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The electronic absorption and MCD spectra of [PdClz:L] (L=ethylenediamine(en), 1,3-propanediamine,
N,N-dimethylethylenediamine, N,N’-dimethylethylenediamine, N,N-diethylethylenediamine, and N,N-dimeth-
yl-1,3-propanediamine) and trans-[PdClz(L)2:] (L=EtNHz, Me:NH, MesN, n-BuNH;, i-BuNH;, s-BuNH,,
t-BuNHgz,and rac-pea (pea=I-phenylethylamine)), and CD spectra of [PdCIl:L] (L=(S)-1,2-propanediamine-
(S-pn) and (2S)-N1,Ni-diethyl-1,2-propanediamine) and trans-[PdClz(S-pea)2] have been measured over the
visible-near UV region, together with the corresponding spectra of [PtCl:L] (L=en and S-pn). The examination
of the three kinds of spectra as well as their Gaussian analyses indicates that the splitting pattern of metal d
orbitals for the cis type complexes is similar to that for [PdCl4])?—, and that as to the trans complexes the dx:—ye—dy.
and dy. transitions split largely to give apparent two spin-allowed d-d bands characteristic of the trans complexes.
The average energy of the di=-:—dy; and dy. transitions for the trans complexes is approximately equal to the
energy of the di-y2«—dx.,y. (Da) ones for the cis complexes. The transition energies of di-ved,, and d. do
not differ largely between both types of complexes. The assignments of high-intensity bands have also been

made tentatively.

Palladium(II) complexes generally exhibit a less
informative d-d absorption spectrum than the plati-
num analogs because of a small splitting of the metal d
orbitals. Although three spin-allowed d-d bands are
expected in a Dy symmetry (or four in D), most of
palladium(II) complexes exhibit only a single un-
symmetrical band. This situation makes assignment
difficult for the d-d spectra of palladium(II) complexes.
In the case of [PdCl4]2-,? the difficulty could be over-
come by a concurrent examination of the MCD and
absorption spectra and by a comparison with the
corresponding spectra of [PtCl4]?~.

There have been known a few rare examples ex-
hibiting a distinct splitting of spin-allowed d-d
bands.2:® The typical examples are trans-[Pd(Cl)z-
(N)z]-type complexes,® but there has been no de-
tailed investigation of them. Although the electron-
ic and CD spectra of some complexes of cis-[M(Cl)e-
(N)2]-type (M=Pt and Pd) were reported by Ito
et al.® the discussion of electronic structure was al-
most limited to the platinum complexes. The con-
current study of cis- and trans- [Pd(Cl)2(N)z]-type
complexes is desirable to understand systematically
the electronic structure of square-planar palladium
(IT) complexes.

This paper presents new spectral assignment for cis-
and trans-[Pd(Cl)2(N)z2])-type complexes on the basis
of the absorption, MCD, and CD spectra and their
Gaussian analysis. These spectral and analytical
~ data have been compared with those of [PdCl4]2— V
and [PtClz(en)]; a similarity of spectra and electronic
structure such as noted between [PtCl4)2~ and [PdCl4]J2~ ¥
is also found between [PtClg(en)] and [PdClz(en)].
Although every cis-[Pd(Cl)2(N)z]-type complex gives
MCD with a nearly ideal A-term pattern in the
spin-allowed d-d region, the MCD is based not only on
a transition to a degenerate excited state but on all
the spin-allowed d-d transitions. Each of four tran-
sitions of the trans complexes proves to exhibit
either CD or MCD selectively. In addition, the

relationship between the electronic structures of the
cis and the trans complexes has been discussed in detail.

Experimental

trans{ PdClyL)2] Complexes. 1) L=MeNH2: Pal-
ladium chloride (350 mg) was mixed with an aqueous solu-
tion of methylamine (20%, 10 cm3). The mixture was heat-
ed at ca. 50 °C with stirring to give an almost colorless solu-
tion. After filtration the filtrate cooled was treated with
concentrated hydrochloric acid (430 mg), giving yellow
needles, which were collected, washed with water, ethanol,
and ether; and dried in vacuo. Yield: 415 mg. Found: C,
10.13; H, 4.20; N, 11.71%. Calcd for trans-[PdClz(MeNHz)z]
=CH10N2ClzPd: C, 10.03; H, 4.21; N, 11.70%.

