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Synthesis and Isomerism of Mixed (Amine)(carboxylato) Complexes with the
[Pd(N)n(O)4—n])-type (n=1—4) and Their Circular
Dichroism Spectra
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A large number of mixed-ligand [Pd(N)x(O)s-n]-type complexes (n=1—4) which contain at least one op-
tically active ligand were synthesized and isolated in a systematic manner. (S)-Propylenediamine, (25)-N!,N!-
diethyl-1,2-propanediamine, and (S)-amino carboxylates were employed as one ligand, which is optically
active; ammonia, diamines, amino carboxylates, acetates, and dicarboxylates as the other ligand oc-

cupying the remaining coordination sites.

Isomerism could be detected in the mixed complexes of an

unsymmetrical diamine and an amino carboxylate and has been discussed on the basis of 3C NMR and CD

spectra.

Moreover, the influence of optically inactive ligands on the vicinal CD spectra has been

examined, and also the additivity of vicinal CD contributions of two different optically active ligands has

been demonstrated.

The electronic structure of d& square-planar
complexes has been studied most extensively on
[MCl4]2~ (M=Pt and Pd)? which are easy to deal with
theoretically and experimentally. In a separate
paper,? we reported on the electronic structures of cis-
and trans-[Pd(Cl)2(N)z]-type complexes. An extension
of the work to complexes containing nitrogen and
oxygen atoms which are most popular as coordinating
atoms is desirable to understand systematically the
electronic structure of square-planar palladium(II)
complexes. Although it is desired to use as simple
ligands as possible in order to study the d-d absorption
spectra, there have been known few examples of the
isolation of mixed-ligand palladium(II) complexes
comprising of such N-and/or O-ligands. This seems to
be ascribed to the lability of palladium(II) complexes
and to retarded development of systematized synthetic
routes.  Unavailability of ion exchange column
chromatography, which serves as a very powerful tool
for separating some chemical species in the case of
cobalt(III), chromium(III), rhodium(III) complexes
etc., is also responsible for the situation.

In 1932, Drew et al.? isolated [Pd(en)(NHas)2]Clz,
[Pd(en)(py)2]Cl2, and [Pd(NHas)z(py)2]Clz and observ-
ed that the former two complexes were obtained
only by the action of ammonia or pyridine(py) on
[PdClz(en)], the action of ethylenediamine(en) on
[PdClz(NHs)z] or [PdClz(py)z] causing disproportiona-
tion to give [Pd(NHs)4]Clz or [Pd(py)s]Clz as well as
[Pd(en)2]Cle, respectively. According to these investiga-
tions [Pd(NHa)z(py)z2]Clz2 can be obtained either from
[PACIz(NHs)2] or from [PdClz(py)z], where excess
pyridine is necessary in the case of the former starting
material but in the latter case the calculated quantity of
ammonia must be used because excess ammonia
replaces the coordinated pyridine molecules. These
observations suggest that the order of introduction of
ligands is important in the synthesis of mixed-ligand
palladium(II) complexes.

Although the kinetics of the mixed-ligand
palladium(II) complexes of ethylenediamine and a
variety of amino carboxylates has been systematically
investigated by Lim,? no isolation and spectroscopic
studies of the complexes have been undertaken at all.

The examples of the isolation of [Pd(N)2(O)z]-type
complexes with simple ligands are limited to [Pd-
(ox)(NHzs)2]? and [Pd(CH3COg2)2Lz] (L=py, NH(CzH5)s,
N(CzHs)3, and (bipyridine)1,2)® except bis(amino car-
boxylato) complexes.”.® None of these complexes,
however, are suited for investigation of d-d spectra
because of low solubility, isomerization reaction,
and/or the presence of the low energy intraligand
transitions. As to the mixed-ligand palladium(II)
complexes of an amino carboxylate and a (di)carboxyl-
ate, no reports could be found even on the preparation.

This paper deals with the synthesis and isolation of
mixed-ligand [Pd(N):(O)s-»]-type complexes (n=1—4)
containing (di)amine(s) as an N-ligand, (di)carboxyl-
ate(s) as an O-ligand, and an amino carboxylate as an
N,O-ligand. Then, the mixed-ligand complexes com-
prising of (S)-propylenediamine or (25)-N1,N1-diethyl-
1,2-propanediamine and an unsymmetrical bidentate
ligand such as an amino carboxylate should exhibit
isomerism; this could be actually detected in the amino
carboxylato complexes, and has been discussed on the
basis of 13C NMR and CD spectra. Moreover, we have
examined the additivity of vicinal CD contributions of
two optically active ligands and the influence of
optically inactive ligands on the vicinal CD spectra.
The following abbreviations are used for ligands in
the present paper: S-pn, (S)-propylenediamine NHos-
CH:CH(CH3)NHg; tn, trimethylenediamine NH2CHa-
CH2CH2:NHz; N1,N1-Et2-(S)-pn, (25)-N1,N!-diethyl-1,2-
propanediamine NH2CH(CH3)CH:N(CzHs)2; N,N-
Megen, N,N-dimethylethylenediamine NH2CH2CH2N-
(CHs)g; N,N-Eteen, N,N-diethylethylenediamine NH2-
CH2CH:2N(C2Hs); Hgly, glycine NH2CH2CO:zH; B-
Hala, B-alanine NH:CH:CH2CO:2H; S-Hala, (S)-ala-

nine NH2CH(CH3)CO2H; S-Hpro, (S)-proline NHCH3:-
CHzCHzZEHCOzH; S-Hser, (S)-serine NH2CH(CH20H)-
COzH; S-Hleu, (S)-leucine NH:CH{CH2CH(CH3s)2}-
CO:H; S-Hhpro, (S)-hydroxyproline NHCH2CH(OH)-

CH:CHCO:H; H(N,N-Meggly), N,N-dimethylglycine
N(CH3)2CH2CO2H; H20x, oxalic acid HO2CCO:zH;
Homal, malonic acid HO:CCH:CO:H; Ham,amino
carboxylic acid.
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Experimental

[Pd(N )sJ-type Complexes. 1) [Pd(S-pn)(NH3)2JCls:  Con-
centrated aqueous ammonia (ca. 26.5%, 120 mg) was added
to a suspension of 400 mg of [PdClz(S-pn)}? in 15 cm? of
water, with stirring at room temperature. The resulting clear
solution was evaporated to 1—2 cm3 under reduced pressure
and then diluted with 5 cm3 of methanol. After removal of a
small amount of [PdCly(S-pn)] reproduced, the solution was
mixed with one drop of concentrated aqueous ammonia and
3 cm3 of ether, and allowed to stand at room temperature.
White crystals were collected, washed with a mixture of
methanol—ether, and dried in air. Yield: 310 mg. Found: C,
12.57; H, 5.65; N, 19.42%. Calcd for CsH1sN4Cl2Pd: C, 12.62;
H, 5.65; N, 19.62%.

2) [Pd(S-pn)en)]Clz: An aqueous solution containing
73mg of ethylenediamine was mixed with 300mg of
[PdClx(S-pn)] suspended in 10 cm? of water and the mixture
was stirred at 40 °C. The resulting solution was filtered and
concentrated to a small volume under reduced pressure.
Addition of ethanol to the concentrate warmed gave white
precipitate, which was collected, washed with a mixture of
water—ethanol, and dried in vacuo. Yield: 290 mg. Found: C,
18.67; H, 5.92; N, 17.34%. Calcd for [Pd(S-pn)(en)]Clz-
0.5H20=CsH1sN4Cl2005Pd: C, 18.73; H, 5.97; N, 17.48%.

3) [Pd(S-pnk|Clz: This complex was obtained from [PdCle-
(S-pn)] by the same method as in 2), in a 72% yield. The con-
tent of water of crystallization is different from that reported
for [Pd(R-pn)2]Cl2.? Found: C, 21.68; H, 6.20; N, 16.81%.
Calcd for [Pd(S-pn)z]Clz-0.5H20=CsH21N4Cl2005Pd: C,
21.54; H, 6.33; N, 16.75%.

4) [Pd(S-pn)tn)]Cly:  An aqueous solution containing this
complex was prepared in the same way as in 2). The solution
was evaporated under reduced pressure to give a sirup, which
was dissolved in ethanol. After filtration the ethanol solu-
tion was mixed with ether and allowed to stand in a refrig-
erator. The desired product was obtained as white crys-
tals in an 82% yield. Found: C, 21.04; H, 6.37; N, 16.35%.
Calcd for [Pd(S-pn)(tn)]Clz- H2O=CeH22N4CloOPd: C, 20.97;
H, 6.45; N, 16.31%.

