© 1998 The Chemical Society of Japan

Bull. Chem. Soc. Jpn., 71, 619—629 (1998)

Mechanistic Studies on Cyclopalladation of the Solvated Palladium(II)
Complexes with N-Benzyl Triamine Ligands in Various Solvents.

Crystal Structures of [Pd(Sol)(BnyMedptn)](BF4), (Sol = Acetonitrile
and N, N-Dimethylformamide; Bn,Medptn = N, N'-Dibenzyl-4-methyl-4-
azaheptane-1,7-diamine) and [Pd(H_;Bn,Medptn-C, N, N', N")]CF3SO0;
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Several solvated palladium(Il) complexes with the potentially cyclopalladating dibenzyl ligand have been synthesized.
These include [Pd(CH;CN)(BnpMedptn)[(BFs), (1) (BnxMedptn = N, N'-dibenzyl-4-methyl-4-azaheptane-1,7-diamine),
[Pd(dmf)(BnoMedptn)|(BF4), (2) (dmf =N, N-dimethylformamide), and [Pd(dmso)(BnMedptn)](BFs); (3) (dmso =di-

methyl sulfoxide), their cyclopalladated complex, [Pd(H_;Bn;Medptn-C, N, N', N”)ICF3SO3 (4), the solvated mono-

benzyl complex, [Pd(CH;CN)(BnMedptn)](BFs), (5) (BnMedptn = N-(3-aminopropyl)-N'-benzyl-N-methyl-1,3-pro-
panediamine), and its deuterated complex, [Pd(CH;CN)(BnMedptn-d;)1(BF4), (6) (BnMedptn-d; = N-(3-aminopropyl)-
N'-heptadeuteriobenzyl-N-methyl-1,3-propanediamine). The crystal structures of 1-CH3;CN-CH,Cl,, 2, and 4 have been
determined by X-ray structure analysis to characterize the reactant and the product for the cyclopalladation of the solvated
complexes, where one of the ortho carbons of 1 is directed toward the palladium(II) center (Pd---C(1) =3.513(9) A). The
rate constants for the cyclopalladation of 1 at 25 °C in various solvents increase in the order DMF < DMSO<pyridine, but
the reaction does not proceed in acetonitrile or nitromethane. The activation parameters for the cyclopalladation in neat
solvent have been obtained as follows: k***=5.74x10"¢s™!, AH* =104.0+1.2 kI mol ™' and AS* =3.5:£3.9 JK ' mol ™"
for 1 in DMF, £%=3.13x107* s™', AH* =83.84:2.6 kJmol~! and AS* =-31.0+:8.8 JK~"mol~" for 1 in DMSO,
F®=130x10"*s", AH*=81.2+0.5 kI mol ' and AS*=—47.0£1.8 TK~' mol ™' for 5 in DMF, k¥"*®=1.76x107> s
for 5 in DMSO, ¥ =1.26x107° s, AH* =92.8+1.4 kI mol ™' and AS* =-27.5£4.4 JK~ " mol~" for 6 in DMF and
% =2.69x107* s™! for 6 in DMSO. The activation enthalpy is reduced as the solvent basicity increases. The kinetic
isotope effects (ku/kp) for the cyclopalladation of the monobenzyl complex at 25 °C are calculated to be 10.3 in DMF and
6.5 in DMSO using the rate constants for 5 and 6. It is confirmed from the kineti¢ results obtained that the nucleophilic
attack of the basic solvent on the ortho proton is essential for the C—H bond cleavage observed in the activation process. In
addition, the fact that the rate constant for the cyclopalladation is proportionally dependent on the concentration of DMSO
in nitromethane strongly suggests that the solvent-dissociation pre-equilibrium is negligible in neat basic solvent.
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The kinetic properties for the ligand-substitution and sol-
vent-exchange reactions of the square-planar palladium(Il)
complexes have been extensively studied, and for their re-
actions an associative mechanism via a trigonal-bipyrami-
dal transition state has been generally accepted.!? On the
other hand, a mechanism via the three-coordinate 14-elec-
tron intermediate and some other related mechanisms have
been claimed for the cyclopalladation which involves C-H
bond activation by electrophilic attack of the palladium(II)
center.” ™ However, the dissociation of the ligand from the
equatorial plane is enthalpically quite unfavorable because
of the large bond energy, and that is the reason why the sub-
stitution generally proceeds via activation by the attack of an
entering ligand. Accordingly, thorough investigation is re-
quired for complete understanding of the incompatibility in
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the reaction mechanisms, and elucidation of the mechanism
for cyclopalladation also gives us further insight into the re-
activities of Werner-type palladium(Il) complexes because
the reactant complexes for the cyclopalladation are often the
Werner type. However, there have so far been only a few
kinetic studies on the cyclopalladation,*® although a great
number of synthetic studies have been reported.’>”

In order to perform the clear-cut kinetic studies of cy-
clopalladation it is quite important to follow the simplest
reaction system without any side reactions such as poly-
merization, precipitation, and dissociation of bound li-
gands. Furthermore, solvent molecules often play im-
portant roles in the reaction in solution. Therefore, in
this work® we have synthesized the solvated palladium-
() complexes with potentially cyclopalladating triamine li-
gands having a benzyl group at each terminal amine (N, N'-
dibenzyl-4-methyl-4-azaheptane-1,7-diamine, Bn,Medptn)
and at one terminal amine (N-(3-aminopropyl)-N’-ben-
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zyl- N- methyl- 1, 3- propanediamine, BnMedptn). The
structural characterization of the solvated dibenzyl com-
plexes, [PA(CH3CN)(Bn,Medptn)](BF4), (1) and [Pd(dmf)-
(BnpyMedptn)(BF,4), (2) (dmf = N,N-dimethylformamide),
and their cyclopalladated complex, [Pd(H_;Bn,Medptn-C,
N, N, N")]CF;S0; (4), has been performed by crystal struc-
ture analysis to confirm the structures of the reactants and
products in the present cyclopalladation reactions. In order to
elucidate the solvent effects on cyclopalladation, the kinetics
for 1in some solvents with different basicity, such as acetoni-
trile; nitromethane, DMF, dimethyl sulfoxide (DMSO), and
pyridine, have been investigated. Furthermore, the role of the
basic solvents has been explored by the dependence of the ob-
served rate constant of 1 on the DMSO concentration in nitro-
methane and the kinetic isotope effects on cyclopalladation
in DMF and DMSO using the monobenzyl complex [Pd-
(CH3CN)(BnMedptn)](BF,), (5) and its deuterated complex
[Pd(CH3;CN)(BnMedptn-d;)1(BF4), (6) (BnMedptn-d; = N-
(3-aminopropyl)-N'-heptadeuteriobenzyl-N-methyl-1,3-pro-
panediamine) (Chart 1). The reaction mechanism of the
cyclopalladation is discussed on the basis of the kinetic re-
sults.

Experimental

Materials. DMF and DMSO were dried over activated 4A
molecular sieves and then purified by distillation under reduced
pressure. Acetonitrile and nitromethane were distilled after reflux-
ing for 2 h in the presence of P,Os, and pyridine was distilled
after refluxing for 2 h in the presence of barium oxide. Deuter-
ated nitromethane and acetonitrile (CD;NO; and CD3CN, Aldrich)
were distilled on a vacuum line after dehydration by activated 4A
molecular sieves. The other chemicals were the highest grade com-
mercially available.