2) L=Me:NH, EtNHj n-PrNHj, and n-BuNH;: Each of
these complexes was obtained in good yield by a method
similar to that in I). Found: C, 18.05; H, 5.27; N, 10.55%.
Calcd for trans-[PdCly(MesNH):]=CsH1sN2Cl2Pd: C, 17.96;
H, 5.28; N, 10.47%. Found: C, 17.99; H, 5.25; N, 10.52%.
Calcd for trans-[PdClz(EtNH2)2]=CsH14N2Cl2Pd: C, 17.96;
H, 5.28; N, 10.47%. Found: C, 24.51; H, 6.10; N, 9.50%.
Calcd for trans-[PdClz(n-PrNHz)2]=CsH1sN2Cl2Pd: C, 24.38;
H, 6.14; N, 9.48%. Found: C, 29.58; H, 6.82; N, 8.64%. Calcd
for trans-[PdCly(n-BuNHz)2]=CsH2oN2ClzPd: C, 29.69; H,
6.85; N, 8.66%.

3) L=MesN: After bis(benzonitrile)dichloropalladium(II)®
(400 mg) had been dissolved in 2 cm3 of acetone at 50 °C, a
small amount of undissolved solid was filtered off and wash-
ed with a minimum volume of acetone. An aqueous
solution of trimethylamine (30%, 450 mg) was added drop-
wise to the combined filtrate and washings, with stirring
at room temperature. Continuous stirring and cooling
gave orange-brown crystals, which were collected, washed
with cold acetone, and dried in wvacuo. Yield: 150 mg.
Found: C, 24.50; H, 6.10; N, 9.41%. Calcd for trans-[PdCl,-
(MesN)2]=CeH1sN2ClzPd: C, 24.38; H, 6.14; N, 9.48%.

4) L=Et;NH: Diethylamine (99%, 160 mg) diluted with
acetone (1 cm3) was added dropwise to a solution (filtered
if necessary) of bis(benzonitrile)dichloropalladium(II) (400
mg) in acetone (8 cm3), with stirring at room temperature.
After 1.5 hours of stirring, the desired orange-yellow prod-
uct was filtered off, washed with water, ethanol, and ether;
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and dried in vacuo. Yield: 220 mg. Found: C, 29.99; H, 6.87;
N, 8.56%. Calcd for trans-[PdCla(EtzNH)2]=CsH22N2Cl2Pd:
C, 29.69; H, 6.85; N, 8.66%.

5) L=i-PrNH,: This was prepared by a method similar
to that in ). The crude product was recrystallized from
N,N-dimethylformamide at ca. 80 °C. Found: C, 24.56; H,
6.19; N, 9.51%. Calcd for trans-[PdCla(:-PrNHz2)2]=CeHis-
N:ClePd: C, 24.38; H, 6.14; N, 9.48%.

6) L=s-BuNH2: An acetone solution (1 cm3) of s-butyl-
amine (153 mg) was added dropwise with stirring to a solu-
tion of bis(benzonitrile)dichloropalladium(II) (400 mg) in
acetone (4.5cm3). The mixture was stirred for half
an hour and then concentrated to about one-fourth of its
original volume. Yellow crystals were obtained from the
concentrate by addition of ether followed by stirring for 2
h in an ice-bath. Yield: 230 mg. Found: C, 29.83; H,
6.89; N, 8.67%. Calcd for trans-[PdCla(s-BuNHz)2]=CsH2e-
N:Cl:Pd: C, 29.69; H, 6.85; N, 8.66%.

7) L=i1-BuNH: and rac-pea: These were prepared in
the same way as in 6). In the case of the rac-pea com-
plex, the crude product was recrystallized from carbon
tetrachloride at ca. 70°C. Found: C, 29.78; H, 6.81; N,
8.71%. Calcd for trans-[PdCla(i-BuNHz2)2]=CsH22N2ClzPd:
C, 29.69; H, 6.85; N, 8.66%. Found: C, 35.65; H, 3.87; N,
4.84%. Calcd for trans-[PdCly(rac-pea)z]- CCls=Ci7Hze-
N:Cle¢Pd: C, 35.60; H, 3.87; N, 4.88%.

