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Mixed-ligand [Pd(N),(O)s-n]-type complexes constituting a long systematic series (n=0—4) were synthe-
sized. Ammonia,ethylenediamine, rac-propylenediamine, trimethylenediamine, glycinate, B-alaninate, acetate,

oxalate, and malonate were employed as ligands.

Their magnetic circular dichroism (MCD) and electronic

absorption spectra were discussed together with the CD spectra of the corresponding optically active complexes.
The results strongly suggest that the dispersion of MCD observed in the spin-allowed d-d region is primarily a
composite of B terms. Moreover, the MCD in the charge transfer region was found to be qualitatively additive
with respect to contributions by the constituent ligands. From a detailed examination of the spin-allowed d-d
absorption bands, it is noted that the substitution of an N,0O-ligand for an N,N-ligand largely affects neither
the band area nor band width whereas that of an 0,0-ligand for an N,O-ligand does.

The concurrent examination of absorption, mag-
netic circular dichroism(MCD), and CD spectra furnished
useful information on the electronic structures of cis-
and trans- [Pd(Cl)2(N)z]-type complexes.? In the pre-
ceding paper,? we reported the synthesis of a large
number of mixed-ligand [Pd(N)«(O)4-x]-type complexes
with at least one optically active ligand and the de-
tailed investigation of the CD spectra.

In the present work, optically inactive [Pd(N).-
(O)4—n]-type complexes were synthesized correspond-
ing to the previous optically active comlexes,? and
their MCD spectra were examined. Although most
of the former complexes were found to be more la-
bile than the latter, the systematized synthetic meth-
ods developed previously? were effective. Ammonia,
ethylenediamine(en), rac-propylenediamine(rac-pn),
and trimethylenediamine(tn) were employed as N-
or N,N-ligands; glycinate(gly) and B-alaninate(g-
ala) were as N,O-ligands; and acetate, oxalate(ox), and
malonate(mal) were as O- or O,0-ligands. Di-u-hydroxo-
dipalladium complexes were also obtained. Although
these complexes, if approximated by a Dg symmetry,
are expected to exhibit A-term MCD based on E;«
1Ay, in the d-d transition region, our spectral examina-
tion indicates that the contribution of the A term is
minor and that inherent B terms generally predomi-
nate irrespective of the symmetries of the complexes,
unlike in the case of [MCl4]2~ (M=Pt and Pd)® and
cis-[Pd(Cl)2(N)z2]-type complexes.? Although three or
four spin-allowed d-d transitions should occur in a
Dan or lower symmetries, the spin-allowed d-d absorp-
tion bands of the series of complexes appear only as a
single broad unsymmetrical band. These bands are
analyzed in terms of band area and the band shape
parameters,? and the influence of ligands on the band
shape and band area is discussed.

Experimental

[PA(N)s}type Complexes. 1) [Pd(NH3)s{ClOs)2: This com-
plex was obtained by metathesis of the corresponding chlo-
ride with the calculated amount of silver perchlorate.
Found: H, 3.33; N, 14.97%. Calcd for H12N4Cl2OsPd: H, 3.24;
N, 15.00%.

2) [Pd(en)NH3k]Clz: This complex was prepared in the
same manner as for [Pd(S-pn)(NHjs)z]Clz,? but ethanol was
used for crystallization in place of ether. Yield: 70%. Found:

C, 8.99; H, 5.20; N, 20.52%. Calcd for C2H14N4CI2Pd: C, 8.85;
H, 5.20; N, 20.64%.

3) [Pd(en)(tn)]Clz: This was prepared from [PdClz(en)]in
the same way as for [Pd(S-pn)(tn)]Cl2? but crystallized from
a methanol-ethanol medium instead of an ethanol-ether
one. Yield: 80%. Found: C, 19.23; H, 5.79; N, 17.94%. Calcd
for CsH1sN4Cl2Pd: C, 19.28; H, 5.82; N, 17.98%.

4) [PAL(N,N-Eteen)[Cly (L=en and tn): These complexes were
prepared by methods similar to those for the correspond-
ing (25)-N,Nl-diethyl-1,2-propanediamine(N1,N1-Etz-(S)-pn)
complexes.? Yield: 75—85%. Found: C, 24.79; H, 7.20; N
14.32%. Calcd for [Pd(en)(N,N-Etzen)]Clz- 2H20=CsH2sNCl,-
O2Pd: C, 24.66; H, 7.24; N, 14.38%. Found: C, 28.20; H, 7.31;
N, 14.55%. Calcd for [Pd(tn)(N,N-Etzen)]Clz- H{O=CoH2sN4-
ClOPd: C, 28.03; H, 7.32; N, 14.53%.

5) [PdL3]Cl; (L=N,N-Etzen and N,N,C,C-Mesen):® These
were obtained in a way similar to that for [Pd(N!,N1-Ete-
(S)-pn)2]Cl2.9 Found: C, 35.15; H, 7.92; N, 13.63%. Calcd
for [Pd(N,N-Etzen)2]Cle=C12H3:N4CloPd: C, 35.18; H, 7.87;
N, 13.67%. Found: C, 32.40; H, 8.14; N, 12.61%. Calcd
for [Pd(N,N,C,C-Mesen)z]Clz-2H20=C12H3sN4Cl:0:Pd: C,
32.33; H, 8.14; N, 12.57%.

6) Other Complexes: The complexes [Pd(en)2]Cl; and
[Pd(tn)2]Cl2 were obtained according to the method described
in the literature® or the one similar to it. Found: C, 16.18;
H, 5.43; N, 18.83%. Calcd for [Pd(en)2]Clo=C4H16N4Cl.Pd: C,
16.15; H, 5.42; N, 18.83%. Found: C, 22.20; H, 6.24; N,
17.14%. Calcd for [Pd(tn):]Cle=CsH20N4Cl:Pd: C, 22.13; H,
6.19; N, 17.21%.

[PA(N)y(O)}type Complexes. 1) [Pd(gly)(NH3)2]JClO4: Silver
perchlorate (246mg) and freshly prepared silver oxide
(140 mg) were successively added to a suspension of 250 mg
of cis-[PdCl2(NHs)z]? in 10 cm? of water and the mixture was
stirred at room temperature for 10min in the dark. Im-
mediately after removal of the silver chloride the filtrate was
mixed with an aqueous solution (1 cm3) of 89 mg of glycine,
evaporated to ca. 4cm? under reduced pressure, and chilled
in an ice-bath. After 2h lemon yellow crystals were collected,
washed with cold water, and dried in air. Yield: 200 mg.
Found: G, 7.73; H, 3.27; N, 13.34%. Calcd for CeH10N3ClOePd:
C, 7.65; H, 3.21; N, 13.38%.

2) [Pd(gly)L]ClO4(L=en and tn): Each of these complexes
was prepared by the method adopted for [Pd(S-ala)(S-pn)]-
Cl104? but crystallized from a water-methanol medium. The
crude product was recrystallized from warm water (ca. 60
°C). Yield: 55 (en) and 75% (tn complex). Found: C, 14.31; H,
3.60; N, 12.36%. Calcd for [Pd(gly)(en)]C104=C4H;2N3sClO6Pd:
C, 14.13; H, 3.56; N, 12.36%. Found: C, 17.09; H, 4.03; N,
11.92%. Calcdfor[Pd(gly)(m)]ClO4—-C5H14N3ClOsPd C, 16.96;
H, 3.99; N, 11.87%.