Preparation of Ligands. N, N'-Dibenzyl-4-methyl-4-aza-
heptane-1,7-diamine (Bn:Medptn). A solution of N’-methyl-3,
3’-diaminodipropylamine (30.8 g, 0.212 mol, Wako) and benzalde-
hyde (52.2 g, 0.492 mol) in ethanol (150 cm?) was stirred for 22 h at
room temperature. The solution to which sodium tetrahydroborate
(NaBH4, 37.4 g, 0.989 mol) was added drop by drop was stirred
for 20 h at room temperature and then acidified with 12 M HCI (1
M=1mol dm™>). The solvent was removed under reduced pressure
with a rotary evaporator, and the residue was dissolved in water.
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The solution was alkalified with aqueous NaOH, and the resultant
oily product was extracted with toluene. After evaporation of the
solvent, triamine trihydrochloride dihydrate was crystallized from
aqueous HCL. Yield: 55.6%. Anal. Found: C, 53.43; H, 8.06; N,
8.81%. Calcd for C2;H34ClI3N3-2H,0: C, 53.56; H, 8.13; N, 8.92%.

The crystals of BnoMedptn-3HCI-2H,0 were dissolved in water.
The solution was alkalified with aqueous NaOH, followed by ex-
traction of the free amine with toluene, and then the toluene solution
was dried with anhydrous Na;SO4 for 1 d, followed by filtration.
The colorless oil of BnoMedptn was obtained from the filtrate by
evaporation of the solvent. Yield: 75%. '"HNMR (CDCl;) § =1.5
(s,2H,NH), 1.7 (quin, 4 H, CH,CH>CH,), 2.2 (s, 3H, NCH3), 2.4
(t, 4 H, CH,NCH3), 2.6 (t, 4 H, CH,NBn), 3.8 (s, 4 H, CH>Ph),
7.2—7.3 (m, 10 H, Ph).

N-(3- Aminopropyl)- N'-benzyl- N-methyl- 1, 3- propanedi-
amine (BnMedptn). A solution of N'-methyl-3,3’-diamino-
dipropylamine (94.1 g, 0.648 mol, Wako) and benzyl chloride (30.6
g, 0.242 mol) in ethanol (200 em®) was stirred for 60 h at room
temperature. Then an aqueous solution (30 cm®) of NaOH (10.2 g,
0.255 mol) was added. The solution was stirred for 7 h at room tem-
perature. The solvent and the remaining reactants were removed
under reduced pressure, and then an excess of aqueous NaOH was
added to the residue. The resulting oily product was extracted with
toluene. The toluene solution was dried with anhydrous Na; SO,
for 1 d followed by filtration. After the solvent was evaporated
from the filtrate, 5.63 g of the residue was chromatographed on
an SiO; column by elution with a CHCls/methanol/concd aque-
ous NH3 (10:4:1) solution. The eluate was examined by thin-
layer chromatography. The appropriate fractions were combined
and the solvent was removed to obtain BaMedptn. Yield: 22.5%.
"HNMR (CDCl3) 6 =1.4 (s, 3 H, NH and NH,), 1.6 (quin, 2 H,
CH,CH,CH2NBn), 1.7 (quin, 2 H, CH,CH,CH,;NH>), 2.2 (s, 3 H,
NCH3), 2.4 (m, 4 H, CH,NCH3), 2.7 (t, 2 H, CH,NBn), 2.7 (t, 2 H,
CH,NH»), 3.8 (s, 2 H, CH,Ph), 7.2—7.3 (m, 5 H, Ph).

N-(3-Aminopropyl)-N'-heptadeuteriobenzyl-N-methyl-1,3-
propanediamine (BnMedptn-d;). A solution of N'-methyl-3,
3’-diaminodipropylamine (9.36 g, 64.4 mmol, Wako) and benzyl
chloride-d; (2.92 g, 21.9 mmol, Aldrich) in ethanol (150 cm®) was
stirred for 4 d at room temperature. The solution to which was
added an aqueous solution (10 cm®) of NaOH (1.01 g, 25.3 mmol)
was stirred for 16 h at room temperature. After removal of the
solvent and the remaining reactants under reduced pressure, excess
aqueous NaOH was added to the residue. The resultant oily product
was extracted to the CHCl; phase, which was dried with anhydro-
us Na;SO4. The concentrated filtrate was chromatographed on an
Si0, column by the same procedure as for BnMedptn to obtain
BnMedptn-d;. Yield: 31.3%. "HNMR (CDCls) 6=1.6 (quin, 2 H,
CH,CH,CH,NBn-dy), 1.7 (quin, 2 H, CH,CH,CH,NH,), 1.9 (s, 3
H, NH and NH,), 2.2 (s, 3 H, NCH3), 2.4 (m, 4 H, CH,NCH3), 2.7
(t, 2 H, CHaNBn-dy), 2.7 (t, 2 H, CH,NH,).

Preparation of Complexes. [Pd(CH3CN)(Bn;Medptn)]-
(BF4)2 (1). A solution of [Pd(CH3CN)4](BF4), (1.32 g, 2.70
mmol, Aldrich, 91%) and BnpMedptn (0.978 g, 3.00 mmol) in
acetonitrile (30 cm®) was stirred for 3 h at room temperature. The
solution was filtered and the filtrate was concentrated under reduced
pressure. To the solution was added dichloromethane to give light
yellow crystals. Yield: 91.5%. Anal. Found: C, 42.54; H, 5.20; N,
8.67%. Calcd for C23H34B2FsN4Pd: C, 42.73; H, 5.30; N, 8.67%.
"HNMR (CD3NO;) 6 =2.0—3.2 (m, (CHy)3), 2.3 (s, CH3CN), 3.1
(s, NCH3), 4.0 and 4.3 (q, CH,Ph), 4.7 (s(br), NH), 7.5—7.6 (m,
Ph). Single crystals of the acetonitrile complex (1) were obtained
by recrystallization from an acetonitrile-dichloromethane solution.
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[Pd(dmf)(Bn,Medptn)I(BF4); (2). 208 mg (0.322 mmol)
of the acetonitrile complex (1) was dissolved in DMF (1 cm?)
and the solution was kept at room temperature for 5 min. To
the solution was added CH>Cl (5 cm®). This was followed by
filtration, and to the filtrate was added diethyl ether. The resulting
light yellow powder was filtered under nitrogen and dried under
vacuum. Yield: 90.7%. Anal. Found: C, 42.46; H, 5.68; N,
8.23%. Calcd for Co4H3gB,FsN4OPd: C, 42.54; H, 5.50; N, 8.27%.
"HNMR (CD;NO,) 6 =1.9—3.2 (m, (CH,)3), 2.8 and 3.1 (s, CH;
of dmf), 3.0 (s, NCHs), 3.9 and 4.3 (q, CH2Ph), 4.0 (s(br), NH),
7.4—7.7 (m, Ph), 7.9 (s, CH of dmf). The single crystals of the dmf
complex (2) were obtained by crystallization of 1 from a DMF-di-
chloromethane—diethylether solution.

[Pd(dmso)(Bn;Medptn)l(BF4); (3). A solution of the ace-
tonitrile complex (1) (90 mg, 0.14 mmol) and DMSO (1 cm®) in
nitromethane (30 cm®) was stirred for 2 min. To the solution was
added diethyl ether. The resulting light yellow powder was filtered
and washed with ether under nitrogen and dried under vacuum.
Yield: 75%. Anal. Found: C, 41.31; H, 5.86; N, 6.66%. Calcd
for Co3H37B2FsN3OPdS: C, 40.41; H, 5.46; N, 6.15%. 'HNMR
(CD3NOy) 6 =2.0—3.2 (m, (CHz)3), 2.8 (s, CH3 of dmso), 3.0 (s,
NCHz), 4.0 (q, CH2Ph), 3.8 (s(br), NH), 7.5—7.6 (m, Ph). The pure
complex was not obtained because the cyclopalladation proceeded
simultaneously during the above procedure.