8) L=t-BuNH,: This was prepared in the same man-
ner as in 4), but a twofold concentration was adopted
for the reaction mixture. The crude product was recrystal-
lized from N,N-dimethylformamide at 70—75°C. Found:
C, 29.86; H, 6.85; N, 8.67%. Calcd for trans-[PdCla(t-
BuNHz2)2]=CsH2:N2CloPd: C, 29.69; H, 6.85; N, 8.66%.

9) L=S-pea: This complex was obtained by a method
similar to that of Bosnich.? Found: C, 40.89; H, 4.61; N,
5.77%. Calcd for trans-[PdCly(S-pea)z]-0.4CCl4=Cie.4Hze-
NqCls.¢Pd: C, 40.93; H, 4.61; N, 5.82%.

[PdCLL] Complexes. L=en, S-pn, tn, N,N-Mezen,
N,N’-Mezen, N,N-Etzen, N1,N1-Eto-(S)-pn, and N,N-Meatn:
These complexes were prepared according to the methods
described in the literature® or ones similar to them.

[PtClL] Complexes. L=en and S-pn: These were
obtained by a method similar to that reported? (K2:PtCly:
ligand=1:1).

Measurements. Electronic absorption, MCD, and CD
spectra were recorded with the same apparatus and in the
same manner as described elsewhere.:® Spectral measure-
ments of trans-[Pd(Cl)z(N)z]-type complexes were made
in DCE (1,2-dichloroethane) and in methanol, and cis-[Pd-
(Cl)2(N)2)- and cis-[Pt(Cl)2(N)z]-type ones in 0.20 M KCI and
0.50 M HCI aqueous solutions, respectively, all at room
temperature (1 M=1 mol dm=3). No spectra of trans-[PdClzLz]
(L=MeNH;, Et:NH, n-PrNHz, and :-PrNHj3) could be ob-
tained because of their virtual insolubility in both DCE
and methanol, and the spectrum of trans-[PdClz(MesN):]
in methanol could not be obtained because of its decomposi-
tion in the solvent.

Gaussian Analyses. Gaussian analyses of absorp-
tion, MCD, and CD spectra were carried out in the same
way as described previously.? Standard deviations given
in Tables 2, 6, 7, 12, and 13 are from the observed values of ¢,
Ae, or Aem for the corresponding calculated values.

Results and Discussion

Ligand-field Absorption Bands. The typical
electronic absorption spectra of cis- and trans-[Pd-
(Cl)2(N)z2]-type complexes® are shown in Fig. 1. The
absorption curves of the cis complexes are composed
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Fig. 1. A comparison of the absorption spectra of

typical cis- and trans-[Pd(Cl),(N),]-type complexes.
: [PdCly(en)] in 0.20 MKCl. —.—: [PdCl,-
(tn)] in 020 M KCl. ----: trans-[PdCl,(EtNH,),]
in DCE.

of an unsymmetrical main band (spin-allowed d-d
band) and a lower-lying shoulder (spin-forbidden d-d
band) in the ligand field transition region, being simi-
lar to that of [PdCl4]2~.? On the other hand, the
spin-allowed d-d band of the trans complex, spreads
toward both high and low energies as compared
with those of the cis complexes to split into two
bands (Fig. 1). Although such a distinct splitting has
not been found in the ligand field absorption spectra
of trans-[Pd(S-ala)zs]® and trans-[Pd(N-Megly):],1®
one shoulder and one peak have been observed cor-
responding to the split bands. Therefore, it is rea-
sonable to consider that the difference in ligand-field
strength between two kinds of ligating atoms mainly
determines the magnitude of the splitting.

For simplicity, we discuss the electronic structure
of cis- and trans-[Pd(Cl)2(N)z]-type complexes under
holohedrized symmetries.!? Namely, the cis and
trans complexes are approximately described by D
and D, symmetries, respectively. Then, the cis com-
plexes should give rise to three spin-allowed d-d
transitions (1Ag, 1By, and !Ege—!Aj) similarly to
[PdCl4]?—; and the trans complexes four (1A !By,
1Bg,, and 1Bae1A,).