3) [Pd(B-ala)L]ClO4 (L=en and tn) and [Pd(N-Megly)(en)}



October, 1984]

ClO4: These complexes were prepared and crystallized in
the same way as for [Pd(S-ala)(S-pn)]Cl04.?2 The B-ala com-
plexes were recrystallized from warm water, by adding
acetone if necessary. Yield: 50 (en) and 70% (tn) for the B-ala
complexes; and 90% for the N-Megly (=sarcosinato) com-
plex. Found: C,17.15; H, 4.06; N, 11.76%. Calcd for [Pd(B-ala)-
(en)]C104=CsH1sNsClOgPd: C, 16.96; H, 3.99; N, 11.87%.
Found: C, 19.68; H, 4.40; N, 11.37%. Calcd for [Pd(B-ala)-
(tn)]JC104=CsH1sN3ClO6Pd: C, 19.58; H, 4.38; N, 11.42%.
Found: C, 17.09; H, 4.05; N, 11.85%. Calcd for [Pd(N-Megly)-
(en)]C104=C5sH14sN3ClO6Pd: C, 16.96; H, 3.99; N, 11.87%.
cis-[Pd(N)s(O)z}-type Complexes. 1) [Pd(CH3CO3)2L]
(L= en and tn): Each of these complexes was prepared by
the same method as for [Pd(CH3COz2)z(S-pn)]? but crystal-
lized from a water-acetone medium. Yield: 75—80%. Found:
C, 24.19; H, 5.21;'N, 9.37%. Calcd for [Pd(CH3COzg)z(en)]-
0.75H20= CeHis5N20475Pd: C, 24.17; H, 5.24; N, 9.40%.
Found: C, 26.57; H, 5.74; N, 8.55%. Calcd for [Pd(CHs-
CO2)2(tn)]- H20=C7H1sN205Pd: C, 26.55; H, 5.73; N, 8.85%.

2) [Pd(ox)L] (L=rac-pn and tn): These complexes were
obtained by the reaction of [PdCl:L] with silver oxalate,?
in an 85—90% yield. Found: C, 22.36; H, 3.75; N, 10.44%.
Calcd for [Pd(ox)(rac-pn)]=CsH10N204Pd: C, 22.36; H, 3.75;
N, 10.43%. Found: C, 22.37; H, 3.76; N, 10.46%. Calcd for
[Pd(ox)(tn)][=CsH10N204Pd: C, 22.36; H, 3.75; N, 10.43%.

3) [Pd(ox)(en)] and [Pd(mal)L ] (L=cn, rac-pn,andtn): These
complexes were prepared by the method adopted for [Pd-
(mal)(S-pn)]?. Yield: 70—85%. Found: C, 18.84; H, 3.21; N,
10.97%. Calcd for [Pd(ox)(en)]=CsHsN:04Pd: C, 18.87; H,
3.17; N, 11.01%. Found: C, 22.29; H, 3.78; N, 10.31%. Calcd
for [Pd(mal)(en)}]=CsH10N2:04sPd: C, 22.36% H, 3.75; N,
10.43%. Found: C, 25.56; H, 4.28; N, 9.90%. Calcd for [Pd-
(mal)(rac-pn)]=CsH12N204Pd: C, 25.50; H, 4.28; N, 9.91%.
Found: C, 24.96; H, 4.44; N, 9.72%. Calcd for [Pd(mal)(tn)]-
0.33H20=CsH1266N20433Pd: C, 24.98; H, 4.42; N, 9.71%.
The complexes [Pd(ox)(en)] and [Pd(mal)(en)] are almost
insoluble in water.

4) [Pd(mal)NH3)2]: A suspension of 200 mg of cis-[PdCl.-
(NHa)2] in 6cm3 of water was stirred with 225 mg of freshly
prepared silver oxide for 10 min at room temperature. After
removal of the silver chloride the filtrate was evaporated to
ca. 4 cm3 under reduced pressure and mixed with an aqueous
solution (1.5 cm3) of 98 mg of malonic acid. The reaction mix-
ture was allowed to stand at room temperature to give light
orange crystals, which were washed with cold water and
methanol and dried in vacuo. Yield: 180mg. Found: C,
14.56; H, 3.47; N, 11.02%. Calcd for [Pd(mal)(NHj3)z]-0.5H20=
CsHoN2045Pd: C, 14.33; H, 3.61; N, 11.14%. This complex is
insoluble in water without decomposition.

5) [Pd(ox)Ls] (L=NH3, CHsNH3, and (CH3)sNH): These
complexes were prepared from cis- or trans-[PdCloLs]?
in the same manner as in 4). Yield: 75—85%. Found: C,
10.20; H, 2.82; N, 11.64%. Calcd for [Pd(ox)(NHs)z]-0.5
H20=C:H7N2045Pd: C, 10.11; H,2.97; N, 11.79%. Found: C,
17.44; H, 4.25; N, 9.95%. Calcd for [Pd(ox)(CHsNHz)z2]. HoO=
C4H12N20sPd: C, 17.50; H, 4.41; N, 10.20%. Found: C, 22.22;
H, 5.57; N, 8.59%. Calcd for [Pd(ox){(CH3)2NH}z].2H0=
CeH1sN206Pd: C, 22.48; H, 5.66; N, 8.74%. Every complex is
insoluble in water.

6) [Pdy(u-OH ol 3 ClOs)e (L=en and tn): An aqueous solu-
tion containing each of these complexes was prepared in
the same way as for [Pdz(u-OH)2(S-pn)z](Cl04)2.2 The en
complex was crystallized by mixing the concentrated solu-
tion with methanol-free acetone (because alcohols reduce the
complex to deposit palladium metal), and the tn complex by
evaporating and cooling the solution. Yield: 65% for both
complexes. Found: C, 8.73; H, 3.29; N, 9.52%. Calcd for
[Pd2(u-OH)z2(en)2])(Cl104)2=C4H1sN4Cl2010Pd2: C, 8.49; H,
3.21; N, 9.90%. Found: C, 12.28; H, 3.75; N, 9.38%. Calcd
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for [Pda(u-OH)2(tn)2)(Cl04)2=CeH22N4Cl2010Pd2: C, 12.13;
H, 3.73; N, 9.43%. The en complex is less stable than the
corresponding S-pn one and decomposes in a basic aqueous
solution, whereas the tn complex is more stable than the
latter.

[PA(N)O)sftype Complexes. 1) K[Pd(CH3COz3)y(gly)]:
The starting material K[PdClz(gly)] was prepared in the same
way as for the corresponding S-ala complex.® Found: C, 7.88;
H, 1.95; N, 4.58%. Calcd for K[PdCly(gly)]- HHO=CzHeNCl2
O3KPd: C, 7.79; H, 1.96; N, 4.54%. The electronic absorp-
tion (AB) and MCD data in a 0.20M KCl aqueous solu-
tion (1M=1 moldm=3) are as follows in Omax/103cm=(e/
mol-! dm3cm™1) and 0ex/103 cm—! (Aem/mol-1dm3 cm=1T-1),
respectively; AB: 19.6sh (13), 25.28 (312) [Ao—=2.56 and
Ac+=2.63],9 37.8sh (1900), and 46.23 (19900) and MCD: 23.6
(+0.023), 26.8 (—0.027), 37.1 (+0.23), and 44.0 (—0.6).