[Pd(H_;Bn;Medptn-C,N,N’', N")JCF3S03 (4). Toasolution
of Bn;Medptn (0.815 g, 2.50 mmol) in acetonitrile (20 cm®) was
added a solution of K3 [PdCl4] (0.796 g, 2.44 mmol) in a water/ace-
tonitrile (5 : 4 v/v) mixture (45 cm?) with stirring. After the solvent
was removed by evaporation, water (40 cm®) was added to the
residue. The resultant light yellow precipitate was filtered and
dried under vacuum. [PdCl(Bn,Medptn)]C1-2H,O was obtained.
Yield: 75.7%. Anal. Found: C, 47.03; H, 6.58; N, 7.72%. Calcd
for C21H31N3C12Pd'2H202 C, 46.81; H, 655, N, 7.80%.

An excess of AgCF;S0; (1.9 g, 7.4 mmol) was added to a
suspension of [PdCl(Bn,Medptn)]C1-2H,0 (0.995 g, 1.85 mmol)
in water (100 cm®). The resultant precipitate of AgCl was filtered
off. The filtrate adjusted to ca. pH 7 by adding aqueous NaOH was
stirred for 2 h with boiling and subsequently cooled. The resultant
precipitate of the cyclopalladated complex was filtered. The white
powder was obtained by recrystallization from a methanol-water
solution and then dried under vacuum. Yield: 70.0%. Anal. Found:
C, 45.97; H, 5.33; N, 7.21%. Caled for C2H3F3N303PdS: C,
45.56; H, 5.21; N, 7.25%. '"HNMR (DMF-d7) 6 =1.6—3.1 (m,
(CHz)3), 2.9 (s, NCH3), 4.1 (m, CH,Ph (pendant)), 4.5 (m, CH,Ph
(bound)), 5.4 and 6.1 (NH), 7.0—7.7 (m, Ph). Single crystals of 4
were obtained by recrystallization from a methane solution.

[Pd(CH3CN)(BnMedptn)I(BF4), (5). A solution of [Pd-
(CH3CN)41(BF4), (3.42 g, 7.01 mmol, Aldrich, 91%) and Bn-
Medptn (1.77 g, 7.52 mmol) in acetonitrile (50 cm?’) was stirred
for 0.5 h at room temperature, followed by filtration. The fil-
trate was concentrated and chromatographed on a Sephadex LH-
20 column by elution with acetonitrile. The eluate was examined
spectrophotometrically and the appropriate fractions containing the
acetonitrile complex with the monobenzyl ligand were combined.
The resultant light yellow powder obtained by addition of diethyl-
ether was filtered and dried under vacuum. Yield: 17.5%. Anal.
Found: C, 34.82; H, 5.17; N, 9.68%. Calcd for CisH2sB,FsN4Pd:
C,34.54;H,5.07; N, 10.07%. "HNMR (CDs;NO,) 6=2.0—3.4 (m,
(CH2)3), 2.3 (s, CH3CN), 2.9 (s, NCH3), 3.8 and 4.4 (q, CH,Ph),
3.8 and 4.8 (s(br), NH and NH>), 7.5—7.8 (m, Ph).

[Pd(CH3CN)(BnMedptn-d7)1(BF4), (6). The acetonitrile
complex with a deuterated benzyl group was prepared by the same

Bull. Chem. Soc. Jpn., 71, No. 3 (1998) 621

procedure as for 4 using BnMedptn-d; instead of BnMedptn. Yield:
29.4%. 'HNMR (CD;NO,) 6 =2.0—3.4 (m, (CHy)3), 2.3 (s,
CH3CN), 2.9 (s, NCH3), 3.8 and 4.8 (s(br), NH and NH3).

X-Ray Structure Determination. Each single crystal of
1, 2, and 4 suitable for diffraction measurements was sealed in a
0.7-mm or 0.5-mm o.d. thin-wall capillary because the crystals are
deliquescent. The X-ray diffraction measurements were performed
on a MAC Science Rapid X-Ray Diffraction Image Processor (DIP
320N) with graphite-monochromated Mo K« radiation. Reflections
were collected using 30 continuous Weissenberg photographs with
a ¢ range of 6° (total ¢ range, 0—180°). The intensity data were
corrected for the standard Lorentz and polarization effects. No
empirical absorption correction was applied. The structures were
solved by the direct method and refined by the full-matrix least-
squares technique using Crystan-G (ver. 3).” All non-hydrogen
atoms were refined with anisotropic thermal parameters, and the
hydrogen atoms were placed in the observed positions with fixed
thermal parameters. No enantiomer check was carried out for 1
and 2. Atomic scattering factors and anomalous dispersion terms
were taken from Ref. 10. The crystallographic data are summarized
in Table 1. The atomic coordinates and thermal parameters of the
hydrogen atoms, the anisotropic thermal parameters of the non-hy-
drogen atoms, bond distances and angles, and F, — F. tables have
been deposited as Document No. 71010 at the Office of the Editor
of Bull. Chem. Soc. Jpn.

Sample Preparations and Measurements.  Sample prepara-
tions for NMR measurements were carried out in a glovebox or on
a vacuum line by distilling the purified solvent on the complex in
5 mm o.d. NMR tubes that were then flame-sealed to avoid con-
tamination with water. 'HNMR measurements were performed
on a Bruker AMX-400WB NMR spectrometer operating at 400.13
MHz.

The samples for the kinetic measurements of the cyclopalladation
of 1, 5, and 6 in DMF, DMSO, and pyridine were prepared on a vac-
uum line by a procedure similar to that for the NMR measurements
using in a vacuum line twice-fused quartz cuvettes that were then
flame-sealed. The samples for the dependence of the rate constant
on the DMSO concentration of 1 in nitromethane were prepared
using the cuvettes separable from a vacuum line in order to weigh
nitromethane and DMSO added stepwise. The kinetic measure-
ments at various temperatures were performed with a Shimadzu
UV-265FW spectrophotometer. The temperature of the reaction
solution was held constant within £0.1 K. The reactions were fol-
lowed by a change in absorbance at 296 nm and 304 nm for 1 in
DMF and DMSO, respectively, at 283 nm for § and 6 in DMF, at
292 nm for 5 and 6 in DMSO and at 390 nm for the dependence of
the rate constants on DMSO concentration for 1 in nitromethane.
The rate constants were determined by a least-squares analysis for
several half-lives.

