by addition of concentrated HCI, and evaporated almost to dryness

(15) ggg_ag%M.; Masuda, H.; Yamauchi, Gworg. Chim. Actal995 235 under a reduced pressure. The residue was dissolved in saturated

(16) (a) Kaminskaia, N. V.; Johnson, T. W.; Kdstkd. M. J. Am. Chem. aqueous N£LO; (50 mL) and extracted with CHeIThe combined
S0c.1999 121, 8663-8664. (b) Kaminskaia, N. V.; Ullmann, G. M.; extracts were dried over NaO, and evaporated almost to dryness

Fulton, D. B.; Kosti¢ N. M. Inorg. Chem200Q 39, 5004-5013. (c) under reduced pressure to give a white powder. Yield: 2.44 g
Kamlnskala,_ N._'V., Kosfic N.‘,M. Inorg. Chem 200_1 40, 2368- (63%) 1H NMR (400 MHz, CDCY): 6 (vs TMS) 8.52 (d, 1H)
2377. (d) Milovig N. M.; Kostic, N. M. Met. lons Biol. Syst2001, : ' : : ) ’

38, 145-186. 7.94 (s, 1H), 7.51 (t, 1H), 7.34 (d, 1H), 7.30 (d, 1H), 7.13 (m, 3H),
83 slolgson, RlnTorgS.ht;him. @ct319$2_157, 7Tl—,7\l7-k bavashi Y - Narut 6.99 (t, 1H), 6.94 (d, 1H), 6.73 (m, 2H), 6.59 (d, 1H), 3.87 (s, 2H),
otoyama, I.; Imazakl, Y.; Yajima, I.; Nakabayasni, Y.; Naruta,
Y. Yamauchi, 0.J. Am. Chem. So@004 126 7378-7385. 3.85 (s, 2H), 3.72 (s, 3H), 3.01 (m, 2H), 2.92 (m, 2H).
(19) (a) Fischer, B. E.: Sigel, HI. Am. Chem. Sod98Q 102 2998~

3008. (b) Guogang, L.; Sigel, HZ. Naturforsch.1989 44b, 1555- (22) Perrin, D. D.; Armarego, W. L. F.; Perrin, D. Rurification of
1566. Laboratory Chemica; Pergamon Press: Elmsford, NY, 1966.

(20) Yamauchi, O.; Odani, A.; Hirota, 8ull. Chem. Soc. Jpr2001, 74, (23) Yajima, T.; Shimazaki, Y.; Ishigami, N.; Odani, A.; Yamauchi, O.
1525-1545. Inorg. Chim. Acta2002 337, 193-202.

(21) Yamauchi, O.; Odani, A.; Takani, M. Chem. Soc., Dalton, Trans. (24) Shimazaki, Y.; Nogami, T.; Tani, F.; Odani, A.; YamauchiADgew.
2002 3411-3421 and references therein. Chem., Int. Ed2001, 40, 3859-3862.
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Table 1. Crystallographic Data

Shimazaki et al.

2 3 4
formula PdQ4H24N302C| PdCz3H21N403C| PngH18N302C|
fw 528.33 543.30 450.21
cryst. color, habit orange, prism yellow, prism orange, prism
cryst. dimensions (mm) 0.150.12x 0.11 0.12x 0.23x 0.21 0.18x 0.13x 0.05
cryst syst orthorhombic monoclinic triclinic
a(A) 22.613(5) 21.143(10) 8.611(1)

b (A) 5.311(1) 14.237(10) 7.983(1)
c(A) 18.137(5) 17.331(9) 13.890(3)
o (deg) 87.206(9)
p (deg) 99.18(3) 77.22(1)
y (deg) 117.437(9)
V (R3) 2178.1(9) 5150(5) 844.3(3)
space group Pca2; C2lc P1

Zvalue 4 8 2

Dealc (g/c®) 1.611 1.401 1.771
F(000) 1072.00 2432.00 452.00
u (Mo Ka)/ cmt 10.02 8.53 12.75
20mar® 54.9 55.0 55.0
observed refins 20852 18 822 8164
independent reflns 19528 5844 3764
reflns used 19528 5844 3764
number of variables 281 334 226