5) [PA(NLN-Etx(S)-pn)NH3)2JCla: A suspension of 610
mg of [PdCla(N!,N1-Ete-(S)-pn)]*® in 10 cm? of water was
mixed with concentrated aqueous ammonia (ca. 26.5%, 300
mg) and the mixture was stirred at 40 °C. An evaporation of
the resulting pale yellow solution gave a sirup, which was
dissolved in a mixture of ethanol-ether and stored in a freezer
for 4d. Yellow blocks deposited were mechanically separated
from a small amount of white powder and identified as
[PAdCI(NH3)(N1,N1-Et2-(S)-pn)]Cl by the absorption spectrum
and elemental analysis (yield: 370 mg). Found: C, 25.99; H,
6.48; N, 12.97%. Calcd for [PdCI(NH3)(N!,N!-Etz-(S)-pn)]-
CI=C;H21NsCloPd: C, 25.90; H, 6.52; N, 12.95%. Its elec-
tronic absorption(AB) and CD data in a 0.10 M KCI aque-
ous solution (1 M=1 mol dm~3) were as follows in gmax/103
cm™! (¢/mol~tdm3cm~!) and 0Oex/103 cm~! (Ae/mol~-! dm3
cm™?), respectively; AB: 29.3 (346), 47.8 (17000) and CD: 23.6
(—0.027), 27.9 (+0.12), 32.0 (—0.73).

The monochloro complex (220 mg) was dissolved in a
minimum quantity of warm water and diluted with 3 cm? of
ethanol containing one drop of concentrated aqueous
ammonia. The resulting almost colorless solution was mixed
with ether to give faint yellow needles, which were washed
with a mixture of 95%-ethanol-ether and dried in air. Yield:
140 mg. Found: C, 23.46; H, 7.33; N, 15.38%. Calcd for
[PA(N1,N1-Ete-(S)-pn)(NHs)2]Clz- HHO=C7H26N4Cl1:0Pd: C,
23.38; H, 7.29; N, 15.58%. This complex is liable to decom-
pose even in the crystalline state.

6) [Pd(N,NL-Eto(S)-pn)tn)]Clzx An aqueous solution of
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130 mg of NLN!'-Ete-(S)-pn was added to 250 mg of
[PdClz(tn)] suspended in 13 cm? of water, with stirring at ca.
55°C. The resulting solution was evaporated to dryness and
the residue was dissolved in a small amount of warm
methanol. After filtration the methanol solution was mixed
with acetone and allowed to stand in a refrigerator to give
faint yellow crystals, which were washed with a mixture of
water-acetone and dried in vacuo. Total yield: 300 mg.
Found: C, 31.42; H, 7.38; N, 14.75%. Calcd for CioH2sN4-
ClzPd: C, 31.47; H, 7.39; N, 14.68%.

7) [PAL(S-pn)]Clz (L=N',N'-Etz(S)}-pn and N,N-Eteen). These
complexes were prepared from [PdClx(S-pn)] by a method
similar to that in 6), but crystallized from ethanol by
adding acetone. Yield: 75—85%. Found: C, 28.77; H, 7.66;
N, 13.46%. Calcd for [Pd(N1,N1-Ete-(S)-pn)(S-pn)]Clz- 2H:0=
C10H32N4Cl202Pd: C, 28.76; H, 7.72; N, 13.41%. Found: C,
27.71; H, 7.29; N, 14.29%. Calcd for [Pd(N,N-Eteen)(S-pn)]-
Clz-1.25H20=CyH2s5N4Cl20;25Pd: C, 27.71; H, 7.36; N,
14.36%.

8) [PAL(NYN¥-Ets(S)-pn)|Cly (L=N,N-Etoen and N,N-Mezen):
Each of these complexes was obtained from [PdCI:L]'? in
a manner similar to that in 6), but crystallization was per-
formed from warm ethanol or methanol by adding ether.
Yield: 80—85%. Found: C, 36.87; H, 8.06; N, 13.32%. Calcd
for [Pd(N,N-Etzen)(N1,N1-Ets-(S)-pn)]Cla=Ci13H34N4Cl2Pd:
C, 36.85; H, 8.09; N, 13.22%. Found: C, 33.40; H, 7.60; N,
14.29%. Calcd for [Pd(N,N-Megen)(N1,N1-Etz-(S)-pn)]Cle=
C1H3oN4CloPd: C, 33.39; H, 7.64; N, 14.16%.

9) Other Complexes: The complex [Pd(N!,N!-Ets-(S)-pn)z]-
Cl; was prepared according to the method reported,!? but the
content of water of crystallization was different. Found: C,
35.57; H, 8.47; N, 11.82%. Calcd for [Pd(N1,N1-Ete-(S)-pn)2]-
Clz-2H20=C14H4N4Cl202Pd: C, 35.49, H, 8.51; N, 11.82%.
The complex [Pd(N1,N!-Ete-(S)-pn)(en)]Clz was prepared
in our previous work.!?

[Pd(N ) O)Ftype Complexes. 1) [Pd(glyS-pn)[ClOs: A
suspension of 400 mg of [PdCly(S-pn)] in 15 cm? of water
was mixed with an aqueous solution (5cm3) containing
120 mg of glycine and 65 mg of sodium hydroxide. The
mixture was stirred for 30 min at 45 °C to turn into a clear
lemon yellow solution, which was treated with 200 mg of
sodium perchlorate and evaporated to dryness under reduced
pressure. After washing with cold water, the crude product
was recrystallized from warm water by adding methanol.
Yield: 270 mg. Found: C, 17.03; H, 4.01; N, 11.87%. Calcd
for CsH14sN3ClO6Pd: C, 16.96; H, 3.99; N, 11.87%.

2) [PdL(en)]ClO4 (L=S-ala and S-ser): These complexes
were prepared from [PdClz(en)] by the same method as in 1),
in a 75—80% yield. Found: C, 17.05; H, 4.08; N, 11.85%. Calcd
for [Pd(S-ala)(en)]ClO4=CsH14N3ClOePd: C, 16.96; H, 3.99;
N, 11.87%. Found: C, 16.43; H, 3.89; N, 11.35%. Calcd for
[Pd(S-ser)(en)]C104=CsH1sN3ClO-Pd: C, 16.23; H, 3.81; N,
11.36%.

3) [Pd(S-ala)tn)]ClO4: Silver oxide (380 mg) was mixed
with 400 mg of [PdClz(tn)] suspended in 12 cm3 of water and
the mixture was stirred at room temperature for 20 min in the
dark. After the silver chloride had been filtered off, perchloric
acid (60%, 266 mg) and (S)-alanine (141 mg) were successively
added to the filtrate. The reaction mixture was stirred for
20 min and evaporated to dryness. A water-methanol (1:9)
solution of the residue was mixed with ether and allowed to
stand in a refrigerator, giving pale yellow crystals, which were
washed with a mixture of methanol-ether and dried in vacuo.
Yield: 510 mg. Found: C, 18.83; H, 4.76; N, 10.91%. Calcd
for [Pd(S-ala)(tn)]Cl04- H20=CgH1sN3ClO-Pd: C, 18.67; H,
4.70; N, 10.88%.

4)[Pd(B-ala)(S-pn)]JClO4: This complex was prepared by a
method similar to thatin 3), but crystallization was performed
in an aqueous medium by adding ethanol carefully and
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allowing to stand at room temperature for 4 d. Yield: 190 mg.
Found: C, 19.33; H, 4.55; N, 11.12%. Calcd for [Pd(B-ala)-
(S-pn)]Cl104-0.5H:0=CsH17N3ClO6sPd: C, 19.11; H, 4.54;
N, 11.14%.

5) [Pd(S-leu)en)JClO4: This was obtained in the same
manner as in 3), but ethanol was used in place of ether in
crystallization.  Yield: 75%. Found: C, 24.34; H, 5.12; N,
10.54%. Calcd for CsH20N3ClOePd: C, 24.26; H, 5.09; N,
10.61%.

6) [Pd(S-ala)S-pn)]ClOs: Silver perchlorate (290 mg) and
silver oxide (165 mg) were successively added to a suspension
of 350 mg of [PdCly(S-pn)] in 12 cm3 of water and the mix-
ture was stirred at room temperature for 15 min in the dark.
The silver chloride was filtered off and the filtrate was mix-
ed with an aqueous solution (3 cm3) containing 124 mg of
(S)-alanine. After 20 min of stirring the mixture was evapo-
rated under reduced pressure to give a sirup, which was dis-
solved in a methanol-ethanol (1:4) mixture (6 cm3) and
allowed to stand at room temperature. The desired product
separated was washed with a mixture of methanol-ethanol
and dried in vacuo. Yield: 370 mg. Found: C, 19.61; H, 4.40;
N, 11.35%. Calcd for CeH1sN3ClOePd: C, 19.58; H, 4.38; N,
11.42%.

7) [Pd(S-pro)S-pn)]JClOs:  This complex was prepared by
the same method as in 6), but a mixture of methanol-
ethanol (1:1) was used as the solvent for crystallization. The
crude product was recrystallized from warm water by add-
ing acetone. Yield: 25%. Found: C, 24.48; H, 4.67; N,
10.65%. Calcd for CsHisN3ClOePd: C, 24.38; H, 4.60; N,
10.66%.

8)[PdL(en)]ClO4(L=S-pro and S-hpro): Each of these com-
plexes was prepared from [PdClz(en)] in the same way as in
6), but crystallized from hot water by adding ethanol. Yield:
85—90%. Found: C, 22.18; H, 4.28; N, 11.02%. Calcd for
[Pd(S-pro)(en)]Cl1Os=C7H1sN3ClO¢Pd: C, 22.12; H, 4.24; N,
11.06%. Found: C, 21.29; H, 4.13; N, 10.57%. Calcd for
[Pd(S-hpro)(en)]Cl10s=C7H16N3ClO-Pd: C, 21.23; H, 4.07;
N, 10.61%.