Results and Discussion

Crystal Structure. The perspective views of 1, 2, and 4
are displayed in Figs. 1, 2, and 3, respectively, along with the
atomic numbering schemes. The complexes have a square-
planar geometry. The crystal of the acetonitrile complex (1)
contains one acetonitrile and one dichloromethane as sol-
vent of crystallization in each formula unit as represented
by [Pd(CH3CN)(Bn,Medptn)](BF4),-CH3;CN-CH,Cl,. The
crystal of the dmf complex (2) consists of two nonequiv-
alent formula units. Lists of fractional atomic coordinates
and isotropic thermal parameters are given in Table 2 for
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Cyclopalladation of Pd(Il) Complexes

Table 1. Crystallographic Data for 1-CH3CN-CH,Cly, 2, and 4

1-CH;CN-CH,Cl, 2 4
Formula PdClegN5C26B2H39 PdF30N4C24B2H33 PdSF303N3C2zH30
Fw 772.6 678.6 580.0
Size of cryst./mm 0.60 % 0.30 x 0.25 0.52x 0.40 x 0.32 0.28x0.22x 0.12
Space group Pn Pn P1
alA 12.138(2) 21.173(4) 9.581(2)
bIA 13.152(3) 13.096(2) 10.556(2)
c/A 10.797(2) 10.826(2) 13.394(3)
al® 102.64(1)
Br 104.38(2) 102.07(1) 109.39(2)
y/° 102.13(1)
VIA3 1669.6(6) 2935.6(9) 1186.6(5)
z 2 4 2
T/K 293 293 293
AIA 0.71073 0.71073 0.71073
pelgem™ 1.537 1.536 1.623
No. of reflections measured 11699 16043 7974
No. of unique reflections 3226 5906 4451
No. of reflections used 3226 5906 4451
No. of variables 489 810 386
ulem™! 7.02 6.25 8.25
RY 0.053 0.073 0.071
R, 0.054 0.092 0.080
S 1.79 2.40 2.00

a) R=3[IFol = [Fell/SIFol- b) Ru=[3_w(lFo| — |Fe)?/Sow|Fo[*1'/>.

Fig. 1. ORTEP diagram of [Pd(CH3CN)(Bn,Medptn)]-
(BF4),-CH3;CN-CH,Cl, (1-CH3CN-CH,Cl,) with ellip-
soids at 50% probability. All hydrogen atoms, crystallizing
CH3CN and CH;,Cly, and BF4+~ counter anions have been
omitted for clarity.

1-CH3CN-CH,Cl,, in Table 3 for 2, and in Table 4 for 4.
The selected bond distances and angles are summarized in
Tables 5 and 6, respectively.

The bond distances between palladium(I) and amine ni-
trogen atoms for 1 are slightly longer than the corresponding
bond distances for the acetonitrile complex with 3,3’-di-
aminodipropylamine (dptn), [PA(CH3CN)(dptn)](CF3SO3),
(2.045(1) and 2.036(5) A for the terminal nitrogens and
2.039(6) A for the central nitrogen).'” Such elongation of
the bonds for 1 is due to the electron-withdrawing benzyl
groups on the terminal amine nitrogens and the slightly lower
basicity of the tertiary amine group of Bn,Medptn compared
with the secondary amine group of dptn. No significant dif-

ference in the coordination structure around the Pd(IT) center
is observed between 1 and 2, except for the difference in
the coordinated solvent (CH3CN for 1 and dmf for 2). The
six-membered chelate rings of the BnyMedptn ligand are
obviously too large to form the regular square-planar geom-
etry with the palladium(Il) ion. Consequently, the chelate
bite angles (93.7(3)—98.5(7)°) are much greater than 90°
(see Table 6). It should be noted that there is a difference
in the orientation of the benzyl groups between 1 and 2.
The ortho carbon in one benzyl group of 1 is directed to-
ward the palladium(II) center (Pd---C(1)=3.513(9) A) (see
Fig. 1), while both benzyl groups of 2 are oriented outside
(see Fig. 2). The difference in stability between the two
types of orientation of the benzyl group is regarded as almost
negligible, based on the fact that the Pd---C(1) distance in
1 is relatively long and the rotation of the benzyl group is
rot hindered. One set of the NMR signals of the methylene
protons of benzyl groups shows that the benzyl groups rotate
rapidly in solution. It is plausible that the orientations of
the benzyl groups as observed in crystal structures coexist
in solution. The orientation of the benzyl group as in 1 may
be required to initiate the cyclopalladation but that is not
sufficient to promote the cyclopalladation; this is apparent
because the cyclopalladation did not proceed in an acetoni-
trile-dichloromethane solution for the crystallization of 1 but
did in a DMF—dichloromethane—diethylether solution for the
crystallization of 2 (see Experimental Section). The crystal
structures relative to the cyclopalladation, such as [Pdl, {2-I-
CsH4(CH,N(Me)CH, CH,NMe,)-2}],"™ bis(azobenzene)di-
chloropalladium(Il),'® and bis(benzylidenemethylamine)di-
chloropalladium(I),'"” have been reported. The interaction
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2,

Fig. 2.

counter anions have been omitted for clarity.

Fig. 3. ORTEP diagram of [Pd(H_;BnyMedptn-C, N, N/,
N'")]CF;S0;5 (4) with ellipsoids at 50% probability. All
hydrogen atoms and CF3SO3™ counter anion have been
omitted for clarity.

between the ortho carbon and the palladium atom is assisted
by the electrostatic interaction between the ortho proton and
the halo ligand. However, such an additional interaction has
not been observed in 1. The crystal structure for 2 appears
to be the first instance of a reactant complex obtained in the
reaction solution where the cyclopalladation is proceeding.
The cyclopalladated complex (4) has large chelate bite
angles for the six-membered chelate rings (N(1)-Pd—N(2) =
92.8(2)° and N(2)-Pd-N(3) =93.1(2)°), as also seen in the
acetonitrile and dmf complexes (1 and 2) and a small chelate
bite angle for the five-membered chelate ring (C(1)-Pd—-N-
(1)=82.4(2)°). The bond distances for the terminal nitrogens
(N(1) and N(3)) are in the same range as those for 1 and 2,
while the bond for the central nitrogen (N(2)) is appreciably
elongated because of the trans influence of the strong Pd—C o
bond. It should be pointed out that the absolute configuration
of the terminal amine nitrogen may become inverse with the
cyclopalladation. Complexes 1 and 2 in the crystal take meso
forms where the terminal amine nitrogens have R and § con-
figuration with axially oriented benzyl groups, while the two
terminal amine nitrogens take the same absolute configura-
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ORTEP diagram of [Pd(dmf)(BnoMedptn)](BF4), (2) with ellipsoids at 50% probability. All hydrogen atoms and BF;~

tion in the crystal of 4. These configurational changes with
cyclopalladation reduce the strain of the tetradentate ligand
in complex 4.

Solvent Effect. The 'HNMR spectrum for the solution
of 1 in DMF-dj; for the freshly prepared solution is shown
in Fig. Sla as supporting data. We can assign the singlet
at 3.1 ppm to the N-methyl protons, the singlet at 5.4 ppm
to the amine protons of both terminals, the multiplet around
4.2 ppm to the methylene protons of the pendant benzyl
groups, the multiplets in the range of 1.9—3.2 ppm to the
methylene protons of the six-membered chelate rings, and
the multiplets in the range of 7.4—7.7 ppm to the phenyl
protons. The singlet at 2.1 ppm corresponds to the peak for
free acetonitrile in the bulk.' The absence of the signal for
the coordinated acetonitrile indicates that the substitution of
the coordinated acetonitrile by DMF-d; in the bulk is rapid
enough to complete the reaction during the preparation of the
sample. The 'HNMR spectrum was changed gradually with
time, and the spectrum after the termination of the reaction
(Fig. S1b) showed essentially the same spectrum as the cy-
clopalladated complex (4) in DMF-d; (see Experimental).
The observed rate constants obtained from the increase in
the intensity of the new signals for the methylene (4.5 ppm),
amine (6.0 ppm), and phenyl (7.0 ppm) protons were in
agreement with those determined spectrophotometrically.