Ri [l > 20(1)]2 0.053 0.091 0.035

Ry (all datay 0.115 0.206 0.089

ARy = Y |IFol = IFcll/X|Fo| for I > 20(1) data.’ Ry = { T (|Fol — IFe)X0FoB} Y% o = 1o%(Fo) = {0%(Fo) + p24Fe% %

3-(N-2-Pyridylmethyl-N-2-hydroxy-5-nitrobenzylamino)eth- H, 4.22; N, 9.70. Found: C, 50.02; H, 4.01; N, 10.14. NMR
ylindole (HNO-iepp). To a solution of 2-hydroxy-5-nitrobenzyl- (400 MHz, DMSO¢g): 6 (vs TMS) 10.84 (s, 1H), 8.73 (d, 1H),
bromide (2.3 g, 10 mmol) and N¢2-pyridylmethylamino)- 8.30 (d, 1H), 8.15 (t, 1H), 7.95 (q, 1H), 7.80 (d, 1H), 7.55 (t, 1H),
ethylindol&324 (2.6 g, 10 mmol) in THF (50 mL) was carefully ~ 7.25 (d, 1H), 7.04 (t, 1H), 6.99 (d, 1H), 6.81 (d, 1H), 6.74 (d, 1H),
added triethylamine (1.0 g, 10 mmol). The resulting solution was 4.78 (d, 1H), 4.57 (d, 1H), 4.00 (d, 1H), 3.20 (m, 1H), 2.88 (m,
stirred for 3 days at room temperature and evaporated almost to2H), 2.76 (m, 1H).
dryness under a reduced pressure. The residue was purified by silica [Pd(iepc)CI] (4). To a solution of Hiepc (0.31 g, 1.0 mmol) in
gel column chromatography to give a yellow powder. Yield: 1.95 1:1 (v/v) EtOH/CHCN (20 mL) was added Pd£(0.18 g, 1.0
g (48%)."H NMR (400 MHz, CDC}): 6 (vs TMS) 11.04 (br, 1H), mmol). Triethylamine (0.1 g, 1.0 mmol) was added to the resulting
8.59 (d, 1H), 8.04 (q, 1H), 7.93 (s, 1H), 7.63 (t, 1H), 7.33 (m, 2H), solution, which was refluxed for 30 min to give yellow crystals.
7.20 (m, 3H), 6.94 (d, 1H), 6.80 (d, 1H), 3.99 (s, 2H), 3.90 (s, Anal. Calcd for4 (CigH1gNsO,CIPd): C, 48.02; H, 4.03; N, 9.33.
2H), 2.98 (m, 4H). Found: C, 48.09; H, 3.77; N, 9.324 NMR (400 MHz, DMSO-
(N-2-Pyridylmethyl -3-indolylethylamino)acetic Acid (Hiepc). de): O (vs TMS) 10.91 (br, 1H), 8.42 (d, 1H), 8.07 (t, 1H), 7.63
To a solution of bromoacetic acid (2.3 g, 10 mmol) and\B2¢ (d, 1H), 7.50 (t, 1H), 7.41 (d, 1H), 7.26 (d, 1H), 7.22 (d, 1H), 7.05
pyridylmethylamino)ethylindoRé:24 (2.6 g, 10 mmol) in ethanol (&, 1H), 6.93 (t, 1H), 5.23 (d, 1H), 4.58 (d, 1H), 4.34 (d, 1H), 3.67
(25 mL) was carefully added triethylamine (1.0 g, 10 mmol). The (d, 1H), 3.33 (m, 2H), 3.03 (m, 2H).
resulting solution was refluxed for 12 h and then evaporated almost ~ X-ray Structure Determination. The X-ray experiments were
to dryness under a reduced pressure. The residue was purified bycarried out on a Rigaku RAXIS imaging plate area detector with
silica gel column chromatography to give a pale-yellow powder. graphite monochromated Mockradiation ¢ = 0.710 73 A). The
Yield: 2.4 g (77%)H NMR (400 MHz, D;O): 6 (vs TSP) 7.98 crystal was mounted on a glass fiber. To determine the cell constants
(d, 1H), 7.50 (d, 1H), 7.25 (m, 2H), 7.17 (t, 1H), 4.44 (s, 2H), 3.94 and orientation matrix, three oscillation photographs were taken
(s, 2H), 3.52 (t, 2H), 3.21 (t, 2H). for each frame with an oscillation angle of and an exposure
[Pd(tbu-iepp)Cl] (1). Preparation of this complex has been time of 3 min. Intensi.ty data were collected by taking oscillation
reported previously? photqgra_lphs. Refraction data were corrected for both _Lorentz and
[Pd(MeO-iepp)Cl] (2). To a solution of HMeO-iepp (0.38 g, polarlza_ltlon effc_acts. The structures were solved by the direct metr_lod
1.0 mmol) in 1-1 (v/v) CHCL/CHCN (20 mL) was added and refined anlsotropl.cally for _non-hydrogen atqms by fuI_I-matr|?<
PACh (0.18 g, 1.0 mmol). A few drops of triethylamine were least-squares calculatlons..Reflnement was contlnugd gntllall shifts
added to the resulting solution, which was stirred overnight at were smalle_r th?n one-thlr_d of the_stanard deV|at|0nks Off the
room temperature to give orange crystals. Anal. Calcd Zor phara-ll_meters eég\xl\fc:j. Atomic scatterlngl actords Werr]e talenl ro(rjn
(CaH2N:0,CIPd): C, 54.56; H, 4.58; N, 7.95. Found: C, 54.68; ¢ llterature= All hydrogen atoms were located at the calculate
H, 4.41: N, 7.89..H NMR (400 MHz, DMSOdy): 6 (vs TMS) positions, assigned a fixed displacement, and constrained to ideal