The crude product which was obtained by the same
method as for K[Pd(CHsCOz)z(S-ala)]? was considerably
contaminated with bis(glycinato)palladium(lI), and could
not be purified by repeated recrystallizations from water—
acetone. Orange-brown crystals deposited in the second re-
crystallization were mechanically separated from faint
yellow needles [Pd(gly)2]. Yield: 15%. Found: C, 21.45;
H, 3.00; N, 4.17%. Calcd for CgH1o0NOgKPd: C, 21.34; H,
2.98; N, 4.15%.

2) K[Pd(mal)gly)]: This complex was prepared and
separated in a manner similar to that in 1). Yield: 30%.
Found: C, 18.52; H, 1.94; N, 4.32%. Calcd for CsHeNOgKPd:
C, 18.67; H, 1.88; N, 4.35%.

3) K[Pd(ox)(B-ala)]: The calculated quantity ofal M KOH
aqueous solution was added drop by drop to an aqueous
suspension containing equimolar amounts of palladium
chloride and B-alanine, with stirring at ca. 45°C. After
continuous stirring a small amount of undissolved mate-
rial was filtered off, and the filtrate was concentrated and
mixed with acetone. The crude product K[PdClz(B-ala)] was
recrystallized from water-acetone below 50°C.1® Found:
C, 12.02; H, 2.04; N, 4.66%. Calcd for K[PdCly(B-ala)]=
CsHsNCI1:0:KPd: C, 11.83; H, 1.99; N, 4.60%. The AB and
MCD data in 0.20M KCI are as follows in the same format
as in 1); AB: 20.0sh (12), 25.66 (360) [Ac—=2.23 and Ao*=
2.50], 38.4sh (2800), and 46.60 (17300) and MCD: 20
(40.0008), 24.1 (+0.015), 27.3 (—0.027), 38.3 (+0.26), and 45.8
(—0.41).

An aqueous solution (20 cm3) containing K[PdClz(B-ala)]
(600 mg) and oxalic acid dihydrate (250 mg) was stirred with
freshly prepared silver oxide (460 mg) for 10 min at room
temperature. After removal of the silver chloride the filtrate
was evaporated to ca. 4cm3. The product separated was
dissolved again in the mother liquor at 50°C and theresulting
solution was allowed to stand at room temperature. Orange
crystals were collected after 4 h, washed with a cold mixture of
water-acetone, and dried in vacuo. Yield: 120mg. Found:C,
18.59; H, 1.91; N, 4.27%. Calcd for CsHeNO¢KPd: C, 18.67;
H, 1.88; N, 4.35%. Further crops obtained from the mother
liquor were contaminated with bis(oxalato)palladium(II)
and could not be purified perfectly by recrystallization.

4) K[Pd(mal)B-ala)]: This complex was prepared in
the same manner as in 3), but crystallized from a more
concentrated solution. Although the crude product was con-
taminated with a small amount of [Pd(B-ala)z), it was puri-
fied twice by recrystallization from warm water-acetone.
Yield: 40%. Found: C, 20.23; H, 2.94; N, 3.94%. Calcd for
K[Pd(mal)(B-ala)]- H2O=CsH10NO7KPd: C, 20.38; H, 2.85;
N, 3.96%.

[Pd(O)s}-type Complexes. The complexes Kz[Pd(ox)2]
and K[Pd(mal)s] were prepared by a method similar to
that reported for Kz[Pd(ox)z],1? but the number of water of
crystallization was different from the literature values.11-19
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Found: C, 12.09; H, 1.00%. Calcd for Ks[Pd(ox)z]-2H2:0=
C4H4010K2Pd: C,12.11; H, 1.02%. Found: C, 16.20; H, 2.29%.
Calcd for Kz[Pd(mal)z]-3H20=Ce¢H1001K2Pd: C, 16.28; H,
2.28%. The corresponding platinum(II) complexes, which
were prepared for the purpose of comparison, turned out to
have analogous compositions (Found: C, 9.99; H, (.85%.
Calcd for Ko[Pt(0x)2] - 2H20=C4H4010K2Pt: C, 9.90; H, 0.83%.
Found: C, 13.63; H, 1.95%. Calcd for Kg[Pt(mal)s]-3H2:0=
CesH10011K2Pt: C, 13.56; H, 1.90%).

Measurements. Electronic absorption and MCD
spectra were recorded with the same apparatus and in the
same manner as described elsewhere.® Unless otherwise
noted, all the measurements were made in aqueous solu-
tions at room temperature. CD spectra were measured in
our previous work.?

Results and Discussion

Synthests. All the mixed-ligand palladium(II)
complexes isolated in the present work were synthesized
on the basis of the principle that a ligand with higher
affinity for palladium(II) ion is made to coordinate in
preference to a ligand with lower affinity.2 However,
disproportionation reactions were observed in the
course of the synthesis of [Pd(N)3(O)]- and [Pd(N)(O)s]-
type complexes, particularly in the latter. These
complexes were usually contaminated with the cor-
responding bis(amino carboxylato) complexes, but
K[Pd(ox)(B-ala)] was with the bis(oxalato) complex.
The [Pd(N)3(O)]-type complexes can be purified by
recrystallization, whereas the [Pd(N)(O)s]-type ones
generally can not because a disproportionation
reaction further proceeds during the course of re-
crystallization. The pure products of the latter type
could be obtained only by careful crystallization under
a mild condition followed by a mechanical separa-
tion. Although most of the complexes with every
combination of the ligands were successfully isolated,
the complexes [Pd(tn)(NHa)z]Clg, [Pd(B-ala)(NH3)2]ClOs,
K[Pd(ox)(gly)], and K[Pd(CH3COzg)(B-ala)] as well
as mixed-ligand [Pd(O)]-type complexes could not
be obtained.!¥ As noticed easily, three of these com-
plexes contain one six-membered chelate ring and
two unidentate ligands. On the contrary, similar but
neutral complexes, [Pd(mal)(NHz)z2] and [Pd(CH3COg)2-
(tn)], could be isolated. This seems to be ascribed to the
low solubilities of the mixed-ligand complexes relative
to those of the disproportionation products.

The mixed-ligand complexes with en or gly are more
labile than the corresponding complexes with S-pn or
S-ala, judging from the degree of the disproportionation
observed in the synthesis or recrystallization. This may
be attributable to high flexibility of an en or gly chelate
ring over an S-pn or S-ala one, but the following
observations can not be explained so easily. The mixed-
ligand complexes with tn or B-ala are also more labile
than those with S-pn or S-ala when the remaining
coordination sites are occupied by an N,N- or N,O-
ligand, whereas they are comparable or more stable
when the sites are occupied by an 0,0- or two O-
ligands.