It has been confirmed by the 'H NMR measurements that
the cyclopalladation of the acetonitrile complex (1) does not
proceed in acetonitrile or nitromethane, but does proceed in
DMSO and pyridine. It should be noted that the presence
of a small amount of water in acetonitrile or nitromethane
brings about the cyclopalladation, because water acts as a
base (see Experimental). The reaction rate in each solvent
is substantially different in the order: pyridine>>DMSO >
DMF. Accordingly, a more basic solvent' is more favorable
for the cyclopalladation.

The kinetics of the cyclopalladation was investigated spec-
trophotometrically. The flame-sealed samples in which water
was completely removed were used; otherwise the isosbestic
points were not observed in the spectral change, probably
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Table 2. Atomic Coordinates and Equivalent Isotropic
Thermal Parameter for 1-CH3CN-CH,Cl,
Atom x y z Beq/A2
Pd 0.25609 0.28610(2) 0.03097 2.78(1)
Cl1 0.3523(6) 0.7354(6) 0.725(1) 12.4(2)
C12 0.3578(5) 0.9006(6) 0.5515(9) 12.6(2)
F1 0.353(1) 0.474(1) 0.758(1) 11.5(5)
F2 0.454(2) 0.389(2) 0.641(2) 17.6(8)
F3 0.2720(9) 0.419(1) 0.558(1) 11.1(5)
F4 0.406(1) 0.526(1) 0.580(1) 13.4(6)
F5 0.0703(9) 0.976(1) 0.592(1) 10.3(4)
F6 0.044(1) 0.8878(8) 0.410(1) 11.0(4)
F7 —0.0961(5) 0.9870(6) 0.4473(8) 7.2(2)
F8 0.0610(7) 1.0564(6) 0.4104(9) 7.7(2)
N1 0.2270(4) 0.4277(3) —0.0577(6) 3.2(1)
N2 0.2598(4) 0.3379(4) 0.2127(7) 3.5(1)
N3 0.2665(4) 0.1321(4) 0.0857(7) 3.2(2)
N4 0.2652(6) 0.2339(6) —0.1403(8) 3.92)
N5 0.536(2) 0.345(1) 0.138(2) 10.2(6)
C1 —0.0264(7)  0.3004(6) —0.152(1) 4.3(3)
C2 —0.081(1) 0.2223(6) —0.233(2) 6.8(5)
C3 —0.067(1) 0.2146(7) —0.360(2) 7.0(6)
C4 —0.005(1) 0.2836(9) —0.394(2) 6.7(5)
C5 0.0525(6) 0.3603(7) —0.317(1) 4.9(3)
C6 0.0426(5) 0.3677(4) —0.1968(9) 3.402)
C7 0.1024(5) 0.4508(5) —0.1099(9) 3.8(2)
C8 0.2841(5) 0.5147(4) 0.0188(9) 4.0(2)
C9 0.2573(6) 0.5271(5) 0.1457(9) 4.1(2)
C10 0.3076(6) 0.4437(6) 0.238(1) 4.3(2)
Cl11 0.1425(7) 0.3395(7) 0.232(1) 4.8(2)
C12 0.3381(9) 0.2739(7) 0.312(1) 4.2(3)
C13 0.3097(8) 0.1622(6) 0.317(1) 4.5(2)
Cl4 0.3362(6) 0.1027(5) 0.2080(9) 4.02)
Ci15 0.1465(5) 0.0933(4) 0.055(1) 4.5(2)
Ci16 0.1373(5) —0.0199(4) 0.0390(8) 3.5(2)
C17 0.1388(7) —0.0631(6) —0.076(1) 4.8(2)
Ci18 0.1276(8) —0.1697(8) —0.092(1) 5.9(3)
C19 0.110(1) —0.2267(7) 0.009(2) 6.3(4)
C20 0.1076(8) —0.1836(7) 0.116(1) 5.8(3)
C21 0.1219(8) —0.0807(7) 0.137(1) 5.2(3)
Cc22 0.2758(8) 0.1984(7) —0.235(1) 4.4(3)
C23 0.285(2) 0.157(1) —0.350(2) 7.3(5)
C24 0.576(1) 0.347009) 0.052(2) 6.5(4)
C25 0.629(2) 0.346(1) —0.053(2) 8.4(5)
C26 0.315(1) 0.859(1) 0.687(2) 9.0(6)
B1 0.3730(9) 0.4516(9) 0.639(2) 6.3(4)
B2 0.0195(7) 0.9758(8) 0.460(1) 5.03)

due to side reactions.'® The change in the spectrum for 1 in
DMF as a function of reaction time is shown in Fig. 4, as
one instance, exhibiting isosbestic points at 283 and 317 nm.
Almost the same spectral change occurred in DMSO, having
isosbestic points at 292 and 323 nm, while the reaction in pyr-
idine was completed during the sample preparation.!” The
spectra after the termination of the reaction in DMF, DMSO,
and pyridine are identical with those of the cyclopalladated
complex (4) in the respective solvents. The observed first-
order rate constants are independent of the concentration
of 1 in DMF (Table 7). Though the solvated palladium-
(II) complexes consist of one palladium(Il) cation and two
BF,™ anions in solid, the free anion exists in the sample so-

Cyclopalladation of Pd(Il) Complexes
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Fig. 4. Absorption spectral changes of 1in DMF at 341.9K
and [1]=4.97x 10~* mol kg_l. The spectra were recorded
at 0, 60, 130, 220, 350, 570, 820 and 1295 min after the
temperature equilibration.

lution, because of the incomplete formation of the 1:2 ion-
pair species.'® Thus, the observed first-order rate constants
would depend on the concentration of 1, if the counter anion
could contribute to the cyclopalladation, due. to the ion-pair
formation and/or the nucleophilic attack on the ortho proton.
Consequently, the cyclopalladation proceeds quantitatively
without the influence of the counter anion under the present
experimental conditions. The temperature dependence of the
first-order rate constants, k, was fitted to the Eyring equation
to give the values of activation enthalpy (AH?) and activa-
tion entropy (AS?) for the cyclopalladation of 1 in DMF and
DMSO (Fig. 5 and Table 8).

The rate constants at 25 °C in various solvents are in the
order pyridine >>DMSO > DMF, but the reaction does not
proceed in acetonitrile or nitromethane, which corresponds
to the order of the basicity'® of the solvents. The difference
in rates is mainly attributed to the difference in the activation
enthalpy. The present results suggest that the nucleophilic
attack of the basic solvent on the ortho proton is included in
the activation process for cyclopalladation. This suggestion
is confirmed by the DMSO concentration dependence of the
rate constant and the kinetic isotope effect dependent on the
solvent, as described below.