9) [Pd(N,N-Meagly YN N-Eto-(S)-pn)JClOs: A suspension
of 470 mg of [PAClz(N!,N1-Ete-(S)-pn)] in 15 cm?® of water was
treated with 320 mg of AgC104 and 180 mg of Ag20 in the
same manner as in 6). The resulting solution was mixed with
an aqueous solution of 215mg of N,N-dimethylglycine
hydrochloride pre-neutralized with Ag20. The mixture was
stirred at room temperature for 1 h and evaporated to dryness.
The crude product was recrystallized from hot water; yield
410 mg. Found: C, 30.34; H, 5.95; N, 9.51%. Calcd for
C1H2N3ClO6Pd: C, 30.15; H, 5.98; N, 9.59%.

10) [Pd(B-alaYN',N-Eto(S)-pn)JClOs: This complex was
obtained in the same manner as in 9), using B-alanine in place
of N,N-dimethylglycine hydrochloride and silver oxide, in a
65% yield. Found: C, 28.19; H, 5.79; N, 9.82%. Calcd for
C10H24N3ClO6Pd: C, 28.32; H, 5.70; N, 9.91%.

cis{Pd(N )y O )z} type Complexes. 1) [Pdo n-OH )oS-pn)of
(ClO4)2: This complex could be isolated as an intermediate
product in the preparation of [Pd(amino carboxylato)(S-
pn)]Cl10..

A suspension of 300 mg of [PdClz(S-pn)] in 12 cm? of water
was treated with 250 mg of AgC104and 145 mg of Ag20 in the
same way as described for [Pd(S-ala)(S-pn)]Cl1O4. The
resulting solution was evaporated to dryness under reduced
pressure and the residue was dissolved in a small amount of
methanol. After filtration the methanol solution was mixed
with ethanol and chilled in an ice-bath to give yellow
precipitate, which was collected after 1.5h, washed with
ethanol and ether, and dried in vacuo. Yield: 230 mg. Found:
C, 12.18; H, 3.82; N, 9.11%. Calcd for CsH2:N4Cl2010Pda: C,
12.13; H, 3.73; N, 9.43%. This complex, as well as the
corresponding nitrate and hydrogencarbonate salts described
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below, tends to decompose in an ethanol solution and is
sensitive to heat.

2) [Pdyp-OH)yS-pn)2fNO3)2: This was prepared by a
method similar to thatin 7) using AgNOsin place of AgClOs.
Crystallization was performed from water by adding acetone
at room temperature. The solubility of this complex exhibits
a negative temperature gradient in a solvent system of
water-acetone. Yield: 35%. Found: C, 13.78; H, 4.32; N,
15.87%. Calcd for CéH2aNeOsPd2: C, 13.88; H, 4.27; N, 16.19%.
The nitrate is most unstable among the three kinds of the
dimer salts.

3) [Pdon-OH )jo(S-pn)eJHCO3)z  The mixture [PdClx(S-pn)]
(250 mg) and AgzCOs (95%, 290 mg) suspended in 15 cm? of
water was stirred for 15min at 55—60°C. The AgCl was
filtered off in hot and the filtrate was chilled in an ice-bath.
Yellow crystals were collected, washed with cold water,
methanol, and ether, and dried in vacuo. Yield: 100 mg.
Found: C, 18.34; H, 4.50; N, 10.72%. Calcd for CsH24N4OsPd2:
C, 18.58; H, 4.68; N, 10.83%. This complex was also obtained
by adding aqueous solution of NaHCOj to that containing
[Pd2(p-OH)2(S-pn)2}(Cl04)2.

4) [Pd(CHsCO2)o(S-pn)l: A suspension of 350mg of
[PdCly(S-pn)] in 10 cm3 of water was stirred with 330 mg of
Agz0 for 15min at room temperature. After removal of
AgCl, to the solution was added 167 mg of acetic acid dilut-
ed with 2cm3 of water. The mixture was stirred for
15min at ca. 55°C and then evaporated to a small vol-
ume under reduced pressure and chilled in an ice-bath to
give yellow crystals. The crystals were washed with cold
methanol and ether, and dried in vacuo. Total yield:
320 mg. Found: C, 28.10; H, 5.40; N, 9.38%. Calcd for C7H16-
N204Pd: C, 28.15; H, 5.40; N, 9.38%.

5) [PAL(S-pn)] (L=ox and mal): These complexes were
obtained by the same method as in 4), but crystallized from a
more dilute solution. Yield: 75—80%. Found: C, 22.41; H,
3.75; N, 10.44%. Calcd for [Pd(ox)(S-pn)]=CsH10N204Pd: C,
22.36; H, 3.75; N, 10.43%. Found: C, 25.39; H, 4.25; N, 9.92%.
Calcd for [Pd(mal)(S-pn)]=Ce¢H12N204Pd: C, 25.50; H, 4.28;
N, 9.91%. The oxalato complex was also obtained by a re-
action of [PdClz(S-pn)] with silver oxalate.

6) [Pd(ox)N',NL-Ets(S)-pn)l: A suspension of 300 mg of
[PACly(NY,N-Ete-(S)-pn)] in 15 cm3 of water was treated with
300 mg of silver oxalate. The solution filtered was evaporat-
ed to dryness under reduced pressure and the crude product
was recrystallized from a minimum amount of warm water
by adding acetone; yield 110 mg. Found: C, 33.24; H, 5.60; N,
8.60%. Calcd for CoH1sN2O4Pd: C, 33.29; H, 5.59; N, 8.63%.

[PA(N YO )s]-type Complexes. 1) K[Pd(CH3CO3)oS-ala)]:
An aqueous solution (18 cm3) containing K[PdCly(S-ala)}®
(360 mg) and acetic acid (144 mg) was cooled in an ice-bath
and then stirred with 285 mg of freshly prepared silver oxide
for 8 min in the dark. After removal of AgCl the solution was
evaporated to a small volume and mixed with acetone. On
standing in a refrigerator overnight, the desired product was
obtained as orange-brown crystals, which were washed with a
mixture of water-acetone and dried in vacuo. Total yield:
210 mg. Found: C, 23.64; H, 3.44; N, 4.00%. Calcd for
C7H12NOgKPd: C, 23.91; H, 3.44; N, 3.98%. This complex is
thermally labile and decomposes gradually even at room
temperature in an aqueous solution.

2) K[Pd(mal)S-ala)]: The crude poduct was obtained in
the same manner as in /) using malonic acid in place of
acetic acid, and recrystallized from water by adding acetone;
yield 30%. Found: C, 21.41; H, 2.47; N, 4.13%. Calcd for
CsHsNOGKPd: C, 21.47; H, 2.40; N, 4.17%

Measurements. Electronic absorption spectra were re-
corded with a Hitachi 330 spectrophotometer and CD spectra
with a JASCO MOE-1 spectropolarimeter. Unless otherwise
noted, all the measurements were made in aqueous solutions
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at room temperature. A 10-cm cell was employed for the CD
measurements in the long wavelength region in order to
acquire a higher precision. 13C NMR spectra were taken on a
JEOL FX-90Q NMR spectrometer in D20 containing
1,4-dioxane as an internal standard (6=67.40).

Results and Discussion

Synthesis of the Mixed-ligand Complexes. In the
synthesis of palladium(II) complexes comprising of
two kinds of ligands, a ligand possessing higher affinity
for palladium [which we will call a higher-affinity
ligand hereafter] should be introduced firstly, as the
study by Drew et al.® suggests. When the order is
reversed, a disproportionation reaction tends to occur,
affording the complexes each having one kind of
ligands. Generally, N-ligands coordinate to palladium
more strongly than O-ligands; then, [Pd(N-O)(N-N)]*
and [Pd(O-0O)(N-N)] complexes should be synthesized
from [PdCIlg(N-N)], and [Pd(O-O)(N-O)]~ should be
from [PdCly(N-O)]~. The order of the affinity with
respect to diamine ligands was obtained from the
observation of the disproportionation in the course of
the synthesis of [Pd(N)4]-type complexes, being as fol-
lows:

en =~ S-pn > tn > N,N-Me,en
> NLNLEt,-(S)-pn =~ N,N-Etyen > NH;.

The disproportionation reaction proceeded also when
excess lower-affinity ligand was allowed to react with a
dichloro complex of higher-affinity ligands. All the
[Pd(N)s]-type complexes under investigation were
obtained in accord with the above order of affinity.
The reaction of ammonia with [PdCle(N,N-Etz-(S)-
pn)] apparently does not proceed by one step but by
two steps [Eq. (1)], that is, the intermediate product

NH
[PAC, (N1, N'-Et,-(S)-pn)] ——
NEt, CI
CH, \_/ NHj
1 Pd a—
CH /7 N\
GH, NH, NH,
[Pd(NH,;), (N, N-Et,-(S8)-pn) ]Cl, (1)

[PACI(NH3)(N!,N!-Et2-(S)-pn)]Cl was isolated. The
action of twice the equimolar quantity of ammonia
on the dichloro complex gave only the intermediate
chloroammine complex, indicating that the remain-
ing chloro ligand is resistant to the substitution with
ammonia. Judging from this observation, the inter-
mediate is supposed to possess structure I because
an ammine ligand is considered to be more bulky than
a chloro ligand.