In the preceding paper,? we demonstrated that the
absorption and MCD spectra of [PdCl4]*~ can be
easily correlated with those of the platinum analog,
[PtCl4]?—, by taking into account two points: firstly
the energy separation of the I'2(!Ag) and I's(Eg) ex-
cited states is considerably large in the latter com-
plex in comparison with the former; and secondly,
in [PtCl4]?~ singlet-triplet transitions remarkably in-
crease in absorption and MCD intensities and give
more complicated spectra. Such a spectral resem-
blance between palladium and platinum complexes
has been also found in [MCl,(OHz2)4—»]2" (M=Pd and
Pt; n=0—4).12 Thus, it is helpful to examine first
the spectra of [PtClg(en or S-pn)], which is expect-
ed to exhibit larger energy separations between d-d
excited states than the palladium analog.

1) [PtCla(en or S-pn)] Complex: The absorption,
MCD, and CD spectra are shown in Fig. 2 together
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TasLE 1. SpecTrAL DATA OF [PtCLL] COMPLEXES
L=en L=§-pn
Absorption MCD CD
O max € Oext Aey Text Ae
103 cm—?! mol~! dm? cm™! 10® cm™? mol~! dm? cm—1 T-! 103 cm—? mol-1 dm? cm™!
24.0 +0.0015
27.8 sh» 35 27.2 —0.0035 26.6 —0.13
30.6 +0.0077
33.28 240 34.4 +0.0089 33sh —0.1
37.5sh 117 38.1 —0.018 36.7 —0.46
48.76 6500 45.4 -1.1 45.2 +1.2

a) sh: shoulder (¢ or Ae is for the value of ¢ given).
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Fig. 2. Absorption and MCD spectra of [PtCly(en)]

( ) and K,[PtCl,] (—-—); and CD spectrum of
[PtCL(S-pn)] (——), all in 0.50 M HCI.

with the absorption and MCD spectra of [PtCl4]?,
and the numerical data in Table 1. Although the
splitting of the d-d absorption band of [PtClz(en)]
is not so pronounced as observed for [PtCl4]?-, these two
spectra can be easily correlated to each other. Such
a correlation is also observed between their MCD
spectra, except that the band corresponding to a
negative band at 25.2X103cm™! of [PtCls]*~ disap-
pears in [PtClz(en)] (Fig. 2). The dispersion of MCD
at ca. 36X103 cm™! is considered to be primarily com-
posed of a negative A term, and assigned to the I's(1Eg)«—
I''(*Ay) transition. The dispersion changes sign
around the middle of the whole spin-allowed d-d ab-
sorption band. From this fact and the similarities
to [PtCl4]>~ as described above, the I'3(!Ag) and I's-
(1Byg)«T'1(1Ay,) transition components are reasonably
considered to lie in the lower and higher energy
side of the TI's(!Eg)«TI'1(!Ay) transition, respectively.
The results of Gaussian analysis on the basis of this
deduction are tabulated in Table 2, together with

TABLE 2. GAUSSIAN-ANALYSIS DATA FOR THE ABSORPTION
cURVE OF [PtCly(en)]

O max € Aoy, S9) Assignment?

103 cm~! mol-1dm3 cm-1 102 cm™! T (*Ay)
27.3fo 32f 4.94 168 d)
30.96 12.6 3.89 52.2  T'\(*Byg)
33.04 210 3.57 798 Ta(*Ag)
36.10 111 3.97 471 Ts(Eg)
38.89 53.3 3.60 205 I';('Byg)

SDe) =0.43

a) S(band area) = 1.0645 X (e445/mol-*dm?cm~1) X
(Aoy/5/103cm=). b) On the basis of holohedrized
symmetry. c) f: fixed value. d) Spin-forbidden d-d
transitions. e) Standard deviation (See Experimental).

the assignment. The three spin-allowed d-d transi-
tions are blue-shifted by 6.8X103cm™! on the aver-
age from [PtCl4]2-.? The blue shift of the I'z«TI'; tran-
sition is larger than the average shift by 0.6X103
cm™1, and on the contrary that of the I's«~T'; transition
is smaller by the same amount; thus the proximity
of the T'; and I's excited states relative to the case of
[PtCl4]>~ makes the splitting of the spin-allowed d-d
band less distinct.