DMSO Concentration Dependence of the Rate. While
the cyclopalladation does not proceed in nitromethane as
described above, it has been found that cyclopalladation does
occur in the presence of DMSO in nitromethane. In order to
clarify the role of the solvent as a base in the activation state
in further detail, we have investigated the dependence of the
observed rate constant of 1 on the DMSO concentration in
nitromethane. Because this reaction system is also moisture-
sensitive, the samples were prepared using a vacuum line for
exclusion of water (see Experimental). As shown in Fig. 6,
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Table 3. Atomic Coordinates and Equivalent Isotropic Thermal Parameters for 2

Atom x ¥y z Beg/ A Atom x y z B /A”
Pdl  —0.00587 —0.00340(4)  0.17398 3.54(3) C13 0.0401(7) —0.060(1)  —0.100(1) 6.5(4)
Pbd2 0.24471(3) —0.50357(4) —0.0369(1)  3.53(4) Cl14 0.0933(6) —0.0640(9) 0.017(1) 5.9(4)
F1 —0.2006(6) —0.306(1) —0.001(1) 12.6(4) C15 0.0980(6) 0.1094(9) 0.100(2) 6.5(5)
F2 —0.2131(9) —0.311(2) 0.193(1) 14.8(6) Cl16 0.1622(5) 0.1251(6) 0.063(1) 4.9(3)
F3 —0.2982(6) —0.322(1) 0.0443)  22(1) C17 0.1682(6) 0.1722(8) —0.048(1) 5.4(3)
F4 —0.235(1) —0.438(1) 0.066(3)  20(1) C18 0.2258(6) 0.184(1) —0.080(1) 5.2(3)
F5 0.0672(5)- 0.368(1) —0.186(1) 11.9(4) C19 0.2791(6) 0.147(1)  —0.009(2) 7.6(5)
F6 0.0010(8) 0.335(1) —0.352(1) 12.2(5) Cc20 0.2783(6) 0.115(1) 0.114(2) 6.7(4)
F7 —0.0421(5) 0.377(1) —0.205(2) 16.0(7) C21 0.2179(6) 0.101(1) 0.143(1) 6.0(4)
F8 0.0063(6) 0.2357(8) —0.184(1) 11.2(4) C22 0.0815(5) 0.0110(6) 0.429(1) 3.6(3)
F9 0.0401(8) —0.181(2) —0.386(1) 15.1(6) C23 0.0812(9) 0.158(1) - 0.560(2) 7.2(4)
F10  —0.0273(7) —0.0568(7) —0.445(2) 12.8(5) C24 0.156(1) 0.008(1) 0.636(3) 8.2(7)
F11  —0.0518(8) —0.2037(7) —0.361(1) 11.3(5) C25 0.3622(6) —0.3624(9) —0.346(2) 6.4(4)
F12  —0.036(1) —0.206(2) —0.545(2) 19(1) C26 0.4045(6) —0.349(1) —0.434(1) 6.4(4)
F13 0.2744(6) —0.1070(9) 0.326(1) 10.2(4) C27 0.4672(6) —0.3339(8) —0.387(1) 5.1(3)
F14 0.2280(4) —0.2679(7) 0.321(1) 9.0(3) C28 0.4945(4) —0.3411(7) —0.254(1) 4.0(2)
FI5  0.17214) —0.1238(7)  0294(1)  8.6(3) C29  04538(6) —0363209) —0.169(1)  6.1(4)
F16 0.2384(6) —0.1654(7) 0.491(1) 9.7(4) C30 0.3886(4) —0.3762(6) —0.219(1) 3.9(2)
01 0.0427(5) 0.0515(7) 0.3393(9)  5.7(2) C31 0.3466(5) —0.3923(6) —0.130(1) 4.0(3)
02 0.1974(3) —0.4457(5) —0.2066(8) 4.6(2) C32 0.3739(4) —0.5714(7) —0.081(1) 5.0(3)
N1 —0.081(1) 0.0017(6) 0.264(3) 6.2(6) C33 0.4027(5) —0.5630(7) 0.062(1) 4.5(3)
N2 —0.0594(4) —0.0439(6) —0.009(1) 4.8(3) C34 0.3588(6) —0.602(1) 0.135(1) 6.4(4)
N3 0.0811(5) 0.0042(4) 0.119(1) 3.3(3) C35 0.3203(8) —0.440(1) 0.218(2) 7.4(5)
N4 0.1070(4) 0.0554(8) 0.531909)  4.9(2) C36 0.2621(6) —0.6043(9) 0.212(1) 5.5(3)
N5 0.3249(6) —0.4996(4) —0.123(2) 3.2(3) C37 0.1957(7)y —0.563(1) 0.233(2) 7.0(5)
N6 02970(4) —05377(9)  0.134009)  4.0(2) C38  0.1453(5) —0.56938)  0.114(1)  4.7(3)
N7 0.152(1) —0.4982(7) 0.010(2) 7.0(7) C39 0.1401(5) —0.3861(8) 0.038(1) 4.7(3)
N8 0.1317(4) —0.4426(8) —0.397(1) 5.2(3) C40 0.0716(5) —0.3712(8) 0.064(1) 4.5(3)
C1 —0.1269(6) 0.1349(7) 0.486(1) 4.9(3) C41 0.0169(6) —0.4079(9) —0.016(2) 6.4(4)
c2 —0.1684(8) 0.1598(9) 0.564(1) 7.1(4) C42  —0.0433(6) —0.400(1) 0.019(2) 7.4(5)
C3 —0.2380(8) 0.171(1) 0.518(2) 7.0(5) C43 —-0.0473(7) —0.345(1) 0.140(2) 7.5(5)
C4 —0.256(1) 0.164(1) 0.389(2) 8.0(7) C44 0.012(1) —0.313(2) 0.238(3) 10.8(8)
C5 —0.2160(4) 0.1453(7) 0.310(1) 4.5(2) C45 0.0703(6) —0.331(1) 0.182(1) 6.1(4)
Cé6 —0.1513(5) 0.1310(8) 0.352(1) 4.9(3) C46 0.1566(9) —0.496(1) —0.289(2) 6.8(6)
C7 —0.1026(7) 0.1132(9) 0.261(2) 6.3(4) C47 0.151(1)  —0.347(2) —0433(3) 12.7(9)
C8 —0.1422(6) —0.0677(8) 0.216(1) 5.0(3) C48 0.0896(8) —0.501(1) —0.490(3) 7.3(7)
Cc9 —0.1637(5) —0.0641(9) 0.077(1) 6.0(3) Bl  —0.2405(7) —0.3426(9) 0.073(2) 7.0(5)
C10 —0.1171(5) —0.1035(6) —0.003(1) 4.8(3) B2 0.0136(7) 0.335(1) —0.223(1) 5.003)
Cll1  —0.07774) 0.0554(9) —0.063(1) 4.3(3) B3  —0.0236(7) —0.164(1) —0.441(1) 5.94)
Cl12  —0.0235(7) —0.103(1) —0.083(2) 8.9(5) B4 0.2308(5) —0.173(1) 0.367(1) 4.8(3)

the rate constant is almost proportional to the concentration
of DMSO in the bulk at 301.4, 310.3, and 314.9 K, within
the experimental errors.

The three-coordinate species without the bound solvent
have not been observed in the 'HNMR spectra for the dmf
complex (2) and the dmso complex (3) in nitromethane-d3.'”
Consequently, we can regard the existence of the three-coor-
dinate species formed by the solvent-dissociation pre-equilib-
rium as negligible in the initial state in the case of the present
kinetic measurements, because neat DMF or DMSO was
used as the solvent. The absence of such a pre-equilibrium
is supported by the linearity of the plots of the DMSO con-
centration dependence of the observed rate constant (Fig. 6).
Furthermore, if the solvent-dissociation path is operative in
the cyclopalladation where the intermediate is quite reactive
and the steady-state approximation can be applied, the ob-

served rate constants are expected to be independent of the
DMSO concentration. Even if one may expect that a slightin-
tercept is concealed by the experimental errors, the solvent-
dissociation path becomes more negligible in a neat basic
solvent. Furthermore, though the relationship as shown in
Fig. 6 also corresponds to the mechanism where another sol-
vent binds to the axial site and the bound solvent abstracts the
ortho proton, we can rule out this mechanism on the basis of
the following reasons; the five coordinate palladium(Il) com-
plex is so bulky that the electrophilic attack of the palladium-
(I) center on the ortho carbon is sterically difficult, and the
five coordinate 18-electron species is electronically saturated
and does not allow the electrophilic attack of the palladium-
(Il) center. Accordingly, we reasonably conclude that the
present cyclopalladation proceeds via the nucleophilic at-
tack of the basic solvent in the bulk on the ortho proton of