[PA(N)3(O)]-type complexes were synthesized by the
following three methods [Eqs. (2)—(4)]. The method
of Eq. (2) is useful only when a desired product crystal-
lizes with ease and is sufficiently less soluble than
sodium chloride (e.g. [Pd(gly)(S-pn)]ClO4 and [Pd-
(S-ala)(en)]Cl1O4). When the complexes are highly
soluble, the method of Eq. (3), where both perchloric
acid and amino carboxylic acid are employed in an
equimolar amount with the starting dichloro com-
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NaClO;
[PACL(N-N)] + H(N-O) + NaOH ———>
H;0
[Pd(N-O)(N-N)]CIO, + 2NaCl (2)
[PACL(N-N)] + Ag,0 ——
H.0
H
1[/N_ /O /N
(" pd pd ||(OH), + 2agC1
2|\N7 NO/ N
H
H(N-0) +HCIO,
T, [PA(N-O)(N-N)]CIO, (3)
H;0
[PACI,(N-N)] + AgCIO, + —~Ag,0 —»
2 H,0
H
1[/N /O /N H(N-0)
—{{ pd pd | |(ClO,), + 2AgC1 — >
21\N” NO/ N H;0
H
[Pd(N-O)(N-N)]CIO, )

plex is effective. The method of Eq. (4) is essentially
the same as that of Eq.(3), but it is noticed that all
the reactions proceed under nearly neutral conditions.

The di-u-hydroxo complex of S-pn, which is an
intermediate in the reactions of Eqs.(3) and (4), could
be 1isolated as nitrate and hydrogencarbonate, as
well as perchlorate. The following equilibria with re-
gard to the dimer perchlorate were confirmed by ab-
sorption and CD spectral measurements [See also Fig.

H
PASN
[(S-pn)Pd  Pd(S-pn)]2*
O~

@) H (ii)
HCIO, OH- pH 7 OH HCIO,

2[Pd(OH,),(S-pn) ]+ 2[Pd(OH),(S-pn)]
pH 2 pH 12

1; the shoulder at 45.5X10% cm™! of the dimer complex
is assigned to a charge transfer transition, Pde
O(p-OH)]. The equilibrium constant of equilibrium
(i) for the corresponding en complexes has been de-
termined by Lim and Martin.1?

The preparation of [Pd(S-ala)(NHs)2]ClOs4 was
attempted according to both Egs. (3) and (4), but the
contamination with the bis(alaninato) complex pre-
vented the isolation of the pure product. The purity
was not improved by recrystallization. This seems
to be primarily caused by the mechanism that the
ammonia liberated during the course of recrystalliza-
tion promotes a disproportionation reaction.

cis-[Pd(N)2(O)z]-type complexes could not be ob-
tained by the method of Eq. (5). The reaction proceed-

[PACLy(Spn)] + My(0-0) —

[Pd(0-0)(S-pn)] + 2MCl (M=alkali metal) (5)

ed only incompletely even by the use of excess
dicarboxylate, which indicates high affinity of a chloro
ligand over O-ligands for palladium. Thus it is
necessary that chloride ions are removed from the
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Fig. 1. Absorption and CD spectra of [Pd,(u-OH),-
(S—pn)z]X2 : X=ClO, in H,0, ——: X=
ClO, in 0.01 M HCIO, (=2X[Pd(OH,),(S-pn)]-
(ClO,),), —--—: X=CIO, in 0.0l M NaOH (=2x

[Pd(OH),(S-pn)], ----, X=HCO, in H,0, and ------:
X=NO, in H,0.

reaction system. The method of Eq. (6) satisfies this

[PdCl,(S-pn)] + Ag,0 ——
H,0

l[(S—pn)Pd<u~0H>2Pd<S-pn>]<0H)2.+ 2AgCl

H, (O

228 [Pd(O 0)($-pn)] (6)

H,0
requirement. The calculated quantity of a dicarboxylic
acid is sufficient here, and a desired product can be
isolated from the salt free system. The method of Eq. (7)

[PdCl,(S-pn)] + Ag,(O-0O) ;;»

[Pd(O-O)(S-pn)] + 2AgCl (7)

was also effective for the synthesis of the oxalato
complex. Attempts to synthesize the carbonato
complex by this method, however, were unsuccessful,
and the hydrogen carbonate salt of the same
di-p-hydroxo complex as is seen in Eq. (6) was obtained
instead. The same material was also obtained by
metathesis of an authentic sample of the corresponding
perchlorate with sodium hydrogencarbonate.
[PA(N)(O)s]-type complexes could not be obtained by
reaction (8) but by (9) in analogy with the case of

K[PdCl,(S-ala)] + M,(0-0) —
H,0

K[Pd(O-O)(§-ala)] + 2MCl (8)
K[PACl,(S-ala)] + Ag,O + Hy(0-0) —
H,
K[Pd(O-0O)(S-ala)] + 2AgCl (9)

cis-[Pd(N)2(O)z2]-type complexes. Chloro ligands must
be removed in the presence of a dicarboxylic acid
because otherwise some decomposition occurs and it

Kazuhiko Nakavama, Takashi KomoritTa, and Yoichi SHIMURA
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seems to be concerned with the instability of the
di-u-hydroxo complex [(S-ala)Pd(u-OH)2Pd(S-ala)] in
a basic solution [Eq. (10)]. The malonato complex

K[PdCl,(S-ala)] + Ag,0 ——
H,0

-;—[(S-ala)Pd(ﬂ—OH)de(S-ala)] + KOH + 2AgCl (10)

obtained according to Eq. (9) had been somewhat
contaminated by the disproportionation products, but
it could be purified by recrystallization. The use of
oxalic acid in place of malonicacid gave only a mixture
of the disproportionation products. The direct method
where silver oxalate is used as in Eq. (7) also led to the
same result.

Isomerism. As both S-pn and am~ are unsym-
metrical bidentate ligands, their mixed-ligand com-
plexes should exhibit geometrical isomerism. We
will call the configurations of two isomers cis(CHs,O)
and trans(CHs,0) by considering the relative positions
between the methyl group of S-pn and the coordinating
oxygen atom of am~. The 13C NMR spectra of the B-ala,
S-pro, and S-ala complexes varied with time, which was
ascribed to the variation of distribution of such isomers:
the B-ala and S-pro complexes comprise exclusively one
isomer in the crystalline state and the S-ala complex
also roughly so, whereas in solution each of them
changes slowly into a mixture of the two isomers
(approximately equimolar). The gly complex was
found to be such a mixture even in the crystalline
state. All the resonances were assigned on the basis
of comparison with those of the related complexes!®
and by the INEPT method! (Table 1). The chelate
ring carbons C(1) and C(2) of S-pn exhibit different

a)

L1 |

l c)

d)

1 1 1 L 1 1 |
60 50 40 30 20 10 0

d

Fig. 2. Diagramatic representation of the *C NMR
spectra of a) [Pd(B-ala)(S-pn)]*+ recorded immediately
after dissolution, b) [Pd(B-ala)(S-pn)]*+ after 110h,
c) [Pd(B-ala)(N,N1-Et,-(S)-pn)]+ recorded immedi-
ately after dissolution, and d) [Pd(B-ala)(N!,N!-Et,-
(8)-pn)]* after 120 h; the resonance for the carbonyl
carbon being omitted.
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TasLe 1. 13CNMR cuHemicAL sHIFTS FOR SELECTED [Pd(N),]- anp [Pd(N),;(O)]-TYPE COMPLEXESs®')
Complex™ Sen il Others
L,) (L.
(L) (L) c1l  C@ CO) C(a)  C(B) C(yv) C@B) C
! 50.52 55.78 i186.68
(gly) (S-pn) 52.58 53.72 1731 47.27 1186.73
50.55 55.70
) 2220 1739 54.67  19.67 187.57
(S-ala) (S-pn) 52.50 53.64%)
50.55 55.75
d) 52.50  53.69 17.39 54.67 19.67 187.57
c) 52.45 53.48 17.44 64.85 30.34 25.68 52.61 f)
(§-pro) (S-pn) 4 50.39  55.53
d) 52.39  53.49 17.45 64.85 30.29 25.57 52.55 188.06
c) 53.20 53.48 17.34 37.44 39.17 181.29
(B-ala)(S-pn) 1 5032 56.39 17
. . .49
d) 53.90 53.47 17.33 37.43 39.16 181.22
(S-ala) (en) 54.78 19.67 187.52 45.73M  47.79M
(8-leu) (en) 5716 43.02 24.49 53’30 187.62  45.73m  47.73V
(S-hpro) (en) 63.39 38.58 70.71 59.16 187.62 45.62M  47.79®
(en) (S-pn) 51.39 54.53 17.64 46.57®
S-pn NUNLEt,-(S)-pn (or N,N-Et,en)
Others
C1l C@ COy C(1)  C@) C@E) c@H) CO)
(N,N-Et,en)- 11.78
(S-pn) 2 51.01 54.75 17.58 57.19 43.94 55.45 12.06
(N, N1-Et,-(S)-pn)- 55.86 11.43
(S-pn) 2 51.28 54.59 17.69 62.66 52.42 17.55 56.35 12.79
(N1,N*-Et,-(S)-pn)- 55.86 11.22 50.718)  42.78®
(N,N-Me,en) 62.52 52.10 17.48 5554 13790  51.859  66.420
am~ N NLEt,-(S)-pn
Others
C(a) C(B) C(c) c() C@2) C@) C@E) CO)
(N,N-Me,gly)- 54.13 11.00  51.459
(NN B9 -pn) 68.32 181.98  62.80 52.23 17.13 .0 19714 16l
37.59 39.15 53.21 10.50
(B-ala)- ©) 3762 39.96 181.52  61.63 52.94 17.26 5436 19 34
(WL,N*-Ety(S)-pn) 53.22 1049
d) 37.56 39.12 181.46 61.60 52.94 17.23 54.37 12.34
a) ppm from Me,Si. b) (L,)(L,)=[Pd(L,)(L,)]**. c¢) Recorded immediately after dissolution. d) Recorded
in equilibrium (See text). e€) Weak. f) Not scanned. g) (CH,),N-. h) H,NCH,-. i) (CH,),NCH,-. }j)
Ligand carbons are named as follows.
3
— O (Y Yy
4|
NH2 NH2 NH2 0 NH2 0 NH2 N—\ .
S-pn R=H gly R=H S-pro S-leu B-ala R=H N,N-Etzen
R=CH 5-ala  R=OH S-hpro R=CH, ', -Et,~(5)-pn