10.77 (s, 1H), 8.69 (d, 1H), 8.08 (t, 1H), 7.73 (d, 1H), 7.52 (t, 1H). geometry with G-H = 0.95 A and N-H = 0.90 A. The thermal
7.25 (d, 1H), 7.05 (d. 1H), 7.00 (d, 1H), 6.97 (s, 1H), 6.81 (m, parameters of calculated hydrogen atoms were related to those of

their parent atoms bW(H) = 1.2U.(C,N). All the calculations
?dH)ingL; (6n1] éH%,’Hs)'Og ég (%H)’llj)%z (E?G %;) 14|_.|4)172(<1,71(Hr3, ;_T)Z were performed by using the TEXSAN crystallographic software

[PA(NO,-iepp)CI]-0.5H,0 (3). This complex was prepared in program package from Molecular Structure CorporatfoBum-

a manner similar to that described @@and was given as yellow (25 |pers, J. A.; Hamilton, W. Qnternational Tables for X-ray Crystal-
crystals. Anal. Calcd foB (Cy3H21N4OsCIPA0.5H,0): C, 50.16; lography, Kynoch: Birmingham, U. K., 1974; Vol. IV.
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Figure 2. ORTEP view of [Pd(MeO-iepp)CIl]2) drawn with the thermal
ellipsoids at the 50% probability level and the atomic labeling scheme.

. . Figure 3. ORTEP view of [Pd(NG-iepp)CI] (3) drawn with the thermal
maries of the fundamental crystal data and experimental parametersiiipsoids at the 50% probability level and the atomic labeling scheme.