The dispersion of MCD at ca. 36X10% cm~! deviates
from an ideal A-term pattern even by assuming
such a positive B term as in [PtCl4)?~ for the I's (}B1;)
I'i(*Ay,) transition, which may be due to the reduc-
tion of symmetry from D4, The deformed disper-
sion pattern further suggests that the I's (Eg)«—I'"1 (1Ay)
transition exhibits a positive B term in addition to a
negative A term because the zero point of the disper-
sion lies at lower energy than the corresponding ab-
sorption component obtained by Gaussian analysis.
The positive band at 30.6X103cm™! can be assign-
ed to a positive lobe of the negative A term based on
the I's(3Biy)«T1(!Ay) transition by analogy with
[PtCl4)2~.Y Then a negative B term is required for the
I'2(!Ag)«T1(1Ay,) transition in order to reproduce
the observed curve because the negative lobe of the
negative A term for I's(3Big)«I'1(*Ay,) 1s expected to
be overlapping the band based on T'2(1Ag)«—I"1(*Ayg).

As for the CD spectrum of [PtClz(S-pn)], the shoul-
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TaBLE 3. ABSORPTION DATA OF [PdCLL] cOMPLEXES
L=en N,N-Me,en N,N’-Meyen N,N-Etyen tn N,N-Me,tn
O max/10® cm—1 (¢/mol-* dm3 cm™1!)
22.0sh»  (17) 22.0sh (38) 22.1sh (36) 21.8sh (35) 22.5sh (15)  21.7sh (33)
26.93 (360) 26.31 (425) 26.52 (408) 26.18 (443) 27.59 (300) 26.38 (430)
39.5sh (1670) 38.0sh (2030) 38.3sh (2080) 38.1sh (2900) 39.3sh (1860) 36.9sh (1650)
45.3sh (11400) 42.6sh (13200)
48.97 (19400) 45.34 (20900) 45.50 (21100) 44.80 (18100) 45.81 (20200) 43.40 (20900)
a) sh: shoulder (e is for the value of ¢ given).
TasLe 4. MCD para or [PdCLL] comMPLEXES
L=en N,N-Meyen N,N’-Me,en N,N-Et,en tn N,N-Me,tn
Goxt/108 cm=1  (Aey/mol—! dm? cm~1 T-1)
25.8 (+0.022) 25.3 (40.018) 25.4 (+0.019) 25.1 (+0.016) 26.1 (+0.027) 25.1 (+40.027)
29.1 (—0.023) 28.7 (—0.020) 28.9 (—0.023) 28.3 (-0.021) 29.4 (—0.020) 28.3 (—0.020)
39.3 (+0.36) 37.8 (+0.44) 38.0 (+0.45) 37.6 (+0.45) 39sh® (+0.4) 36.9 (+0.40)
43.2 (+1.7) 40.7 (+40.88)
47.2 (-0.67) 44.5 (—-0.57) 44.5 (—0.59) 44.2 (—0.55) 47.6 (—2.4) 45.0 (—1.5)
a) sh: shoulder.
...... TaBLE 5. CD pata oF [PdCLLL] COMPLEXES
s
L=8-pn L=N1,N-Et,-(S)-pn
TE 3 Toxt Ae Text Ae
t% 103 cm™! mol-'dm?cm—! 10 cm™! mol~! dm? cm—!
T ok
&g 17.2 +0.0006
= 21.2 —0.022 22.4 —0.056
= - 25.4 +0.093 25.4 +0.091
0 -/ o 28.8 ~0.58 28.6 —0.32
" X1/200 1 ' 45.7 —4.5 42.3 —8.6
. 47.6 —-2.1

L
S
8

A&Em/mol Tdm3em

Fig. 3. Absorption, MCD, and CD spectra of [PdCL,L]
in 0.20 M KCl. For absorption and MCD spectra,
——: L=en, -——-: L=tn, —.—: L=N,N-Me,en,

L=N,N-Etyen, and : L=N,N-Me,tn;

and for CD spectra, : L=§8-pn and —--—: L=

N1,N1-Et,-(S)-pn.

der around 33X10% cm~! and the main band at 36.7X
103cm~! were assigned to I'2(!Ag) and I['s(1Eg)«I';-
(1Ay), respectively, by Ito et al.}® However, the lat-
ter band lies in somewhat higher energy than the I's-
(1Eg)«-T'1(*A1;) component obtained by the Gaussian
analysis of the absorption spectrum. This fact can be
rationalized by considering that the I's(1By)«TI}-
(A1) (dx2—y2e—d2) transition at 38.9X103 cm™1 is exhibit-
ing a weak negative CD band,’® which is due to
the magnetic moment aquired through the reduction

of symmetry (Cgy from Dgn). This will be demon-
strated in the case of [PdClx(S-pn)] (vide infra).