chemical shifts between a pair of isomers, and this is
also the case for the carbonyl carbon C(c) of the gly
complex and the methyl carbon C(3) of S-pn in the B-
ala complex. For example, the 3C NMR spectrum
of the B-ala complex showed six signals correspoding
to six different carbons when it was recorded immedi-
ately after dissolution; whereas after equilibration

(110 h) it showed three additional signals, which are as-
signed to C(1), C(2), and C(3) (Fig. 2 and Table 1).
The variable distribution of the isomers could be
also detected by CD spectra. The main negative
CD band in the d-d transition region increased in in-
tensity with time after dissolution in the B-ala and S-
pro complexes, but decreased in the S-ala complex
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Fig. 3. CD spectral variation with time after dissolu-
tion for [PdL(S-pn)]ClO,. (a) L=B-ala; —-—: Oh,
----:24h, and ——: 110h (in equilibrium). (b)
L=S-pro; —-—: Oh, -—~—-: 5h, and :30h (in
equilibrium). (c) L=S$-ala; —-—: Oh, -——-: 5h,
and : 12 h (in equilibrium).

(Fig. 3). This suggests that the configuration of the
isomer predominant in the crystalline state of the for-
mer complexes is different from that of the latter com-
plex, which is compatible with the deduction from the
13C NMR spectra. In one isomer of every complex,the
difference in chemical shifts between C(1) and C(2) is
small (ca. 1.3, 1.0, and 1.2 ppm for the B-ala, S-pro,
and S-ala complexes, respectively), and in the other
isomer it is large (ca. 6.1, 5.1, and 5.2 ppm, respective-
ly). The predominant isomer in the crystalline state
is the former for the B-ala and S-pro complexes, and
the latter for the S-ala complex (Table 1).

The configuration was determined by examination
of the time-dependent 3C NMR and CD spectra of
[Pd(B-ala)(N},N1-Etz-(S)-pn)]*. In the NMR spectrum
recorded immediately after dissolution, each of the a-
and B-carbon of B-ala showed two signals; and after
120h (in equilibrium) one of the two signals
disappeared and the remaining one increased in
intensity (Fig. 2). This fact suggests that the complex
comprises a mixture of a pair of isomers in the
crystalline state, but in solution isomerizes slowly to the
more stable isomer.1® The steric interaction between

TABLE 2.
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the amino group of B-ala and the diethylamino group
of N},N!-Ets-(S)-pn is expected to be more significant
than that between the carboxyl oxygen of B-ala and the
diethylamino group.!® Therefore, structure II can be
assigned to the more stable isomer.

/0 *
_~NEt, O—C
CH, \_/ AN
| Pd CH,
SCH /N /
| CH, ~NH, NH,-CH,

IO trans(CH,,0)

Although the CD variation with time was unexpect-
edly small, it was reproducible: +0.021—+0.014 (at
350 nm) and —0.919—-—0.903 (at 299 nm), given as
Ae/mol~'dm3 cm™! for 0h—120h (See also Fig. 8).
Thus, the main band varies in the positive direction.
This variation can be correlated to the isomeriza-
tion of the cis(CHs,0) to the trans(CHs,O) isomer on
the basis of the above structural assignment. Therefore,
the predominant isomer in the crystalline state of
[Pd(S-ala)(S-pn)]Cl10O4, which exhibits the same CD
variation as [Pd(B-ala)(N},N!-Ete-(S)-pn)]ClOq, is cis-
(CHs,0); and those of [Pd(B-ala)(S-pn)]ClO4 and [Pd-
(S-pro)(S-pn)]Cl104, which exhibit the reverse CD varia-
tion, are trans(CHs,O). These results are summarized
in Table 2.

It is worth noting that the complexes with a six-
membered amino carboxylato chelate ring isomerize
evidently more slowly than those with a five-mem-
bered one, and have comparable rate of isomerization
(or racemization) with the [Pd(N)4]-type complexes
with two five-membered chelate rings.!? Although
[Pd(N)s]-type complexes such as [Pd(N!,N!-Ets-(S)-
pn)(S-pn)]?* should also exhibit similar isomerism,
it could be detected by neither of 3C NMR nor CD
spectra.

BC NMR Spectra. A convenient rule concern-
ing 3C NMR spectra is derived from the assignment
of isomers given in the preceding section: A carbon
atom adjacent to the coordinated N-atom resonates
at ca. 1 ppm higher or lower magnetic field when an
O-atom occupies the coordination site trans or cis to
the N-atom, respectively, in comparison with the case
that an N-atom occupies the same site instead of O-
atom (Compare the data for a pair of isomers of
[Pd(am)(S-pn)]* with those for [Pd(en)(S-pn)J?*).
Using this rule, two carbon signals of en in the
[Pd(S-am)(en)]* complexes can be readily assigned
on reference to that of en in [Pd(en)(S-pn)]?*+ (46.57

IsomeRIZATION OF [Pd(N);(O)]-TYPE COMPLEXES?)

Direction of

b

(CLO:)H(P{}:)X ) Variation of distribution of isomers® Net change CD variation®
(B-ala) (S-pn) trans — [trans+cis(=1:1)] trans — cis —
(8-pro) (S-pn) trans — [trans+ cis(=1:1)] trans — cis —
(S-ala) (S-pn) [trans <cis] — [trans+cis(=~1:1)] cis — trans +
(B-ala) (N1, N1-Et,-(S)-pn) [trans + cis(=1:1)] — trans cis — trans +

a) trans=trans(CH,,0) and cis=cis(CH,,0).
d) For the main band in the d-d transition region.

b) (Ly) (Ly)=[Pd(Ly) (Ly)]*.

¢) In crystal—in solution at equilibrium.
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ppm). Accordingly, thesignalsatca. 45.7and 47.8 ppm
are assigned to the carbon atom adjacent to the N-
atom trans and cis to the O-atom, respectively.

CD and Absorption Spectra. 1) [Pd(N )s}-type
Complexes: The spectra of the complexes containing
S-pn and N1,N1-Et2-(S)-pn as an optically active ligand
are shown in Figs. 4 and 5, respectively; the numerical
data being given in Tables 3 and 4. The absorption
curves are composed of an unsymmetrical broad band
and a lower-lying shoulder in the d-d transition region,
the latter being a spin-forbidden d-d band. The shape
of the spin-allowed d-d band can be characterized by the
half-value width parameters and the unsymmetry
parameter.?  These parameters for the complexes
studied in this paper are listed in Table 5.