for the structure determinations of complex2s4 are given in

Table 1. N(3)
Spectroscopies and Kinetic Measurementglectronic spectra

were measured with a Shimadzu UV-3101PC spectrophotometer,

equipped with a temperature-controlled apparatus. The temperature

of the reaction solution was held constant to witkif.1 °C. The

rate constants were determined by a least-squares analysis for

complexesl—4. The NMR measurements were performed with a

JEOL JNM-GSX-400 (400 MHz) NMR spectrometer. —

Results and Discussion

Preparations and Structures of Pd(ll) Complexes.
HMeO-iepp and HN@iepp, where H denotes a dissociable
proton, reacted with Pdg€land triethylamine in ChCly/
CH3CN at room temperature to give [Pd(MeO-iepp)A] (
and [Pd(NQ-iepp)Cl] 3) as red and yellow crystals,
respectively. [Pd(iepc)CI]4), having a carboxylate donor, E{ﬁ’g‘;ﬁid‘; at?ﬁeTgE,&/ovLergbgf)iﬁfydféiréf);?d?hg r;vgnmigilrbémﬁgtztzagﬂe
was obtained as orange crystals by the reaction in 1:1 (v/v) '
C,HsOH/CH;CN at 80°C. Complexes2, 3, and 4 were Table 2. Selected Bond Lengths (A) and Angles (deg) 2013, and4

revealed to have a mononuclear square-planar structure with 2 3 4

a phenolate or carboxylate oxygen, an amine nitrogen, a Bond Length (A)

pyridine nitrogen, and a chloride ion, as shown in Figures pg-ci(1) 2.317(1) 2.296(3) 2.3254(6)
2, 3, and 4, respectively. The side chain indole ring is not Pd-0(2) 1.989(2) 2.006(7) 2.026(2)
coordinated and is without any interactions within the Eg:“gg ggéggg ;'gggg% g'gggg;
complex molecules. These structures are very similar to éond Angle (deg)' '

that of complex1.’® The Pd-N and Pd&-O bond lengths Cl(1)-Pd-0(1) 88.81(8) 86.8(2) 94.73(6)
(Pd-N = 2.00-2.05; Pd-O = 1.98-2.03 A) (Table 2) c:gg—zg:mgg 1&;?1%3((;)) 1%.5;((%)) 1%.?%((77))
correspond well with those reported for Pd(Il) comple3@s. CI(1)~ : : :

The Pd-O bond length increased in the ord2{1.989(2) 88:?3:”8 1;2_'?(31()9 ) 1;2 8((33)) 1;; g’ol(g)
A] < 3[2.006(7) A] < 4[2.026(2) A] (Table 2), which is N(1)-Pd-N(2) 82.40(9) 82.9(3) 84.29(9)

in agreement with the order of theKp values of the

substituted phenol of the carboxylic acid of these ligaiids. In this connection, the PeN(amine) bond length decreased

in the order2 [2.052(3) A] > 3 [2.042(7) A] > 4[2.020(2)
A}, but the trans effect in these complexes has not been

(26) TEXSAN Crystal Structure Analysis Package; Molecular Structure

Corporation: The Woodlands, TX, 1985 and 1999. observed explicitly.

(27) Barnard, C. T. J.; Russel, M. J. H. Gomprehensie Coordination i7ati -
Chemistry Wilkinson, G., Gillard, R. D., McCleverty J. A., Eds; . Characterization .Of the Pd.(”) Complexes.The absorp
Pergamon: Oxford, 1987: Vol. 5, Chapter 53. tion spectrum of2 in DMF in the range 2561000 nm

(28) ggss, K. C.; Seybold, R. @Gnt. J. Quantum Chen2001, 85, 569~ exhibited peaks at 34@ & 4000) and 457 nme(= 950),

(29) Mar'tell, A. E.; Smith, R. M.Critical Stability ConstantsPlenum the latter of which has been assigned tolthe phenolate-to-
Press: New York, 1977; Vol. 3. Pd(Il) charge-transfer band (LMCT:2 While complex3
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Absorbance

Wavelength / nm

Figure 5. Absorption spectral changes ®fvith time in DMSO at 60°C
(1.0 x 1072 M). The spectra were recorded at 30 min intervals.

with a coordinategb-nitrophenolate showed a strong absorp-
tion peak at 389 nme(= 1900) that is assigned to the
p-nitrophenolater—as* transition band, the phenolate-to-
Pd(Il) LMCT band that was observed at 450 nm fétwas

not detected foB. The absorption spectrum of the carboxy-
late complexd showed one peak at 314 nm= 2500). The

IH NMR chemical shifts of the indole and pyridine rings
for all the complexes were very similar, and this supports
that conformations of these complexes, including the side
chain indole ring, are similar in solution. Sintdad already
been reported to be without stacking interactions in solu-
tion,1823 the environment of the indole ring in all of the
complexes is probably free from constraint and allows free

Shimazaki et al.

a)

|

b)

11 10 9 8 7
Chemical Shift / ppm

Figure 6. H NMR spectra of (a) in DMSOds and (b) heated for 24 h
at 60°C in DMSO-dgs; concentration, 1.0< 1073 M.