626  Bull. Chem. Soc. Jpn., 71, No. 3 (1998)

Table 4.  Atomic Coordinates and Equivalent Isotropic
Thermal Parameters for 4

Atom x y b4 Bf.,q/A2
Pd 0.31584(3) 0.37028(3) —0.21591(3) 3.12(2)
S 0.1604(2) 0.0188(1) 0.2750(1) 4.37(4)
F1 0.121(1) 0.1345(9) 0.1199(7)  13.8(4)
F2 0.3352(9) 0.2297(5) 0.2589(6) 12.7(3)
F3 0.3035(7) 0.0462(5) 0.1432(5) 9.5(2)

01 0.0898(5) 0.1052(4) 0.3240(4) 5.9(2)
02 0.2992(7) 0.0066(6) 0.3525(5) 7.5(2)
03 0.0555(6) —0.1074(4) 0.1921(4) 6.3(2)
N1 0.2652(6) 0.2766(4) —0.1076(4) 4.0(1)
N2 0.3492(5) 0.1878(4) —0.3100(4) 3.5(1)
N3 0.3442(5) 0.4769(4) —0.3244(4) 3.5(1)
C1 0.2689(6) 0.5233(5) —0.1281(5) 3.8(1)
C2 0.2458(8) 0.6409(6) —0.1527(6) 5.1(2)
C3 0.2004(8) 0.7311(6) —0.0864(7) 6.0(2)
C4 0.1762(8) 0.7064(6) 0.0028(6) 6.3(2)
C5 0.1980(8) 0.5905(7) 0.0282(6) 5.8(2)
C6 0.2464(7) 0.5008(5) —0.0360(5) 4.42)
C7 0.2799(9) 0.3797(6) —0.0057(6) 5.6(2)
C8 0.346(1) 0.1796(8) —0.0742(6) 5.8(2)
C9 0.3260(9) 0.0628(6) —0.1732(6) 5.5(2)
C10 0.4125(8) 0.1061(7)  —0.2399(7) 5.5(2)
C11 0.1916(7) 0.1043(5) —0.3959(6) 4.5(2)
C12 0.4586(7) 0.2181(6) —0.3642(6) 5.0(2)
C13 0.4313(7) 0.3127(5) —0.4343(5) 4.4(2)
Cl4 0.4645(6) 0.4568(5) —0.3672(5) 3.8(2)
C15 0.1904(5) 0.4518(5) —0.4135(5) 3.7(1)
C16 0.1887(5) 0.5269(4) —0.4977(5) 3.5(1)
C17 0.1485(6) 0.4567(4) —0.6072(4) 3.8(1)
C18 0.1339(6) 0.5228(6) —0.6877(5) 4.4(2)
C19 0.1636(7) 0.6615(6) —0.6569(6) 5.2(2)
C20 0.2083(8) 0.7342(6) —0.5474(7) 6.0(2)
C21 0.2197(7) 06680(5)  —0.4686(5) 4.7(2)
C22 0.2343(9) 0.1118(6) 0.1960(7) 5.8(2)

Table 5.  Selected Bond Distances (A) for 1.CH3;CN-
CH,Cl,, 2, and 4

1.CH3CN-CHCl,
Pd-N1  2.084(5) Pd-N2  2.067(7) Pd-N3  2.105(5)
Pd-N4  2.001(9) Pd---C1 3.513(9)

2
Pd1-N1 2.02(3) Pd1-N2 2.13(1) Pd1-N3 2.05(1)
Pd1-O1 2.002(9) Pd2-N5 2.10(2) Pd2-N6 1.999(9)
Pd2-N7 2.12(2) Pd2-02 2.045(7)

4
Pd—C1 2.005(6) Pd-N1  2.053(6) Pd-N2  2.206(4)
Pd-N3  2.074(5)

the four-coordinate solvated complex.

Kinetic Isotope Effects. We consider that the ortho
C-H bond cleavage plays a significant role in the activation
process for the cyclopalladation, judging from the quite large
values of AH* for 1in DMF and DMSO and the dependence
of the rate on the solvent basicity. Consequently, we have
confirmed the magnitude of the kinetic isotope effects (ku/kp)
in DMF and DMSO using the monobenzyl complex (5) and

Cyclopalladation of Pd(Il) Complexes

In(hk/ kgT)
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Fig. 5. Temperature dependence of the rate constants k for
cyclopalladation of 1 in DMF ([1] = (2.71—10.3)x10~*
molkg™!) (a), 1 in DMSO ([1]=(3.82—6.31)x10™*
molkg™") (b), 5 in DMF ([5]=(4.41—6.94)x10~*
molkg™! (¢), and 6 in DMF ([6] = (4.54—6.43)x10™*
molkg™") (d).
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Fig. 6. The dependence of the rate constants on DMSO
concentration of cyclopalladation of 1 in nitromethane at
301.4 K ([11=1.62—1.97)x 107 molkg™") (0)), at 310.3
K ([1]=(1.13—1.73)x107* molkg™") () and at 314.9 K
([1]=(1.85—2.20)x 107* mol kg ") (O). Considering the
precision of the present sample preparation, the upper limit
of the experimental errors in the DMSO concentration is ca.
0.04 mol kg !, which corresponds to each bar.
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Table 6. Selected Bond Angles (deg) for 1-CH3;CN-CH,Cl,, 2, and 4

1.CH3CN-CH,Cl,

N1-Pd-N2 95.9(2) Pd-N1-C8 115.6(4) C10-N2-C12  104.0(6)
N1-Pd-N3 168.7(2) C7-N1-C8 109.94) Cl1-N2-C12  111.5(8)
N1-Pd-N4 85.6(3) Pd-N2-C10 113.2(6) Pd-N3-C14 119.9(4)
N2-Pd-N3 93.7(3) Pd-N2-Cl11 110.0(6)  Pd-N3-C15 106.1(4)
N2-Pd-N4 175.72)  Pd-N2-C12 110.6(6) C14-N3-C15 115.6(7)
N3-Pd-N4 85.2(3) Cl10-N2-C11 107.4(6)  Pd-N4-C22 175.0(7)
Pd-N1-C7 113.0(4)

2
N1-Pd1-N2 98.0(8)  Pd1-N1-C8 120(2) Pd2-N5-C32 ~ 117(1)
N1-Pd1-N3 167.6(8) C7-N1-C8 108(1) C31-N5-C32  116(1)
N1-Pd1-0O1 82.3(8) Pd1-N2-C10 112.0(8)  Pd2-N6-C34 115.4(7)
N2-Pd1-N3 94.4(4) Pd1-N2-Cl11 101.3(6)  Pd2-N6-C35 113.2(8)
N2-Pd1-0O1 173.33)  Pd1-N2-C12 114.3(7)  Pd2-N6-C36 113.8(6)
N3-Pd1-0O1 85.3(4) Cl10-N2-Cl11 110.0(7) ~ C34-N6-C35  105.8(9)
N5-Pd2-N6 94.1(5) Cl0-N2-C12  106(1) C34-N6-C36  101.2(9)
N5-Pd2-N7 167.3(8) Cl11-N2—C12  113(1) C35-N6—-C36  106(1)
N5-Pd2-02 83.3(5) Pd1-N3-Cl14 119.6(7)  Pd2-N7-C38 114(1)
N6-Pd2-N7 98.5(7)  Pd1-N3-Cl15 110.6(8)  Pd2-N7-C39 106(1)
N6-Pd2-02 170.8(4)  Cl14-N3-C15  112(1) C38-N7-C39  113(2)
N7-Pd2-02 84.1(7) C22-N4-C23  118.6(9) C46-N8-C47  127(1)
Pd1-01-C22  132.2(8) C22-N4-C24  125(1) C46-N8-C48  114(1)
Pd2-02-C46  124.3(9) C23-N4-C24  116(1) C47-N8-C48  118(2)
Pd1-N1-C7 107(1) Pd2-N5-C31 109.6(9)