The CD spectra in the spin-forbidden d-d region
show two negative bands, more distinctly in the
N1 N1-Ete-(S)-pn complexes. In the spin-allowed d-d
region, all complexes of the [Pd(N)4]-type show only

Mixed (Amine)(carboxylato) [Pd(N)a(O)s-n]-type Complexes
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one negative band except the tn complexes, which
exhibit an additional weak positive band in the lower
energy side. The intensity of the main negative band is
lower for the ammine complexes than for the en and tn
complexes and it is almost equal for the latter two
complexes, when compared within one of the series of
S-pn or NY,N1-Et-(S)-pn complexes (Figs. 4 and 5).
The main CD band lies at higher energy by (0.5—1.1)
X103 cm~! than the spin-allowed d-d absorption
peak for all the complexes including the tn com-
plexes. Thus, it is expected that the complexes other
than the tn complexes also have another transition
component in the lower energy side of the main band.
The CD band for the lower energy component is,
however, undetectable probably because of its low
intensity. The minimum of |Ae| around 30X103
cm™! seems to arise from such a CD band, and is
included in Table 4. This and the main negative band

T T T T
T T T
TE
v—A ME
ng _IU
= g
< S
g B
N 2
_ 0
o 5
50 E-0.5
& o
" -0.5 g
w
<-1.0
a/10%m”’ o /10%nm™!
Fig. 4. Absorption and CD spectra of [PdL(S-pn)]Cl,. Fig. 5. Absorption and CD spectra of [PdL(N!,N!-
: L=§-pn, —-—: L=(NH,;),, —--—: L=en, Et,-(5)-pn)]Cl,, ——: L=en, —-—: L=(NH,),,
and ----: L=tn. and ----: L=tn.
TasLe 3. AssorerTiON DATA® OF [Pd(N),]-TYPE compLExEs ([Pd(L,)(L;)]Cl,-nH,0)
0 max/103 cm~1 (¢/mol-! dm? cm—?)
(Ly) (L)
n Spin-forbidden d-d Spin-allowed d-d Charge transfer
(8-pn) (NHj), 0 28.4sh (30) 34.08 (261)
(S-pn) (en) 0.5 28.8sh (23) 34.86 (310)
(S-pn), 0.5 28.8sh (24) 34.89 (328)
(S-pn) (tn) 1 28.6 sh (26) 34.63 (387)
(NY,N1-Et,-(S)-pn) (NH;), 1 27.4 sh (58) 33.12 (337)
(N1L,N1-Et,-(S)-pn) (en) 1 28.2sh (54) 34.21 (443) 49.90 (16600)
(N, N1-Et,-(S)-pn) (S-pn) 2 28.2 sh (54) 34.19 (481) 49.85 (17300)
(N,N-Et,en) (S-pn) 1.25 28.0sh (54) 34.15 (422) 49.70 (16800)
(N1, N1-Ety-(S)-pn) (tn) 0 28.0sh (39) 33.97 (515) 48.43 (20500)
(NYLN1-Ety-(S)-pn), 2 27.4sh (48) 33.57 (603) 44.48 (14600) 48.2sh (13300)
(N1, N1-Et,-(S)-pn) (N,N-Et,en) 0 27.6sh (49) 33.58 (579) 44.39 (14400) 48.4sh (12200)
(N1,N1.Et,-(S)-pn) (N,N-Me,en) 0 27.8sh (47) 33.83 (572) 46.06 (15900) 48.0sh (15000)

a) sh: Shoulder (e is for the value o given).
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TasLeE 4. CD para® or [Pd(N),]-ryre compLExes ([Pd(L,)(L,)]Cl,)®
Goxi/103cm™! (Ae/mol~! dm? cm1!)
L;) (L)
Spin-forbidden d-d Spin-allowed d-d Charge transfer

(S-pn) (NH,), 28.57 (—0.027) ggﬁggm(—o.m)

(8-pn) (en) 28.74 (—0.038) %g:ggm(—o.m) 49.41 (=3.7)
(S-pn)e e §2823§§§ gg:ggm(—l.ss) 49.26 (—6.3)
p— don COmD AR GO s (e
(NLN2-Ety-(S)-pn) (NHy), A Eigigég; 34.95 (—1.07) #.9 (=7.7)
R 48D BEN L,  em o
(N, N-Etgen) (S-pn) 27.03  (—0.024) %Z:?gm(—o.%) 4.6 (-1.8)
R gie ) BIe L neces
R W CAN BB (2w ca
(NENLELy (8)-pn) (N.N-Meyen) 29:0h E:gﬁ?g?) 34.16 (—0.85) 178 §221§§
(N1 N-Ety(5)-po) (N, V-Eten) 214" (~0.032) 320" (~1.16) 18 (C36)
(VN -Etye(5)-pn), 267 (~0.043) 2413 (—2.85) 183 (9%0)

a) m: The minimum of |A¢| (See text); sh:
lization is omitted (See Table 3).

0
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Fig. 6. CD spectra of [Pd(N,N-Eteen)(S-pn)]Cl,

(—-—), [Pd(N,!N'-Et,-(S)-pn)(en)]Cl, (—--—), and
[PA(NYL,N1-Ety-(S)-pn) (S-pn)]Cl, ( ); and CD

curve calculated from [Ae(—-—)+Ae(—:-—)]

(oooo),

are assigned to 1Az and !Ege1A;, (Dan), respectively,
and it is expected that the 1Bj«1A;, transition,
which is magnetic dipole forbidden, occurs at higher
energy than the 'Eg«—1Ay; transition as in [PdCl4]2~ and
cis-[Pd(Cl)2(N)z]-type complexes.1:2

The CD spectrum of [Pd(N1,N1-Etz-(S)-pn)(S-pn)]2+
comprising two different optically active ligands can be
reproduced well by the sum of the CD curves of [Pd-
(N,N-Etzen)(S-pn)]2+ and [Pd(N1,N1-Etz-(S)-pn)(en)]2+,
which have the same structure as the first complex ex-
cept for the disposition of C-methyl group (Fig. 6).
Thus the two optically active ligands contribute in-

shoulder (Ae is given for the value ¢ given).

b) Water of crystal-

log( € /mol~'dm3em™")
N

'TE
= -0.5
€10
W
<
-1.5
a/710%n™
Fig. 7. Absorption and CD spectra of [Pd(N?',N-Et,-
(8)-pn).]Cl;  (—), [PA(N,N-Etyen)(N',N'-Et,-(S)-
pn)]Cl, (—-—), and [Pd(N,N-Meyen)(N,N1-Et,-
($)-pn)]Cly (—--—).

dependently to the optical activity of [Pd(N1,N!-Ets-(S)-
pn)(S-pn))2+. The complexes having two N,N-dialkyl-
ethylenediamine ligands exhibited a splitting with the
absorption and CD bands which are assigned to Pd«
N(o) charge transfer(CT) transitions (Fig. 7). The com-
plexes with only one N,N-dialkylethylenediamine
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TABLE 5. BAND SHAPE PARAMETERS FOR THE SPIN-ALLOWED d-d BAND OF
[PA(N)n(O)4-n]-TYPE COMPLEXES (n=1—4)

Complex _ A mﬁﬁ_a)_ _ Aay Unsymmetry
103 cm—1 103 cm™! 103 cm™1 parameter®
[Pd(S-pn) (NHy),]** 2.75 2.83 5.58 1.4
[Pd(S-pn) (en)]2* 2.55 2.77 5.31 4.1
[Pd(S-pn),]2+ 2.53 2.74 5.27 4.0
[Pd(S-pn) (tn)]2+ 2.51 2.76 5.27 4.7
[Pd(N1,N1-Et,-(S)-pn) (NH,), ]2+ 3.20 2.91 6.11 —4.7
[Pd(N1,N1-Et,-(S)-pn) (en) J2+ 2.73 2.68 5.42 —0.9
[Pd(N1,N1-Et,-(S)-pn) (S-pn) ]2+ 2.67 2.70 5.37 0.6
[Pd(N,N-Et,en) (S-pn) ]2+ 2.85 2.70 5.55 —2.7
[Pd(N,N1-Et,-(S)-pn) (tn) ]2+ 2.53 2.66 5.19 2.5
[Pd(gly) (S-pn) ]+ 2.72 2.79 5.51 1.3
[Pd (B-ala) (S-pn) ]+ 2.45 2:73 5.18 5.4
[Pd(S-ala) (en) ]+ 2.68 2.76 5.44 1.5
[Pd(S-ala) (S-pn) ]+ 2.64 2.74 5.38 1.9
[Pd(S-ala) (tn) ]+ 2.53 2.83 5.37 5.6
[Pd(S-pro) (en)]* 2.75 2.80 5.56 0.9
[Pd(S-pro) (S-pn) ]+ 2.78 2.80 5.58 0.4
[Pd(S-ser) (en) ]+ 2.70 2.78 5.47 1.5
[Pd(S-leu) (en) ]+ 2.71 2.76 5.46 0.9
[Pd(S-hpro) (en)]+ 2.70 2.79 5.49 1.6
[Pd(B-ala) (N}, N1-Et,-(S)-pn)]+ 2.65 2.79 5.44 2.6
[Pd(CH,CO,),(S-pn)]® 2.60 3.08 5.68 8.5
[Pd(ox) (S-pn)] 2.59 2.74 5.33 2.8
[Pd(mal)(S-pn)] 2.88 2.83 5.70 —~0.9
[Pd,(u-OH),(S-pn),]2+ 3.02 2.75 5.77 —4.7
[Pd(OH,),(S-pn) ]2+ @ 2.53 3.09 5.62 10.0
[Pd(OH),(S-pn)]®) 2.94 2.97 5.91 0.5
[Pd(ox) (N1, N1-Et,-(S)-pn)] 2.96 2.63 5.59 —5.9
[Pd(CH,CO,),(S-ala)]- ©) 2.43 2.99 5.43 10.3
[Pd (mal) (S-ala)]- 2.91 2.98 5.89 1.2

a) £=€max/2 for 6=0pex— A0~ and for 6 =0,z +Ad*; and Adyy=Ac~+Ad*. b) unsymmetry parameter =
{(Ag*—~Ad7)/Ady/,} x100. ¢) In 0.50 M CH,CO,Na. d) [Pd,(u-OH),(S-pn),](Cl0O,), in 0.01 M HCIO,. e¢)
[Pd,(u-OH),(S-pn),](ClO,), in 0.01 M NaOH.