(=]

of 2b. The first-order rate constant of the conversion reaction,
kobs Was estimated to be 1.22 1075 st at 60°C in DMF

for both 1 and 2. The reaction rate was substantially
dependent on the solvents, the order being DMBMSO,

for examplekops= 3.63x 1076 s at 60°C for 1in DMSO.

This tendency has been observed for the formation of other
cyclopalladation complexes of our ligand serfigdut the
solvent dependence of the reaction rate of cyclopalladation
in general has been reported to be in the reverse étder.
During this conversion reaction, no intermediate was de-
tected. Whereas the conversion betweerand 1b was

rotation. These observations indicate that the side chainreversible2b in solution was not convertible and was very

conformations as well as the coordination structures are
maintained both in the solid state and in solution.
Formation of the Indole-Binding Pd(Il) Complexes.
When the solution ol and2 in DMSO or DMF was kept
at 50°C for a few days, a color change from orange to yellow
was observeé® When a solution oR in DMF was left to
stand at 50C for 1 day, the LMCT band at 457 nm and the
m—x* band at 340 nm gradually disappeared with the
appearance of a 294 nm band=t 10 000), indicating the
formation of a different complex2p) containing a protonated
phenol moiet§? (Figure 5), and similar spectral changes were
also observed foB8 and 4, showing that the corresponding
indole-binding species were formed from these complexes.
The'H NMR spectra o2 in DMSO measured under different
conditions indicated the conversion &fto 2b at 60 °C
(Figure 6); the signals of the indole C4 through C7 protons
(in4—in7) shifted upfield in2b relative to those of with
chemical shift differenceg\d = —(d2p — 02), of 0.02-0.67
ppm (Table 3), and théH—'H COSY spectrum revealed
that 2b lacks the indole C2 proton signal. These results
indicate that the phenolato compl&was converted to the
indole-binding complex species where Pd(Il) binds with the
C2 atom of the indole ring with deprotonation. Although
the crystal structure of the indole-binding compléx has
been successfully determin&dye could not isolate and
structurally characterize the indole-binding compleRés
3b, and4b. The ratio ofl to 1b was 1:0.3 in DMSO after
24 h at room temperature and 1:1 at @D while more
than 90% of2 could be converted tab at 60°C in DMSO
or DMF. Complete conversion &was not possible at 100

stable at room temperature, and after a few weeks at room
temperature, it finally gave some decomposition products,
which could not be isolated and characterized. On the other
hand,3 in DMF kept at 50°C for 1 day exhibited a small
color change; the-nitrophenolater—s* transition band
gradually decreased, and a shoulder peak appeared at around
400 nm with isosbestic points. Thk,,s value for the
conversion of3 to 3b was estimated to be 3.64 104 s!
at 60°C, which is greater than that f@ although the final
ratio of 3 to 3b was 1:0.1 in DMF or DMSO from théH
NMR measurement. The carboxylato compleshowed the
fastest rate of conversion with the estimateg value of
1.07 x 102 s! at 60°C in DMF (vide infra). The final
ratio of 4 to 4b was found to be 1:0.2 in DMF. These kinetic
results may suggest that dissociation of the-Pdbond is
included in the rate-determining step. Comple3bsind4b
were also stable, undergoing a slow decomposition over the
course of a few months at room temperature.