4
C1-Pd-N1 82.4(2) Pd-N1-C8 119.2(5) Cl11-N2-C12  110.0(5)
C1-Pd-N2 1742(2)  C7-N1-C8 109.1(5) Pd-N3-Cl14 115.6(4)
C1-Pd-N3 91.3(2) Pd-N2-CI10 113.2(4)  Pd-N3-C15 109.1(4)
N1-Pd-N2 92.8(2) Pd-N2-Cl1 105.4(4) Cl14-N3-C15 113.5(5)
N1-Pd-N3 172.4(2)  Pd-N2-Cl12 114.1(3) Pd-C1-C2 128.6(5)
N2-Pd-N3 93.1(2) Cl0-N2-C11 109.4(4)  Pd-C1-C6 113.6(4)
Pd-N1-C7 110.6(4) C10-N2-C12  104.7(5)

Table 7. Observed Rate Constants at Various Concentra- Table 8.  Activation Parameters and Rate Constants at 25
tions of the Palladium(Il) Complex for Cyclopalladation °C for Cyclopalladation of Palladium(Il) Complexes in
of 1in DMF at 314.9 K DMF and DMSO

[Pd complex}/10~* mol kg ™" 10° kops/s ™' Complex® Solvent AH*/kImol™! ASHJK™"mol™" 10%%*%/s~*
2.71 5.51 1 DMF 104.0+1.2 35+£39 5.74
497 5.76 5 DMF  81.2+0.5 -47.0£1.8 130
6.95 5.38 6 DMF 928+14 -27.5+4.4 12.6
103 5.52 1 DMSO 83.8+2.6 -31.0+8.8 313
5 DMSO 1760
6 DMSO 269

the deuterated monobenzyl complex (6) because the rate for
the deuterated dibenzyl complex is expected to be unfavor-
ably slow for the kinetic measurements. Spectral changes
similar to those for 1 in DMF and DMSO were observed
in the cases of both 5 and 6, exhibiting isosbestic points at
266 and 313 nm in DMF and at 276 and 312 nm in DMSO,
respectively, though the rate for the monobenzyl complex
(5) was distinctly faster than that for the dibenzyl complex
(1) and appreciable retardation of the reaction of the deuter-
ated monobenzyl complex (6) compared with that of 5 was
observed. The temperature dependence of the rate constants
for 5 and 6 in DMF is shown in Fig. 5, and the activation
parameters obtained in DMF and the rate constants observed
at 25 °C in DMSO are listed in Table 8, together with those

‘a) See text; 1: dibenzyl complex, 5: monobenzyl complex, 6:
deuterated monobenzyl complex.

for the dibenzyl complex (1) in DMF and DMSO.

The kinetic isotope effects (ky/kp) at 25 °C for the mono-
benzyl complex are 10.3 and 6.5 in DMF and DMSO, respec-
tively. These values are extremely large compared with those
reported for other cyclopalladation reactions.***® The large
kinetic isotope effect?® in DMF comes from the large differ-
ence in the activation enthalpy such as 11.6 kI mol~! (see
Table 8), and presumably includes the tunnel effect. Con-
sequently, it is reasonable that the energy required for the
C—H bond cleavage on the ortho carbon of the benzyl group
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is mainly reflected in the activation energy observed, though
the electrophilic attack of the palladium(Il) center on the
ortho carbon®” and the nucleophilic attack of the basic sol-
vent on the ortho proton described above also make a contri-
bution to the activation of the ortho C—H bond cleavage. The
nucleophilic attack of the basic solvent is also supported by
the smaller kinetic isotope effect in DMSO than that in DMF.
The stronger base, DMSO, is more advantageous for nucleo-
philic attraction toward the ortho proton, which induces a
relatively greater inverse kinetic isotope effect by a con-
tribution of the bond formation between the ortho pro-
ton and the solvent molecule. Actually, a relatively
small value of the kinetic isotope effect (ky/kp =1.5)
was reported for the cyclopalladation of the bis(acetyl-
acetonato)palladium(Il) complex with 2-phenylpyridine in
n-butanol,® where an excess of 2-phenylpyridine act as the
strong base for the nucleophilic attraction. Considering that
such an interaction between the ortho proton and the basic
solvent reduces the energy for the C—H bond cleavage, we
think it is reasonable that the order of magnitude of the ki-
netic isotope effect (DMF > DMSO) agrees with that of the
activation enthalpy.

In the present work, the steric effect on the cyclo-
palladation has also been observed. As is apparent from
Table 8, the rate constants at 25 °C for 5 are much greater
than those for 1 in DMF and DMSO. Taking into account
the electron-withdrawing properties of the benzyl group, the
dibenzyl complex (1) is more advantageous for the elec-
trophilic attack of the palladium(Il) center than the mono-
benzyl complex (5). However, the reaction of 5 is enthalpi-
cally more favorable than that of 1 as shown for the reaction
in DMF. It is most probable that the pendant benzyl group
in the dibenzyl complex (1) has a repulsive interaction with
the approaching solvent and/or benzyl group keeping those
away from the reaction site on the palladium(Il) center. Such
blocking of the pendant benzyl group may weaken the inter-
action between the approaching solvent and the leaving ortho
proton and/or between the ortho carbon and the palladium-
(T) center in the transition state to give a large value of AH*
and a less negative value of ASt. Thus, the steric hindrance
around the reaction site is one of the significant factors which
influence the reactivity of cyclopalladating complexes.

Conclusions

‘We have confirmed the structures of the reactants and prod-
ucts for the cyclopalladation and have accomplished mech-
anistic studies under the conditions without contamination
with water. The main conclusions drawn are as follows.

The cyclopalladation proceeds via the electrophilic attack
of the palladium(II) center on the ortho carbon of the ben-
zyl group, which is directed toward the palladium(II) center
as observed in the crystal structure of 1. In the transition
state, the nucleophilic attack of the basic solvent molecule
on the ortho proton is essential to cleavage the ortho C-H
bond, as clarified by the kinetic isotope effect and the kinetic
properties dependent on the solvent. It has been confirmed
that acetonitrile does not have sufficient basicity to promote

Cyclopalladation of Pd(Il) Complexes

the cyclopalladation, while the activation energy for the C-H
bond cleavage is reduced as the basicity of the solvent in-
creases, as observed in DMF, DMSO, and pyridine. In addi-
tion, the solvent-dissociation pre-equilibrium is not expected
from the proportionality of the dependence of the rate con-
stant on the concentration of the basic solvent in the bulk. In
our present reaction systems, we can rule out the mechanism
via the three-coordinate 14-electron intermediate as claimed
previously.

Supporting Data.  Crystallographic materials (Tables
S1—S16) and 'HNMR spectra of 1 in deuterated DMF at
315.5 K, just after preparation and after 22 h (Fig. S1) are
deposited as Document No. 71010 at the Office of the Edi-
tor of Bull. Chem. Soc. Jpn. and are also available from the
author on request.
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