TABLE 6. ABsORPTION DATA®) oF [Pd(N),;(O)]-ryPE compLExEs ([Pd(L,)(L,)]ClO,)

O max/10® cm=1 (¢/mol-! dm? cm~?)

(L) (Ly)

Spin-forbidden d-d  Spin-allowed d-d Charge transfer
(gly) (S-pn) 26.2sh  (18) 32.75 (270)
(B-ala) (S-pn)» 26.0sh (16) 32.48 (415) 51.28 (21200)
(S-ala)(en) 26.4sh (18) 32.89 (283)
(S-ala) (S-pn) 26.4sh (18) 32.91 (308)
(S-ala) (tn)® 26.4sh (22) 32.55 (384) 50.45 (23200)
(S-pro) (en) 26.6sh (24) 32.96 (292) 51.18 (23400)
($-pro) (S-pn) 26.6sh  (25) 32.98  (299) 51.18  (23900)
(S-ser) (en) 26.4sh (19) 32.79 (280)
(S-leu) (en) 26.4sh (19) 32.88 (289)
(S-hpro) (en) 26.6sh (23) 32.91 (291) 51.28 (22100)
(B-ala) (N1, N1-Et,-(S)-pn) 26.0sh  (40) 32.05 (609) 49.14 (18000)
(N,N-Me,gly) (N1, N1-Et,-(S)-pn) 26.0sh (37) 32.55 (516) 44.5sh (14400) 48.60 (17500)
a) sh: Shoulder (¢ is for the value ¢ given). b) Hemihydrate. c¢) Monohydrate.



1250 Kazuhiko Nakavama, Takashi KoMoriTa, and Yoichi SHiMura [Vol. 57, No. 5

ligand exhibited no such splitting (Fig. 5). Therefore, the same electronic structure, but their CD intensities
the splitting seems to be concerned with the structure  are influenced not only by the kind of the coordinat-
that two dialkylamino groups occupy the trans sites.  ing atoms but also by the chelate ring size and the con-
However, none of the complexes showed any splitting

of the spin-allowed d-d band unlike the trans-[Pd(Cl)z- , , l :
(N)2]-type complexes.? The CD intensity of [Pd(N,N-
Eteen)(N1,N!-Ete-(S)-pn)]?* is smaller than a half of that 4
of [Pd(N1,N!-Ete-(S)-pn)2)?+, additivity not holding
(Fig. 7). This fact can be explained by supposing some
difference between the ligand-ligand interactions of the
two complexes. The explanation is also applicable to
the significantly different CD curves of the N,N-Etzen
and the N,N-Mezen complex.

2) [Pd(N)yO)[-type Complexes: The absorption and
CD spectra are shown in Figs. 8—10 and the numerical 0
data in Tables 6 and 7. It is noteworthy that the CD
patterns of the complexes with S-pn or N}, N1-Ets-(S)-pn

log( € /mol~dm3em™ ")
N

o

. . - TE
are very similar to those of the corresponding [Pd- 2
(N)4]-type complexes. Namely, the CD patterns of -
[Pd(gly)(S-pn)]* and [Pd(B-ala)(S-pn)]* are similar to g
those of [Pd(en)(S-pn)}?*and [Pd(tn)(S-pn)]?*, respec- Y05
tively, and those of [Pd(B-ala)(N1,N1-Ete-(S)-pn)]* and
[PA(N,N-Me2zgly)(N1,N1-Ete-(S)-pn)]* to those of [Pd-
(tn)(N1,N1-Etz-(S)-pn) ]2+ and [Pd(N,N-Mezen)(N} N1- 0/10%n™!
Etz-(S)-pn)]zf, respectiyely. The intensity' of the main Fig. 8. Absorption and CD spectra of [Pd(gly)(S-pn)]-
CD band (in the spin-allowed d-d region) for the Clo, (——), [Pd(B-ala)(S-pn)]CIO, (—-—), [Pd(B-
[Pd(N)3(O)]-type complexes was ca. 60—80% com- ala) (N1, N1-Et,-(§)-pn)]ClO, (—--—), and [Pd(N,N-
paring with the corresponding [Pd(N)4]-type complexes. Me,gly) (N1, N1-Et,-(§)-pn)]ClO, (----); the first two
Thus, two types of complexes seem to possess much complexes being in the isomer equilibrium.

TasLe 7. CD para® of [Pd(N),(O)]-rypE compLexes ([Pd(L,)(L,)]CIO,)®

Oexi/10° cm~1 (Ae/mol-! dm? cm—?)

(Ly) (Lo)

Spin-forbidden d-d Spin-allowed d-d Charge transfer
(&) (S-pm) 2595 (Z0.00) 32.20 (—0.50) 48.9  (—3.5)
(B-ala) (S-pn)? 26.03 (—0.027) 35,51 Eigiggf)
san Lo oo mi Coem g (D
(Sale)Spr)” et oo BRTCem w8 (6
s Ly CRmm mE pgwn s oo
(Fprolten) 247 sh E;g:g?g?) 3352 Ei82§3§ 46.36 (—2.6)
(8 pro) (S-pn) 2% (_0.0063) 286 (071 4619 (~4.6)
(S-ser}(en) 24.34  (—0.0052) 3354 (0149 46.34 (—1.6)
(Slewten) 25.19 (—0.010) 3347 §i8125>7) 44.84 (—1.2)
(§-hpro) (en) gg:;lsh Elgig?gf) 34,25 Eigﬁ%; 46.90 (—2.3)
(Brale) (VLA Bt (5)-pe)® 25.94 (—0.035) 347 (~0.92) 48.17 (—7.:3)
(N,N-Me,gly) (N*,N*-Et,-(S)-pn) 27.25 (—0.070) 32.57 (—0.57) 48.05h 5:;3

a) As in Table 4. b) Water of crystallization is omitted (See Table 6). c) In equilibrium (See Fig. 3). d)
Immediately after dissolution.
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formation of an optically inactive ligand.

The vicinal CD caused by an optically active amino
carboxylate ligand possesses a pattern of + and — from
lower energy in the spin-allowed d-d region for all the
(S)-amino carboxylato complexes studied here, but
the intensity ratio of the positive to the negative
band is diverse (Figs. 9 and 10). The S-pro and S-
hpro complexes exhibited a positive band with a high
intensity relative to the other amino carboxylato com-
plexes. This phenomenon is characteristic of the
complexes with a coordinated asymmetric N-atom.17-18
Moreover, the CD corresponding to the absorption
band at ca. 51X103cm™! also showed different fea-
tures from those for the other complexes in agree-
ment with the assignment of the band to a Pd«-N(o)

log( € /mol ™ 'dm3cm™")
N W =

—

o
5
g
w
0.5
o /10%n™
Fig. 9. Absorption and CD spectra of [PdL(en)]-
ClO,. : L=S-ser, ——: L=S§-leu, —--—: L=
S-pro, and ----: L=S$-hpro.

log( £ /mol~'dm3cm™ 1)
N N =

—

o

ae/mol” Tam’em™!

1
o
w

L

0/10%n™

Fig. 10. Absorption and CD spectra of [Pd(S-ala)L]-
ClO,. : L=en and —-—: L=tn
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CT transition.

The pattern of the vicinal CD of the S-ala complexes
does not depend on the ring size of optically inactive
diamine ligands, but the intensity does, particularly
in the spin-allowed d-d region (Fig. 10). This situa-
tion contrasts with that in the corresponding S-pn
complexes of [Pd(N)4]-type (Fig. 4). A positive CD
band occurring at the lower edge of the Pd«N(o)
CT absorption band is a general characteristic of the
palladium(II) complexes containing S-ala. Although
the corresponding absorption band was observed
as a shoulder in [Pd(S-ala)2],'? it was hardly detected
in the complexes containing only one S-ala ligand.
The band is assigned to an orbitally-forbidden CT
transition rather than a spin-forbidden CT one be-
cause the band differs in CD sign from the adjacent
allowed CD band.

The additivity of the vicinal CD contributions of
S-pn and S-am was demonstrated with regard to the
S-ala and S-pro complexes (Fig. 11). The almost perfect
additivity may be expected since a ligand-ligand
interaction is considered to be smaller in these cases
than in [Pd(N1,N1-Et2-(S)-pn)(S-pn)]?*, even for which
such an additivity holds. However, it should be noted
that the CD data of [Pd(S-am)(S-pn)]* used in the
analysis was taken for an approximately equimolar
mixture of the geometrical isomers.

As [Pd(gly)(S-pn)]* and [Pd(S-ala)(en)]* are consi-
dered to have almost the same electronic energy level
scheme, some informations will be obtained about the
vicincal effects of S-pn and S-ala by comparing the
CD spectra of the two complexes. We previously de-

T T T
—'5
20
E
w
Q
-0.5
—'5
g
w
Q
-0.5
— 1 1 1 1 1
20 30 40 50
0 /10%n™!