2) [PdClyen or S-pn)] Complex: The absorption,
MCD, and CD data are given in Fig. 3 and Tables 3—5
together with those of the related complexes, and dis-
cussed on the basis of the results for [PtClz(en or
S-pn)] described above. The spin-allowed d-d band ex-
hibits a swelling in the higher energy side, which
corresponds to the shoulder observed at ca. 37.5X103
cm™! in [PtClz(en)]. The relative position of the zero
point of the apparent A term (ca. 27.4X103 cm™!) to
the main CD band is also the same as that in [PtCls-
(en)]. On the basis of this resemblance, the Gaus-
sian analysis of the absorption spectrum of
[PdClz(en)] was carried out (Table 6). Three spin-
allowed d-d components are assigned to 'Ag, E, and
1Bj1A), from lower energy, which for convenience we
denote bands I, II, and III, respectively (Table 6).

Although the MCD spectrum shows a nearly ideal
A-term pattern, or dispersion, in the spin-allow-
ed d-d region, the dispersion band is difficult to at-
tribute only to the Eg!A;j; transition. A positive
B term based on the Bj«!Aj transition is ex-
pected to be included in the negative lobe of the dis-
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TABLE 6. GAUSSIAN-ANALYSIS DATA FOR THE ABSORPTION CURVES OF [PdClL,L] coMPLEXESs
No.®) O max € Aady Sb) Omax 3 Aayy, S
" 100cm~!  mol-'dm*cm~! 103 cm™! 103cm~!  mol-'dm3cm-!  10% cm—!
L=en L=tn
22.0f9 14 f 3.48 51.9 22.5f 13.5f 3.50 50.3

I 26.16 270 3.35 963 26.71 195 3.26 676

II 28.07 179 3.07 584 28.32 156 3.02 500

IIT  30.08 72.8 3.13 243 30.27 69.5 3.13 232

39.5f 1600 £ 4.70 £ 39.3f 1700 £ 4.40 f
SD% =0.46 SD=0.31
L=N,N-Me,en L =N,N-Me,tn
22.0f 27.5f 3.27 95.3 21.7f 28.5 f 3.32 101

I 25.55 298 3.23 1023 25.51 268 3.18 908

II 27.30 215 3.10 711 27.05 228 2.99 725

T 29.32 85.4 3.16 288 28.98 98.0 3.08 321

38.0f 1900 f 4.30 f 36.9f 1500 £ 4.40f
SD=0.65 SD=0.64
a) Band number. b) S(band area)=1.0645X (€gyq,/mol-! dm? cm-1) X (Ad,/,/10° cm-1). ¢) f: fixed value. d)
Standard deviation (See Experimental).
TABLE 7. GAUSSIAN-ANALYSIS DATA FOR THE CD curve oF [PdCl,(S-pn)]
3 components® 2 components?)

No.» Text Ae Aal/z Toxt Ae A“l/z
103 cm™?! mol-* dm? cm~? 103 cm—?! 103 cm—? mol-! dm3 cm™! 103 cm™!
21.2f°) —0.023 f 2.99 21.2f —0.023 f 3.00f

I 25.98 +0.153 2.72 26.05 +0.205 2.66

II 28.42 —0.488 3.17 28.72 —0.583 3.89

II1 30.18 —0.183 3.29

SD® =2.3x10-3 SD=4.1x10-2

a) See text. b) Band number. c) f: fixed value. d) Standard deviation.

persion by analogy with [PtCls]2~ and [PdCls)2-.0
Moreover, a positive B term in addition to a negative
A term is assigned to 1Eg—1A;, because the disper-
sion changes sign at lower energy than the corres-
ponding absorption component (band II) obtained by
Gaussian analysis; the situation resembles that in
[PtClz(en)]. A negative B term is consequently pre-
dicted for band I in order to reproduce the observ-
ed MCD curve. The prediction is parallel with that
made on a different basis in the case of [PtClz(en)].
As the MCD spectra of cis-[M(Cl)2(N)z2]-type com-
plexes (M=Pt and Pd) are of a poor precision be-
cause of low solubility of the complexes, their Gaussian
analyses were not performed. However, it was found
that the MCD as well as the absorption spectra of
[PtClz(en)] and [PdClg(en)] nicely corresponded to
each other.