MCD Spectra. 1) [PA(N)s}type Complexes: Figure
1 shows the absorption and MCD spectra of typical
[Pd(N)4]-type complexes together with the CD spectra
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of the corresponding optically active complexes. For
convenience these spectra are divided into three re-
gions: spin-forbidden d-d, spin-allowed d-d, and charge
transfer (CT) regions (Tables 1 and 2). Each of the
MCD spectra shows a positive band and a dispersion
comprising a positive and a negative lobe in the spin-
forbidden and -allowed d-d regions, respectively. The
dispersion changes sign at 2—3X103cm~! lower en-
ergy than the peak position of the main negative CD
band (ca. 35X103cm™1), originating primarily from
the Eg«1A;, transition (Da4),? of the corresponding
optically active complexes. The negative lobe lies at
energies only by 0.2—0.5X103cm™! higher than the
main CD band; and the positive lobe occurs at al-
most the same energy as the positive CD maximum of
[Pd(S-pn)(tn)]2*+ (31.4X103cm™?), which has been as-
signed to the 1Ag«1A;, transition (D4).2 These facts
suggest that the possible A term based on the E;
1A, transition does not contribute so significantly to
the dispersion. Therefore, it is reasonable to consider,
in combination with the information from the CD
spectra,? that the positive lobe of the dispersion is
mainly composed of a negative B term assigned to the
1Ag« 1Ay, transition and that the large negative lobe
is a composite of two positive B terms ascribed to the
1E, and 1By« 1Ay, transitions (D4n). The same assign-
ment is appropriate for the N,N-Eteen complexes (Fig.
2).

The MCD spectra have various features in the CT
region, depending on the kind of the ligands. Namely,
the complexes [Pd(NHz3)4]2+, [Pd(tn)z]**, and [Pd(en)z]2+
exhibit a weak positive, an intense positive, and a
medium negative band, respectively; however, an ad-
ditivity holds qualitatively for the MCD spectra of
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Fig. 1. Absorption and MCD spectra of [Pd(NHs)q)-
(Cl04)2 (—), [Pd(en)(NH3)2]Clz (—-—), [Pd(en)z]-
Clz (—. -—), [Pd(en)(tn)]Clz (------ ), and [Pd(tn)z]-
Clz (-++-); and CD spectra of [Pd(S-pn)(NHs)2]Cl,
(—+—), [Pd(S-pn)(en)]Cl; (—- .—), and [Pd(S-pn)-

(tn)]Clg (------ )-
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TABLE 1. ABSORPTION DATA® OF [Pd(N)4]-TYPE cOMPLEXES [Pd(L1)(L2)]Clz-nHz0
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Omax/103cm~1(¢/mol-1dm3 cm™?)

(La)(L2) n
Spin-forbidden d-d Spin-allowed d-d Charge transfer

(NHa)s? 0 27.8sh(19) 33.68(193)

(NHa)™? 0 27.6sh(15) 33.67(211)

(en)(NHa)z 0 28.4 sh(26) 34.03(253)

(en)z 0 28.8 sh(22) 34.83(286)

(en)(tn) 0 28.6 sh(24) 34.60(374)

(tn)2 0 28.6 sh(23) 34.60(378) 50.76(20900)
(N,N-Etzen)(en) 2 28.2sh(53) 34.13(395) 49.88(16000)
(N,N-Etzen)(tn) 1 28.0sh(41) 33.90(477) 48.29(18800)
(N,N-Etzen),? 0 27.4sh(42) 33.61(572) 44.25(14400) 48.2 sh(11600)
(N,N,C,C-Mesen)s® 2 27.6sh(41) 33.68(596) 44.44(15300) 48.2 sh(12400)

a) sh:shoulder (¢ is for the value o given).
served at ca. 22X103cm™! as a shoulder.

b) Perchlorate.

¢) In acetonitrile.

TaBLE 2. MCD paTA® OF [Pd(N)4]- TYPE COMPLEXES [Pd(Ll)(Lz)]Clzb)

Oext/ 103 cm~1( Aem/mol-1dm3 cm—1T-1)

(Li)(L2)
Spin-forbidden d-d Spin-allowed d-d Charge transfer

(NHa)s? 25.3(+0.0008) 30.8(+0.011)
26.8m 35.0(—0.019)

(NH3)" @ 25.3(+0.0007) 30.6(+0.012) 46.5(—0.002)
26.8m 34.9(—0.021)

(en)(NHs)2 26.0(+0.0006) 30.5(+0.006) 43.3(+0.008)
26.9m 35.2(—0.024)

(en)2 26.3(+0.0008) 31.3(+0.009) 48.0(—0.32)
27.7m 35.8(—0.026)

(en)(tn) 26.8(+0.0014) 31.6(+0.016) 48.4(+0.93)
27.8m 36.1(—0.024)

(tn)2 26.6(+0.0014) 31.6(+0.018) 47.8(+2.0)
27.7m 36.0(—0.020)

(N,N-Etzen)(en) 26.2(+0.0013) 30.6(+0.011) 45.7(—0.28)
27.5m 35.2(—0.033)

(N,N-Etzen)(tn) 25.9(+0.0011) 30.8(+0.012) 46.4(+0.56)
27.4m 35.4(—0.026)

(N,N-Etzen); 25.5(+0.0019) 29.7(+0.011) 43.2(—0.26)
26.5m 34.4(—0.038) 48.9(1+0.22)

(N,N,C,C-Me4en), 25.6(+0.0017) 29.9(+0.011) 43.1(—0.38)
26.6 m 34.5(—0.039) 48.6(+0.35)

a) m; minimum of | Agm|.
acetonitrile.

the mixed-ligand complexes (Fig. 1). An analogous
situation is also observed for the mixed-ligand N,N-
Etzen complexes. A positive and a negative A term are
correlated with the CT absorption bands around 50X
103cm™! in the complexes of en and tn, respectively
(Fig. 2). We previously found that the complexes hav-
ing two N,N-dialkylamino groups in positions trans
to each other exhibited a splitting both in the absorp-
tion and CD bands which were assigned to Pd«N(o)
transitions.? The spectra of such complexes show a
negative and a positive band corresponding to the
two split components (Fig. 2). These two B terms
may be considered as a pseudo A term.!® The MCD
spectrum of [Pd(en)(NHjs)2]2* shows a weak positive
band on the lower edge of the CT absorption band,
and it is presumably attributed to an orbitally-for-
bidden CT transition.

2) [PA(N){O)}type Complexes: The spectra of the

d) Another band was ob-

b) Water of crystallization is omitted (See Table 1).

c) Perchlorate. d) In

complexes containing gly or B-ala are shown in Fig. 3
or 4, respectively, and the numerical data in Tables 3
and 4. The MCD spectra showed a single positive or
a couple of + and — bands in the spin-forbidden d-d
region. Taking into account the overlapping of the
neighboring intense positive band, all the complexes
are expected to have the two (+ and —) bands in the
region. The minimum around 26X103cm™! is con-
sidered to be formed by such an undetectable nega-
tive band, and included in Table 4; the main CD
band of spin-forbidden nature occurs at almost the
same energy as the minimum (Figs. 3 and 4). Such a
correspondance is also found in the [Pd(N)4]-type
complexes (Figs. 1 and 2; Table 2).