Fig. 11. CD spectra of [Pd(gly)(S-pn)]ClIO, (—-—),
[PdL(en)]CIO, (—--—), and [PdL(S-pn)]CIO,
( ), all in the isomer equilibrium; and CD curves
calculated from [de(——)+Ade(—--—)] (ccco). (a)

L=$-ala and (b) L=S-pro.
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monstrated with regard to [PdClz(S-pn)] that the main
negative CD band in the spin-allowed d-d region was
primarily based on the !Eg«1A;; transition, al-
though it included a minor contribution by the !B
1Ay, transition (D4y).2 This situation seems to be also
the case for the S-pn complexes of various types, [Pd(S-
pn)(N)s(O)z-n] (n=0—2), from an examination of the
absorption and CD data (Figs. 4, 8, and 12). On the
other hand, the main negative CD band of [Pd(S-
ala)(en)]* shows a shift by ca. 2X103cm™! to higher
energy than that of [Pd(gly)(S-pn)]*, although the
corresponding absorption band does not (Fig. 1la).
Thus, it is reasonable to consider that the vicinal con-
tribution by S-ala exhibits a dispersion pattern of + and
— from lower energy for the Ege1A;, transition (Dg).
The CD spectrum of [Pd(CHsCOg)z2(S-ala)]~ supports
this deduction (vide infra).

3) cis{[Pd(N)AO)}type Complexes: The absorption
and CD spectra are shown in Fig. 12 and the numerical
data in Tables 8 and 9. The absorption and CD spectra
of [Pd(CH3COz2)2(S-pn)] measured in H20 are different
from those in the aqueous solutions containing acetate
ions. It seems that the coordinated acetate ions are
released by aquation in Hz0, judging from the similar-
ity of the absorption and CD spectra to those of
[Pd(OHz2)2(S-pn)]?+ (Fig. 1). The enhancement of
absorbance around 40X10% cm~! in H20 isascribable to
the di-u-hydroxo complex formed partly.

The CD pattern in the spin-allowed d-d region is
various, depending upon the optically inactive ligands:
+ and —; — and +; and — for the CH3COg, ox, and mal
complexes, respectively. The complexes containing
monodentate ligands exhibit a positive CD band in the
lower energy side of the main negative CD band. This
situation differs from that found in the [Pd(N)4]- and
[Pd(N)3(O)]-type complexes. The ox complex exhibits
a positive CD band in the higher energy side of the main
negative CD one, being unique in the series of S-pn
complexes. Itisreasonable to assign the CD band to the

Kazuhiko Nakavama, Takashi KomoriTa, and Yoichi SHIMURA
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1B1g—1Ay; transition (Dg4y) from its position and low
intensity. If this is true, itis a very unique example that
the CD band for the transition was observed definitely.
Although the corresponding band did not appear in
[Pd(ox)(N1,N1-Ete-(S)-pn)], the CD features are very
similar to those of [Pd(ox)(S-pn)] in the spin-allowed
d-d region, particularly in the width of the main band.
Thus it is likely that the CD band of interest is cancel-
ed out by the main band.

4) [PA(N)O)3}-type Complexes: The absorption and
CD spectra are shown in Fig. 13 and the numerical data

log( £ /mol~'dm3cm™")
N

o

A€/moldm’em!
S
o

50
0/10%m™

Fig. 12. Absorption and CD spectra of [PdL(S-pn)]
and [Pd(ox)(N,N1-Et,-(S)-pn)] L=
(CH,CQ,), in 0.50 M CH,CO,Na (——) and in H,O
(----); L=ox in H,O (—-—); and L=mal in H,O

(— ).

TaBLE 8. ABsORPTION DATA?®) OF cis-[Pd(N),(O),]- anp [Pd(N)(O),;]-TYPE COMPLEXES

0 max/10® cm=! (¢/mol-!dm? cm-1)

Complex Solvent
Spin-forbidden d-d  Spin-allowed d-d Charge transfer

[Pd(CH,CO,),(S-pn)] 0.50 M CH,;CO,Na 24.2sh (23) 30.09 (417)
[Pd(ox) (S-pn)] H,O 24.4sh (20) 30.53 (258) 48.19 (22600)
[Pd(mal) (S-pn)] H,O 24.8sh (18) 31.01 (234)
[Pd,(u-OH),(S-pn),](ClO,) ") H,O 24.0sh (20) 30.47 (299) 45.5sh (4400)

0.01 M HCIO, 24.4sh (37) 29.24 (274)

0.01 M NaOH 24.0sh (11) 30.80 (234)
[Pd,(u-OH),(S-pn),] (HCO,),"-* H,O 24.0sh (20) 30.21 (332) 45.5sh (4800)

0.01 M HCIO, 24 .4sh (37) 29.25 (273)

0.01 M NaOH 24.0sh (11) 30.77 (230)
[Pd,(u-OH),(S-pn),](NO,),» H,O 24.0sh (19) 30.50 (300) 51.84 (22800)
[Pd(ox) (N, N1-Et,-(S)-pn)] H,O 23.8sh (43) 29.97 (388) 46.43 (22900)
K[Pd(CH,CO,),(S-ala)] 0.05M CH,;CO,Na 21.8sh (17) 27.92 (414)
K[Pd(mal)(S-ala)]® H,O 22.0sh (9) 28.86 (197) 49.63 (26100)

a) sh: Shoulder (¢ is for the value ¢ given). b) Molar
band was observed at ca. 39.5x 103 cm-! as a shoulder.
a shoulder.

absorption coefficient is based on palladium. c¢) Another
d) Another band was observed at ca. 44x10°cm™! as
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TaBLe 9. CD pata® oF c¢is-[Pd(N),(0),]- anp [Pd(N)(O),;]-TYPE COMPLEXES
Gext/10° cm~! (Ae/mol-! dm? cm—1)
Complex Solvent -
Spin-forbidden d-d Spin-allowed d-d  Charge transfer
7.67 (+0.1
[Pd(CH,CO,),(S-pn)] 0.50 M CH,;CO.Na 99 g4 (_g.024) 31 50 Eio.%%g
25.88 m
21sh  (—0.005)
[Pd (o) (S-pn)] H,0 29.83 (—0.62) B
2 25.32 (-0.042) 3107 (T008 50.00 (=5.2)
[Pd(mal)(S-pn)] H,0 26.46 m
p : 24.93 (—0.035)  30.79 (—0.45)  48.83 (—4.0)
.95 (+0.039) 44.5sh (—0.8
[Pdy(4-OH),(S-pn).](CIO,),»  H;O 23.98 (—0.032) gg.ge gfo.sa)) " )
27.42 (+0.038)
0.01 M HCIO, 24.45 (—0.033)  31.58 (—0.44)  50.76 (—4.7)
26.11 m
0.01 M NaOH 23.85 (—0.029)  31.21 (—0.56)
[Pd, (4-OH),(S-pn),] (HCO),)  H,0 23.91 (—0.031) 302 Loy o (ThD
27.43 (+0.032)
0.01 M HCIO, 24.47 (—0.033)  31.65 (- 0.43)
26.18 m
0.01 M NaOH 23.95 (—0.028) 31.30 (—0.55)
.94 (+0.037) 44.5sh (—0.8
[Pd,(1-OH),($-pn);](NO,),”  H,O 24.02 (—0.034) 3.9 Eig.sg)) (09
21sh (—0.010)  25.93m
[Pd (0x) (N1, NE-Ety-(S)-pn)] H.0 24.31 (—0.031)  29.80 (—1.54)  47.62 (—8.5)
95.91 (0.081)
K[Pd(CH,CO,),(S-ala)] 0.05M CH,CONa ) 2 Eig'ggj)}) 27.92sh(+0.078) 393 (+0.03)
: ' 31.31 (—0.14)
26.62 (+0.17)  39.7 (40.07)
K[Pd(mal)(S-ala)] H,0 20.37 (—0.0027)  30.61 (—0.27)  48.83 (—5.9)

a) As in Table 4. b) Ac is based on palladium.

log( € /mol ~'dm3em™")
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Fig. 13. Absorption and CD spectra of K[PdL(S-ala)].
L=(CH,;CO,), in 0.50 M CH,CO,Na (——) and

in H,O (----); and L=mal in H,O (—-—).

in Tables 8 and 9. The K[Pd(CH3COz2)2(S-ala)] com-
plex aquates in water free from acetate ions similariy<to
[Pd(CH3COg2)2(S-pn)]; the band ascribed to the di-u-
hydroxo complex was obviously observed as a shoulder
around 40X103 cm~!. Both the absorption and CD spec-

tra of the acetato complex were essentially the same in
0.50 and 1.0 M CH3CO2Na. The CD spectrum showed a
pattern of +, +, and — from lower energy in the spin-
allowed d-d region; the lowest-lying positive band is
assigned to the 1Ag;«1A;; transition and the following
dispersion is to the 'Ege1A;, one (D4). Apparently,
only one positive band is observed in the other alani-
nato complexes including the [Pd(S-ala)(N)e]-type
ones, which 1is ascribed to the overlapping of the two
positive bands. This explanation implies a relatively
large separation between the 1Az, and 1Eg«1Aj; transi-
tions in [Pd(CH3COg)2(S-ala)]~, being compatible with
the large value of unsymmetry parameter (Table 5).
Consequently, the vicinal CD caused by S-ala ligand is
considered to exhibit the definite pattern over the d-d
and CT transition region, irrespective of the other
ligand coordinated together. Similar CD spectra have
been also observed in [Pd(S-ala)z] and [PdClzx(S-
ala)]~.19
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