The specific point on the conversion éfwas shown by
the NMR experiment. The chemical shifts of indole and
pyridine protons fo#d were very different from those df-3.
For example, while the py6 proton signalldi—3b exhibited
an upfield shift relative to that o1—3,'8 4b exhibited a
downfield shift of the signal, which may suggest thathas
a different structure, such as a carboxylate-bridged dinuclear
complex. In this connection, the kinetic studies indicated the

(30) (a) Yagyu, T.; Aizawa, S.; Hatano, K.; FunahashiCBem. Lett1996
1107-1108. (b) Yagyu, T.; Aizawa, S.; Funahashi, Bill. Chem.
Soc. Jpn1998 71, 619-629. (c) Yagyu, T.; Iwatsuki, S.; Aizawa,
S.; Funahashi, Bull. Chem. Soc. Jpri998 71, 1857-1862.

(31) Ryabov, A. D.; Sakodinskaya, I. K.; Yatsimirsky, A. K.Chem. Soc.,

°C and higher temperatures because of the decomposition = Dalton Trans 1985 2629-2638.
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Table 3. 'H NMR Chemical Shifts ¢/ppm) and Upfield Shifts40)2 of Pyridine and Indole Proton Signals for Pd(ll) Complexes in DM&O-

0 (AS)/ppm
tbu-iepp @) 1b MeO-iepp @) 2b NOz-iepp @) 3b iepc @) 4b

py3 7.77 7.16¢0.61) 7.73 7.26¢0.37) 7.76 7.26+0.50) 7.64 7.69+0.05)
py4 8.11 7.6540.46) 8.08 7.72+0.36) 8.13 7.750.38) 8.08 8.050.03)
py5 7.52 7.1540.37) 7.52 7.2140.31) 7.53 7.2040.33) 751 7.580.07)
py6 8.69 8.44+40.25) 8.69 8.4710.22) 8.73 8.40+¢0.33) 8.43 8.79+0.26)
in1 10.74 8.34¢2.40) 10.77 9.341.43) 10.82 9.501.32) 10.92 9.36(1.43)
in2 6.88 6.81 7.03 7.26

in4 7.22 7.36£0.14) 7.25 7.3440.09) 7.20 7.3440.14) 7.42 7.28+0.14)
in5 6.72 6.83¢0.11) 6.66 6.830.17) 6.79 6.83(0.04) 6.94 6.8010.14)
in6 6.96 6.8340.13) 6.81 6.8340.02) 6.98 6.830.15) 7.05 6.80-0.15)
in7 6.72 7.29{0.57) 6.61 7.28+0.67) 6.74 7.300.56) 7.32 7.24+0.08)
aAd = —(dp — Ada), Wwhered, and oy, refer to the shifts for the O-donor complex and the corresponding indole-binding complex, respectively.

Table 4. Activation Parameters and Rate Constants at®0k333, for
Conversion between the O-Donor Complexes and Indole-Binding
Complexes in DMFE

AH¥/KJ mol AS/J K1 mol~t 10% k339571

tbu-iepp() 92+ 4 —64+ 10 0.122
MeO-iepp@) 96+ 2 —51+6 0.122
NO2-iepp@) 72+1 —94+ 3 3.64
iepc @) 38+2 —170+ 6 107

aDetermined by the dependencel@is on temperature (see ref 33).

presence of two components, the first one showing the first-

order reaction and the second one showing the reaction of

an unidentified order. From these results, the first component

of the reaction of4 was assigned to the formation of the

mononuclear indole-binding species and the second one to

the conversion to a dinuclear complex oran intermolecularly Figure 7. Activation energies as a function of thEpvalues of the ligand
. . . . OH groups.

interacting species. We, therefore, adopted the first compo-

nent vqlue as the rate _coqstant for the formatiodof proceed by an electrophilic substitution mechanism involving

Relation between Activation Energy and Oxygen Donor  ihe rate-determining step in such processes -asi ®ond
Properties in the Structural Conversion. The kopsvalues — jeayage, which is normally regarded as an irreversible
of the above conversion reaction followed the order of the process$234The rate-determining step of our conversion may
acidity of the oxygen donom-methoxyphenol< p-nitro- involve Pd-O bond cleavage in addition to the-& bond

i iR8,29 . . .