The MCD spectra in the spin-allowed d-d region
of the [Pd(gly)(N)z]-type complexes are very similar
to those of the corresponding [Pd(en)(N)z]}-type
complexes (Figs. 3 and 1). The MCD spectra of the
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Fig. 2. Absorption and MCD spectra of [Pd(N,N-
Etzen)(en)]Clz (—), [Pd(N,N-Eteen)(tn)]Clz (— - —), and
[Pd(N,N-Etzen)2]Clg  (------ ); MCD spectrum of
[PA(N,N,C,C-Mesen)]Clz () (the absorption
spectrum is almost identical with that of [Pd(N,N-
Etzen)]Cl2); and CD spectra of [Pd(N!,N!-Ete-
(S)-pn)(en)]Clz (—), [Pd(N!,N1-Etz-(S)-pn)(tn)]Cl;
(—-—), and [Pd(N},N1-Ets-(S)-pn)2]Clz (------ ).

[Pd(B-ala)(N)z])-type complexes in the same region do
not largely differ from those of the corresponding gly
complexes (Figs. 4and 3). Thus, these MCD spectra can
be interpreted in analogy with those of the [Pd(N)4]-
type complexes. The complexes containing tn exhibit
larger intensity ratios of the positive to the negative
lobe of the dispersion,| Aem(+)/Aem(—)|, than the cor-
responding en complexes. Moreover it is noteworthy
that the ratio is closely related to the sign and in-
tensity of the MCD band in 45—50X103cm™!: the
complexes which exhibit an intense positive MCD in
the CT region do also an intense positive MCD band
in the spin-allowed d-d region, and the complexes
with a negative band in the former region exhibit a
weak positive band in the latter region (Figs. 2 and 3).
This fact is proved to hold likewise for the complexes
of the other types, implying the mixing of a CT ex-
cited state with a d-d vibronic excited state.

Again in the CT region, the [Pd(gly)(N)z]-type com-
plexes generally exhibit MCD features similar to those
of the corresponding en complexes, except for the
positive band at 43.3X103cm~'in [Pd(en)(NHs)2]2+. On
the other hand, [Pd(B-ala)(en)]* exhibits a unique
pattern of —, +, and —, and [Pd(B-ala)(tn)]* a pattern
characteristic of the complexes containing tn. These
observations indicate that gly and en ligands make an
almost equivalent contribution to the MCD in the
region but that a 8-ala has a greater influence on the
MCD than an en but smaller than a tn.

Kazuhiko Nakavama, Takashi KomoriTa, and Yoichi SHiMUrA
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Fig. 3. Absorption and MCD spectra of [Pd(gly)L]ClO4:
L=(NH3s)2 (—), L=en (—.—), and L=tn (—. .—);
and CD spectra of [Pd(gly)(S-pn)]C1O4 (—-—), [Pd-
(S-ala)(en)]ClOq (------), and [Pd(S-ala)(tn)]ClO4 (—- - —).
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Fig. 4. Absorption and MCD spectra of [Pd(8-
ala)L]ClO4: L=en (—) and L=tn (—-—), and CD
spectrum of [Pd(B-ala)(S-pn)]ClO4 (—).

3) cis-[Pd(N){O)}type Complexes: The spectra of
the complexes with this type are shown in Figs. 5—7,
and the numerical data in Tables 5 and 6. The situa-
tion in the spin-forbidden d-d region is substantial-
ly the same as for the [Pd(N)3(O)]- and [Pd(N)4]-type
complexes, but the negative MCD band in the higher
energy side appears more explicitly. A comparison of
the MCD spectrum of [Pd(ox)(rac-pn)] with the CD
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Omax/108cm~1(e/mol-'dm3cm™1)

(Li)(L2) Spin-forbidden d-d Spin-allowed d-d Charge transfer
(gly)(NHs)2 25.4sh(12) 31.81(254) 44.5sh
(gly)(en) 26.4sh(19) 32.70(259)

(gly)(tn) 26.4sh(23) 32.35(360) 50.61(22700)
(B-ala)(en) 26.2sh(17) 32.46(406) 51.28(20600)
(B-ala)(tn) 26.6sh(21) 32.68(410) 51.63(21600)
(N-Megly)(en) 26.4sh(22) 32.83(284) 51.41(22500)

a) sh: shoulder (¢ is for the value o given).

TABLE 4. MCD paTA® OF [Pd(N)3(O)]- TYPE CoMPLEXES [Pd(L1)(L2)]C104

Oext/ 108 cn—1(Aem/mol-1dm3 cm~—1T-1)

(La)(Le)
Spin-forbidden d-d Spin-allowed d-d Charge transfer

(gly)(NHa)z 24 sh(+0.0003) 28.9(+0.010)
33.2(—0.026)

(gly)(en) 23.8(+0.0004) 29.3(+0.008) 46.7(—0.33)
25.8(—0.00004) 33.5(—0.026)

(gly)(tn) 24.7(+0.0010) 30.0(+0.021) 47.8(+0.70)
25.8m 34.0(—0.026)

(B-ala)(en) 24 sh(+0.0002) 28.8(+0.005) 42.8(—0.03)

25.9(—0.0004) 33.5(—0.023) 46.6(+0.06)

(B-ala)(tn) 24.1(+0.0008) 29.9(+0.017) 46.9(+0.94)
26.0m 34.1(—0.024)

(N-Megly)(en) 24.5(+0.0008) 29.3(+0.010) 46.2(—0.30)
25.9m 33.5(—0.028)

a) sh: shoulder (Aey is for the value o given); m: minimum of | Aem|.
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Fig. 5. Absorption and MCD spectra of [Pd(ox)(rac-
pn)] (—), [Pd(ox)(tn)] (—-—), [Pd(mal)(rac-pn)]
(—- +—), and [Pd(mal)(tn)] (------ ); and CD spectra of
[Pd(ox)(S-pn)] (—) and [Pd(mal)(S-pn)] (—- -—).
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Fig. 6. Absorption and MCD spectra of [Pd(CHsCOg)L]
in 0.50 M CH3CO:2Na: L=en (—)and L=tn (— . —),
and [Pdz(u-OH)zL2)(ClO4)2 in H2O: L=en (—. .—)

); and CD spectra of [Pd(CH3COz2)2(S-

pn)]in 0.50 M CH3COzNa (—) and [Pdz(u-OH)2(S-
pn)2](Cl0y)2 in HO (—. .—).
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one of [Pd(ox)(S-pn)] in the spin-allowed d-d region
leads to the expectation that the A term based on the
1E;«1A;, transition (D4) contributes to the disper-
sion of MCD more substantially than in the case of the
[PA(N)4]- and [Pd(N)3(O)]-type complexes (Fig. 5).
The CD band at ca. 34X103cm~?, which was assigned
to the Bjg«!Ay, transition (D4),? is correlated to a
positive B term included in the negative lobe of the
dispersion. The intensity ratio, | Aem(+)/Aem(—)|, is
determined primarily by the kind of the N-ligand as
seen in the previous section and secondarily by that
of the O-ligand: it decreases in the order of the ox,
mal, and CH3CO2 complexes when compared within
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Fig. 7. Absorption and MCD spectra of [Pda(u-
OH)L2J(ClO4)z in 0.01 M HCIO4 (=4 Pd(OHa)eL.JClO4)s):
L=en (—) and L=tn (—.—), and in 0.01 M NaOH
(=2[Pd(OH):L]): L=tn (------ ); absorption and CD
spectra (—. -—) of [Pdz(u-OH)z(S-pn)2](ClO4)2 .in
0.01M NaOH (=2[Pd(OH)s(S-pn)]); and CD
spectrum (—) of [Pdz(u-OH)(S-pn)z)(ClO4)2 in
0.01 M HCIO4 (=2[Pd(OHz2)2(S-pn)](ClO4)2).

TABLE 5. A BSORPTION DATA®
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the complexes with the same N-ligand. No such regura-
lity is found for the complexes with u-hydroxo or aqua
ligands. The complex [Pd(OHgz)z(en)]?+ is so unique
among the series of the complexes studied here as to
exhibit only a negative band in the MCD of the spin-
allowed d-d region (Fig. 7). The MCD band lies at the
lower energy side of the main CD band of [Pd(OHz)2-
(S-pn)]2+; accordingly, a positive B term is expected
for the 'Ag«1A;, transition (D) in this complex.
The diacetato complex [Pd(CH3COg)z(en)] is similarly
situated, although it exhibits a weak positive MCD
band. The weak band is considered to be the remainder
of the positive lobe of the minor negative A term based
on the 1E;«!Aj; transition canceled by the positive B
term on the 1A« 1!Aj; one.

The MCD spectra in the CT region of the complexes
with ox or mal are qualitatively additive with respect
to the constituent ligands as noted in the [Pd(N)4]-
type complexes (Figs. 5, 1, and 9). This fact agrees
with the expectation that two kinds of CT transi-
tions, namely Pd«N(o) and O(n, m, and/or o), are
present with small energy gaps. The absorption band
which was observed as a shoulder around 42X103
cm~! in the complexes with ox is readily assigned
to the latter CT transitions, to which a positive B
term corresponds. On the other hand, the CD spectra
show no remarkable band in 35—45X103cm™1; this
can be explained by the fact that an asymmetric cen-
ter is present only in the N-ligand, if such a chira-
lity is more effective in Pd«N than in PdO CT
transitions. A similar spectral behavior has been ob-
served also for [Pd(Cl)z(N)z]-type complexes.? There-
fore, the CD bands at ca. 50X103cm™1! are attributable
primarily to Pd«N(o) transitions (Fig. 5).

4) [PA(N)O)s}type Complexes: The absorption and
MCD spectra of the complexes of this type are shown
in Fig. 8 together with the CD spectra of the relating
complexes with S-ala, and the numerical data in Tables
7 and 8. The MCD spectra of the complexes with gly are
very similar to those of the corresponding en (or rac-pn)
complexes of cis-[Pd(N)2(O)z]-type over the range 20—
50X103cm~? (Figs. 8, 5, and 6). Thus, the MCD spectra
of the former complexes can be interpreted in anal-
ogy with those of the latter. The MCD spectrum of
[Pd(CH3COg)2(gly)]~ supports the idea proposed be-

OF ¢is-[Pd(N)2(O)z]- TYPE COMPLEXES

Complex

Omax/ 108 cm—1(¢/mol~!dm3cm™1)

Solvent

Spin-forbidden d-d Spin-allowed d-d  Charge transfer

[Pd(CH3COg)2(en)]-0.75H20
[Pd(CH3CO2)2(tn)]- H2O

0.50M CH3CO2Na
0.50M CH3CO:2Na

[Pd(ox)(rac-pn)] H:0
[Pd(ox)(tn)] H2:0
[Pd(mal)(rac-pn)] H20
[Pd(mal)(tn)]-0.33H20 H:0
[Pdz(u-OH)z(en)2](C104)2” H:0

0.01 M HCIO,
[Pda(u-OH)(tn )2](C104)s™ H:0

0.01 M HCIO4

0.01 M NaOH

24.25h(23) 30.11(430)

24.6sh(24) 31.00(340)

24.4sh(19) 30.53(253) 48.08(23100)

24.8sh(25) 30.40(384) 47.17(21800)

24.8sh(18) 31.00(240) 51.36(23700)

25.2sh(21) 31.14(311) 50.63(24400)

23.8sh(21) 30.44(291) 45.5sh(4100)

24.4sh(37) 29.21(270)

24.4sh(22) 30.71(332) 44sh
50.10(13700)

24.8sh (53) 29.50(300) 51.49(13600)

24.6sh(9) 31.23(219)

a) sh: shoulder (¢ is for the value o given).
band was observed at ca. 39.5X103cm™! as a shoulder.

b) Molar absorption coefficient is based on palladium; another
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TABLE 6. MCD DATA® OF cis-[Pd(N)2(Q)z]- TYPE COMPLEXES

Oext/103cm~1(Aem/mol~1dm3 cm—1T-1)

Complex
Solvent Spin-forbidden d-d Spin-allowed d-d  Charge transfer
[Pd(CH3COg2)2(en)]-0.75H20 0.50 M CH3CO:zNa 25.9(+0.002)
...................................... 23.2(0.0006)  30.7(70.029)
[Pd(CH3COsz)s(tn)]- H2O 0.50 M CH3CO2Na 27.4(+0.010)
......................................................................................... 31.9(—00031)
[Pd(ox)(rac-pn)] H20 21.7 sh(+0.0003) 28.4(+0.011) 40.8(—0.15)
.......................................................................... 246(70001) . 31.3(70.034) 46.5(10.32)
[Pd(ox)(tn)] H20 22.4(+0.0011) 28.6(+0.032) 39.9(—0.10)
...................................................................................... 245m 0 32007004]) o 46.4(40.83)
[Pd(mal)(rac-pn)] H:0 28.0(+0.004) 49.3(—1.1)
................................................... 2¢7(-000L)  32.5(~0.025)
[Pd(mal)(tn)]-0.33H20 H20 29.0(+0.027) 45.7(1+0.45)
[Pda(k-OH)z(en)z](C104)2" H:0 21.7(—0.0005) 27.2(+0.002) 39.5sh(—0.05)
e, 31,6(70.022)

0.01 M HCIO4 25.6m
.................................................. 2.6(-0.002)  302(~0.032)
[sz(u-OH)2(m)2](ClO4)2b) H20 29.0(+0.015) 39.7(—0.034)

................ 23.5(+0.0009) 32:6(70.017)
0.01 M HCI1O4 27.4(+0.013)
e 30-0.030)

0.01 M NaOH 28.2(+0.007)

32.2(—0.014)

a) sh: shoulder (Aem is for the value o given); m: minimum of |Aem|. b) Aem is based on palladium.

fore that the vicinal CD contribution by S-ala exhib- T T T
its a dispersion pattern of + and — for the E;«1Ay,
transition (D4n).2 The MCD spectra of the two com-
plexes with f-ala are similar to that of [Pd(B-ala)-
(en)]* in the d-d region, particularly in the intensity
ratio | Aem(+)/ Aem(—)|, and showed a composite of the
patterns characteristic of the constituent ligands in the
CT region (Figs. 8 and 4).

5) [Pd(O)s}type Complexes: The absorption and
MCD spectra are shown in Fig. 9 and the numerical
data in Tables 7 and 8. The MCD curves in the d-d
region of [Pd(ox)z]2~ and [Pd(mal)z]2~ are very similar
to each other, although the intensity for the former
complex is about a half of that for the latter. Con-
sidering only coordinating atoms, the complexes of
this type can be approximated by a D4 symmetry;
nevertheless the contribution of the A term based on the
1E 1A, transition is considered to be small from the
MCD features. This situation is similar to that in the
[PA(N)4}-type complexes.