phenol < carboxylic acic®*® The values for all the  (jeayage process. On the other hand, while the activation
complexes were dependent on the reaction temperature angy,rameters fot and2 were comparable with and those for
increased with the temperature. The activation parametersy \yere slightly smaller than the other values reported for
for the conversion were determined, as listed in Table 4, ¢ cjopalladatior?® complex4 exhibited a small activation
according to the theory of transition state by linear least- enthalpy AH?) and a large negative entropp®) value.
squares fitting (see Supporting InformatiGAThe plot of 5y ever, the activation parameters in Table 4 are correlated
the activation energ¥ versus the . value of the ligand  \ith each other, suggesting a similar mechanism of cyclo-
OH group (Figure 7) clearly indicates that the energy barrier palladation in our series of Pd(ll) complexes.
of the conversion is correlated with the oxygen donor ability * Etect of Addition of Acids and Bases. The rates of
and, hence, with the PeD bond strength, the order being ¢,y ersion from the phenolato complex&s, and4 to the
MeO—phenolate> NOz—phgnoIate> 'COU. Itis generally indole-binding ones were temperature-dependent, whereas
agreed that cyclopalladation reactions of aryl compounds e ratio of the phenolato complex to the indole-binding

complex was temperature-independent in the range800
(32) (a) Parshall, G. WAcc. Chem. Red97Q 3, 139-144. (b) Ryabov, ° . .
A.D. Chem. Re. 1990 90, 403-424. (c) Beller, M.; Riermeier, T- C. For example, the ratio of to 4b was estimated to be
H.; Haber, S.; Kleiner, H.-J.; Herrmann, W. 8hem. Ber1996 129, 1:0.2 from the'H NMR experiment in this temperature range.

1259-1264. e . . .

(33) If the reactions in this study proceed via an intramolecular reversible The _addltlon of a f?W equwalents of b?ﬂZOIC acid to the
processkobsshould be expressed by the rate constants for the formation solutions of3 and4 in DMSO or DMF did not affect the
of the indole-binding complexk and the phenolato complekf as — ratio, and the addition of 1 equiv of GEO;H to the solutions

follows: kobs= ki + kp. The equilibrium constan() for each system .
can be estimated from the final ratio of the indole-binding complex Of the phenolato complexes in DMSO gave some decom-

to the phenolato compleX = ki/k,. However, the subsequent side  position products. On the other hand, the addition of

(decomposition) reactions in the present systems gave rise to large.. .. ; [ ; ; ;

errors in the estimation d§ andk, and prevented the determination triethylamine changed the ratio: 4 equiv of triethylamine
of the detailed final ratios (see text). Therefore, only the temperature
dependence df,ps was measured and used for the calculation of the (34) Gamez, M.; Granell, J.; Martinez, MEur. J. Inorg. Chem200Q 217—

activation parameters. 224.
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0 eq. Et;N the cyclopalladation reaction is inhibited by excessive
I l ‘ “ll " amounts of additional ligands such as triphenylphosphine
(PPh).3* According to the other mechanism (Scheme 2b),

1eq. Et;N J ‘ ' ” cyclopalladation proceeds by the concerted mechanism via
_ e Vs a five-coordinate intermediat.If the former mechanism
2eq. E;N is applied to our system, Pd bond cleavage as the first
| J . J uﬂ — step may be favored by the existence of protons. In the
I present systems, however, the addition of benzoic acid to
3eq. EtN I l| ! the phenolato complexes in DMSO or DMF had only a slight
hatutia effect on the conversion, and an excess of @t not
4 eq. Et;N replace the coordinated phenolate moiety; the indole-binding
) ) ‘ “ A e species was formed irrespective of these conditions. On the
, , , | X | basis of this observation and considering that the reaction
110 9 8 7 6 was accompanied by a large negative entropy change as
Chemical Shift/ ppm compared with the other cyclopalladati#we may exclude
Figure 8. H NMR spectral changes @ in DMSO-ds with the addition the three-coordinate 14-electron intermediate. Since the rate-
of triethylamine at 60°C; concentration, 1.6 10 M. determining step of both mechanisms has been proposed to
Scheme 2. Proposed Mechanisms of Formation of the Indole-Binding D€ the C-H bond cleavagé) 2% the existence of protons
Complex: (a) Mechanism via 14-Electron Three-Coordinate is considered to be unfavorable for the cyclopalladation.
Lr)ltermedlate and (b) Mechanism via Five-Coordinate Intermediate It is generally agreed that cyclopalladation reactions of
NH NH aryl compounds proceed by an electrophilic substitution by
CZ? Z~H % Pd(ll) ions. The electrophilicity of the Pd(ll) center to the
— . HNY HO indole moiety should increase with the decreasiit, p

c c H shown that the reaction rates are in the or@ler 1 < 3 <
4, which is in agreement with the decreasing order of the
pKa values of the corresponding ligands. Despite the lack of
L«H % r@ further experimental results on the activated intermediate,
o HN:{P{_!‘#{:/\N@ HO we may suggest that the intermediate of the conversion

—_ N 2 . ) .
- ‘5 Cl d—N-— reaction is associated with the O-donor properties of the
R o° oy prop

H ‘!‘t’\'d’N 7 — N S
(s 5";’?:@ % cl @,}C;Pg:@ values of the ligand OH group, and our experiments have
\ -o \

P
| “ ligands, and all of our results are consistent with those

hitherto reported®-32.34-36

added to the solution of in DMSO at 70°C gave4b in Conclusion. We prepared and characterized the Pd(Il)
more than 90% vyield, as seen from tHé NMR spectral complexes of a series of new tripod-like 2N10-donor ligands
changes (Figure 8). A similar tendency was also observedcontaining an oxygen donor with various substituents and a
for 3 in DMSO, where the yield of the indole-binding pendent indolylethyl moiety. In the temperature range of
complex3b was increased 2 times by 5 equiv of triethyl- 40-80°C, all the Pd(ll) complexes yielded the correspond-
amine at 70C. Accordingly, a more basic condition is more ing indole-binding Pd(ll) species, whose formation rate
favorable for the formation of the indole-binding compiex ~ constants and activation parameters have been determined.
and, thus, the cyclopalladation. The relationship between the structures of the complexes and

Conversion Mechanism.Recently, we reported that the the activation parameters indicated that the formation rate
phenol OH group takes part in the process of the structural Of the indole-binding Pd(ll) species depends on the O-donor
conversion betweef and 1b, where the phenolate oxygen Properties, the complexes of the ligands with a lower ligand
abstracts the indole C2 proton to forth.® This resultis in ~ OH pKa value exhibiting a faster conversion to the indole-
agreement with the present result on the ratio of the phenolatoPinding species in the ordér < 3 < 4. On the other hand,
complex to the indole-binding complex, the conversion ratio the formation ratio of the indole-binding complex to the
being lower for3 and 4 containing a weak proton accep- O-donor complex was higher for the complexes of the ligands
tor22°|n contrast, the reaction rates foand4 were greater ~ With @ higher K, value in the orde2 > 3 > 4. The addition
than those foll and2 because of facile P60 bond cleavage.  Of @ base enhanced the formation of the indole-binding
The observed conversion may be interpreted by the proposed©omplex, which indicates that basic conditions are favorable
cyclopalladation mechanisms shown in Scheme 2. One offor the present cyclopalladation. Although no reaction
them involves a three-coordinate 14-electron intermediate intermediate was detected in the present study, the O-donor
(Scheme 2a3-323436 which explains the observation that to C-donor conversion reaction may be explained by a

mechanism involving a five-coordinate intermediate, which
(35) Deeming, A. J.; Rothwell, I. FPure. Appl. Chem198Q 52, 649— is not in conflict with the proposals that have been
655. reported?®323436 The present findings may add to our

(36) (@ Thummel, R. P.. Jahng. 9. Org. Chem1987 52, 73 78. (b) | q\yledge of the properties of the indole ring under various

Gomez, M.; Granell, J.; Martinez, MOrganometallics1997, 16, o
2539-2546. conditions.
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