The MCD spectrum of [Pd(ox)2)?~ showed four bands
in the CT region. The lowest-energy band, which was
observed only as a shoulder, corresponds to the absorp-
tion band (shoulder) at 32.8X103cm~!. Neither the
MCD nor the absorption band corresponding to the
above respective band was observable in the complexes
containing only one ox ligand because of the relatively
high intensities of the neighboring bands. The three
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Fig. 8. Absorption and MCD spectra of K[Pd(CH3COz)e-
(gly)] in 0.50M CH3CO:2Na (—), K[Pd(mal)(gly)]
in H2O (—-—), K[Pd(ox)(8-ala)] in H20 (—. .—),
and K[Pd(mal)(B-ala)] in HzO (------ ); and CD spec-
tra of K[Pd(CH3COz)z(S-ala)] in 0.50 M CH3CO:Na
(—) and K[Pd(mal)(S-ala)] in H20 (—.—).

higher-energy bands are familiar in the complexes
with ox (See also Figs. 5 and 8). The MCD spectrum of
[Pd(mal)z}?~ showed two bands in the CT region; a
positive B term and a positive A term correspond to

the absorption bands at 44.5 and 48.5X103cm™!,
respectively.

Ligand-field Absorption Spectra. Each absorp-
tion spectrum of the [Pd(N)a(O)s—n]-type complexes is
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TABLE 7. ABSORPTION DATA® oF [Pd(N)(O)s]- AND [Pd(O)4]- TYPE COMPLEXES

Omax/ 103cm™1(¢/mol~dm3 cm™?)

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

K[Pd(CH5COz)x(gly)]” 21.6sh(16) 27.77(402)

K[Pd(mal)(gly)] 22.0sh(9) 28.79(184) 44 sh 50.06(25200)
K[Pd(ox)(B-ala)] 21.8sh(11) 28.58(372) 39.5sh 46.45(22200)
K[Pd(mal)(B-ala)]- H2O 22.4sh(11) 28.69(326) 49.44(24900)
K[ Pd(0x)z]- 2H;0° 19.2 sh(4) 26.31(106) 37.5sh(3400)  44.39(24100)
K3[Pd(mal).]-3H20 20.4sh(7) 26.99(164) 44.5sh 48.53(27800)

a) sh: shoulder (¢ is for the value o given).
103cm™! (¢=150) as a shoulder.

b) In 0.50 M CH3CO2Na.

¢) Another band was observed at ca.

32.8X

TasLE 8. MCD paTA oF [Pd(N)(O)s}- AND [Pd(O)4])- TYPE COMPLEXES

Oext/ 108 cm—1(Aem/mol~1dm3cm—1T-?)

Complex
Spin-forbidden d-d Spin-allowed d-d Charge transfer
K[Pd(CH3COz)(gly)]” 24.4(+0.003)
20.7(70.0007) Z8.8(70.03L)
K[Pd(mal)(gly)] 25.2(+0.0025) 49.2(—0.85)
21.6(-0.0004) 30.0(0.018) e,
K[Pd(ox)(B-ala)] 20.4(+0.0006) 26.2(4+0.0061) 39.0(—0.12)
22.8(—0.0004) 29.9(—0.026) 45.1(+0.55)
e D06CTLS)
K[Pd(mal)(B-ala)]- HzO 21.3(+0.0002) 26.4(+0.0050) 39.3(—0.02)
30.2(—0.024) 42.9(+0.06)
481(-1.0)
K2[Pd(ox)2] - 2H20” 23.3(+0.0029) 36.9(—0.19)
18.7(—0.0002) 27.1(—0.011) 43.8(+0.54)
e, 49.3(70.90)
Ko[Pd(mal)z]-3H20 24.7(+0.0067) 46.7(—1.1)
20.2(—0.0003) 28.5(—0.020)

a) In 0.50M CH3CO2Na.
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Fig. 9. Absorption and MCD spectra of Kz[Pd(ox)z]
(—) and Kg[Pd(mal)s] (—-—).

composed of an unsymmetrical broad band and a
lower-lying shoulder in the d-d transition region, and
these bands are roughly assigned to a spin-allowed
and a spin-forbidden band, respectively. The former
band will be described in detail and discussed brief-
ly hereafter. We previously demonstrated that such an

b) Another band was observed at ca. 32.5X103cm=! (Aem=—0.02) as a

unsymmetrical band could be characterized by the
half-value-width parameters and the unsymmetry
parameter.? The parameters are listed in Table 9 for
the complexes studied here.

Figure 10 represents the complexes together with
the relating optically active complexes? as a function
of the molar absorption coefficient of the absorption
peak and the half-value width Ao ,/9; moreover it shows
the approximate band area, which is proportional to
the oscillator strength. The [Pd(N)4]-type complexes
composed of ammine, en (or S-pn) and/or tn are clas-
sified into four groups, i.e., a tetraammine complex,
diammine(five-membered chelate) complexes, bis(five-
membered chelate) complexes, and tn-containing com-
plexes; the half-value width decreases and the band
area increases in this order. A similar behavior is
also found among the [Pd(N)4]-type complexes con-
taining N,N-diethylethylene(or propylene)diamine.
The [Pd(N)3(O)]-type complexes can be classified into
three groups: complexes containing no six-membered
chelates, complexes composed of a five-membered N-
O and a six-membered N-N chelate, and complexes
containing a six-membered N-O chelate. Thus the
complexes with B-ala form a single group in Fig. 10
irrespective of the sizes of the accompanying diamines,
and this situation is very similar to that found for
the [Pd(N)4]-type complexes with tn.



October, 1984]

MCD and Absorption Spectra of [Pd(N)(O)4—n]-type Complexes

2939

TABLE 9. BAND SHAPE PARAMETERS FOR THE SPIN-ALLOWED d-d BAND OF [Pd(N)n(O)4—_n]- TYPE COMPLEXES (n=0—4)

Ac—? Act® Acys” Unsymmetry
Complex 103 1 108 1 103 1 parameter®
cm~ cm~ cm™
[Pd(NH3)4]2+ 2.73 2.88 5.61 2.7
[PA(NH3)4]2t) 2.50 2.71 5.22 4.0
Pd(en)(NHs)z]2+ 2.73 2.79 5.52 1.1
EPdEen;;]2+ & 2.53 2.77 5.30 45
[Pd(en)(tn)]2*+ 251 2.72 5.23 4.0
[Pd(tn)s]2* 2.48 2.68 5.16 3.9
[Pd(N,N-Etzen)(en)]2+ 2.75 2.75 5.50 0.0
[PA(N,N-Etzen)(tn) ]2+ 2.57 2.69 5.26 2.3
[Pd(gly)(NHas)2]* 253 2.84 5.38 5.8
[Pd(gly)(en)]* 2.70 2.77 5.47 1.3
[Pd(gly)(tn)]* 2.48 2.81 5.29 6.2
[Pd(B-ala)(en)]* 2.42 2.66 5.08 4.7
[Pd(B-ala)(tn)]* 2.48 2.68 5.16 3.9
[PA(N-Megly)(en)]*+ 2.78 2.73 5.51 —0.9
[Pd(CH3COz2)z(en)]” 2.63 3.01 5.65 6.7
[Pd(CH3COz)z(tn)]® 3.05 2.80 5.85 —43
[Pd(ox)(rac-pn)] 2.58 2.74 5.32 3.0
[Pd(ox)(tn)] 2.31 2.54 4.85 4.7
[Pd(mal)(rac-pn)] 2.86 2.82 5.68 —0.7
[Pd(mal)(tn)] 2.64 2.70 5.35 1.1
[Pd2(u-OH)z(en)z 2+ 3.06 2.73 5.79 —5.7
[Pda2(u-OH)z(tn)2]2* 2.70 2.67 5.37 —0.6
[Pd(OHa)z(en)]2te 2.51 3.05 5.56 9.7
[Pd(OHz2)z(tn)]2+e 2.61 3.07 5.68 8.1
[Pd(OH)g(tn) ] 2.68 2.78 5.47 1.8
[Pd(CH3CO2)2(gly)]® 2.41 2.99 5.40 10.7
[Pd(mal)(gly)]- 2.95 3.05 6.00 1.7
[Pd(ox)(B-ala)]~ 2.38 2.40 4.79 0.4
[Pd(mal)(B-ala)]~ 2.53 2.78 5.32 4.7
[Pd(ox)2]2~ 3.09 3.12 6.21 0.5
[Pd(mal)z]2~ 2.75 2.76 5.52 0.2

a) £€=€max/2 at 0=0Omax—A0~ and omaxtAc™;
{(Aot—A07)/A01,2}X100. ¢) In acetonitrile.
0.0l M HCIO,.

The substitution of B-ala for tn largely affect neither
the band area nor the band width, but that of mal for
B-ala does. An analogous behavior is also found in
the series of en(or pn)-gly(or S-ala)-ox complexes ex-
cept a pair of [Pd(ox)(pn)] and [Pd(gly)(en)] (Fig. 10).

The complexes containing tn, B-ala, or CH3CO;
generally possess oscillator strengths higher than the
corresponding en(or pn), gly, or mal(or ox) complexes,
respectively (Fig. 10). The exceptions are limited to
the complexes with one tn and two unidentate ligands:
[PA(CH3COg)s(tn)], [Pd(OH)z(tn)], and [PdClz(tn)].1®
These complexes are expected to be less distorted
than the corresponding en or S-pn complexes mainly
in terms of bond angle. In other complexes, ligand-
ligand interactions are presumed to be predominant.
The complex Ko[Pd(ox)2] has the lowest oscillator
strength among the palladium(II) complexes which
we have so far investigated [(Ao},9X€)/105 mol-! dm3
cm—2=6.57; cf. Ko[PdCl4] (6.66)]. This may be attrib-
utable to the high planarity of the complex ion.

Figure 11 displays the unsymmetrical shape of the
spin-allowed d-d absorption band. The complexes
which exhibit an absorption band with a swelling in
the higher or lower energy side are located on the lower
right or upper left of the line Act*=Ao~ (See the foot-
note of Table 9), respectively; the farther the com-

Acip=Ac~+Ac*. b) unsymmetry parameter=

d) In 0.50 M CH3CO2Na. e) [Pda(u-OH)z(en or tn)z])(ClO4)2 in
f) [Pd2(u-OH)2(tn)2)(ClO4)2 in 0.01 M NaOH.

plexes are located away from the line, the more un-
symmetrical their band shapes are. The introduction
of N,N-Etzen(or N1,N1-Ets-(S)-pn) in place of en(or
S-pn) increases the band width mainly through the
increase in Ao~. This behavior can be explained by
supposing an increased transition energy difference
between 'Ag, and 'Eg«A;, and/or the enhanced oscil-
lator strength of !Ag«1A;,. The location of the di-u-
hydroxo complex of en or S-pn in Fig. 11 may be also
attributable to the relative lowering of the transition
energy of Ag 1Ay,

The en or pn complexes of u-OH, OH, mal, and ox
are correlated with the corresponding tn complexes
in a similar fashion (Fig. 11): the substitution of tn
for en or pn decreases the band width with the de-
crease of Ao~ which is more substantial than that of
Act.

The band shapes of the diaqua complexes are sim-
ilar to each other irrespective of the kind of diamine
ligands, whereas the diacetato complex with tn ex-
hibits a band shape largely different from that of the
corresponding complex with en or pn; thus, aqua and
the diamine ligands have a predominant influence on
the band shape in the former and the latter case,
respectively. Similarly, tn and B-ala ligands seem to
have a overwhelming influence on the band shape
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Fig. 10. Area intensity of the spin-allowed d-d
absorption band represented as a function of the
molar absorption coefficient of the absorption peak
and the half-value width Aocy2; @: [Pd(N)4]-, O
[PA(N)3(0)]-, O: cis-[PA(N)2(O)2]-, A: [PA(N)O)s]-,
and A:[Pd(O)4]-type complexes; A=NHj, pn=S-pn,
r-pn=rac-pn, Etzen=N,N-Etzen, Etzpn=N1,N1-Ets-
(S)-pn, ala=(S)-alaninato, ser=(S)-serinato, leu=(S)-
leucinato, pro=(S)-prolinato, hpro=(S)-hydroxyprolin-
ato, sar=sarcosinato, and Ac=acetato.

in the [Pd(N)4]- and [Pd(N)3(O)]-type complexes, re-
spectively.

The complexes containing tn, B-ala, or ox possess
a band width narrower than the corresponding en(or
pn), gly, or mal complexes, respectively, except
[Pd(OHz2)2(tn)]2+, [Pd(CH3COg)s(tn)], [Pd(B-ala)(tn)]t,
and [Pd(ox)z2]?~.

The relationship between the absorption band width
Ao ,o and the MCD intensity ratio | Aem(+)/ Aem(—)] is
visualized in Fig. 12, which includes the data for
[PA(C1)n(N)4-r)(n=1,2, and 4) and cis-[Pd(Cl)2(N)(O)]-
type complexes in addition to those for the [Pd(N),-
(O)s-n)-type ones and reveals two facts. Firstly, the
complexes with tn have a larger value of |Aem(+)/
Aem(—)| than the corresponding en or pn complexes
without exception. Secondly, the complexes which
possess a smaller Ao/, value exhibit a larger | Aem(+)/
Aem(—)| value and vice versa. Thisrelationship implies
a possibility of the mixing between d-d vibronic ex-
cited states by applied magnetic field; and such a
mixing is presumed to give a negative B term for the
1A« 1Ay, transition depending upon the magnitude
of the mixing, which should be inversely proportional
to the energy gap involved.!”? Thus, the MCD features
predominated by B terms can be qualitatively explained
by the mixing of this kind and by the mixing between a
d-d vibronic excited state and a CT excited state as
proposed in the previous section.
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Fig. 11. Half-value width Aoy (thin lines) represented
as a function of Aot and Ao~; the thick line denotes
Ao*=Ao~. See the footnote of Table 9 and the figure
caption of Fig. 10 as to the marks and abbreviations.
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other abbreviations.
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