The CD spectrum of [PdCl(S-pn)] was analyzed
by assuming two or three components in the spin-al-
lowed d-d region (Table 7.) The component corre-
sponding to the !Bjge1Aj; transition (which is magnet-
ic dipole forbidden in a D4y, symmetry) is neglected in
the former case, where the half-value width of the
negative band became rather wide relative to that
of the positive band. The two-component case is fur-

TABLE 8. BAND SHAPE PARAMETERS FOR THE SPIN-ALLOWED
d-d Banp oF [PdCLL] coMPLEXES

L Ac—®  Adt® A0, Unsymmetry
103cm=—1 10®cm-! 10%®cm-! parameter®
en 2.14 2.61 4.75 9.9
NN-Mejen  2.04  2.46 4.5 9.3
N,N’-Me,en 2.11 2.56 4.67 9.6
N,N-Et,en 2.07 2.47 4.54 8.8
tn 2.07 2.36 4.43 6.5
N,N-Me,tn 2.01 2.28 4.30 6.3
of. K,[PdCL] 1.68  2.44  4.12 18.4

a) See text; these parameters are obtained from the
observed intact absorption curve, not by Gaussian
analysis.’® b) See text.

ther inferior to the three-component one with re-
spect to coincidence between the positions of the
CD and absorption components for band II and to
standard deviation. Thus, it seems reasonable to
assign a weak negative CD band to the 1Bjge!Ay, tran-
sition, as expected in the case of [PtCl(S-pn)].

3) Other cis-{Pd(Cl)yN )2}-type Complexes: It is con-
cluded that these complexes possess the same elec-
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tronic structure with regard to metal d orbitals as
[PdCly(en)] from the similarity of their absorp-
tion, MCD, and CD spectra. The spin-allowed d-d
absorption bands are similarly unsymmetrical. We
characterize the band shape by half-value width param-
etersl® Ag—, Aot, and Ao 2 (6=&max/2 At 0=0Omax— A0~
and omaxtAoct; and Ao :=Ac~+Ac*) and unsym-
etry parameter, (Aot—Ao~/Ac12)X100. The param-
eters for the cis-[Pd(Cl)z(N)z2]-type complexes are
given in Table 8, which leads to the following find-
ings. (1) Aot is larger than Ao~ for all the complexes.
The bands of the complexes with a five-membered
chelate ring are (2) more highly unsymmetrical and
(3) wider than those of the complexes with a six-mem-
bered chelate ring. (4) An introduction of alkyl
groups on amine nitrogen atom(s) makes the band
widths smaller; this is more pronounced with tertiary
amine than with secondary amine. It is interesting
to interprete the findings in terms of the results of
Gaussian analysis for the absorption spectra. Find-
ings (1) and (2) can be explained primarily by the
relative position of band II. The band II's of the en,
N,N-Mezen, tn, and N,N-Meatn complexes lie at
energies higher than the observed absorption peaks
by 1.14, 0.99, 0.77, and 0.67X103cm™}, respectively.
The unsymmetry parameters decrease in this order.
Findings (3) and (4) are attributable to a variation
in the energy difference between the three bands, par-
ticularly between bands I and II. Accordingly, the
transition energy of band I (1Ag«!Ay) is affected by
the variation of ligands in a different fashion from
those of the other two bands (i.e. 'E; and 1By1Ayy).
This result is compatible with the assignment of band
I to an electronic transition in the coordination plane.

The MCD spectra in the d-d transition region are
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Fig. 4. Absorption and MCD spectra of trans-[PdCl,
(rac-pea),], and CD spectra of trans-[PdCl,(S-pea),].
:in DCE and —-—: in methanol.
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similar to one another and shifted together with the
absorption spectra by the wvariation of ligands,
which suggests that all the complexes possess a com-
mon electronic structure. A detailed examination of
the MCD spectra shows that the intensity ratio of
the positive to the negative lobe of the dispersion gives
its larger absolute value for the complexes with a
six-membered chelate ring than for those with a
five-membered one.

The CD pattern of [PdClz(N!,N1-Etz-(S)-pn)] is
similar to that of [PdClg(S-pn)] (Fig. 3). The
negative band in the spin-forbidden d-d region be-
comes intense as compared with [PdClz (S-pn)], where-
as the main negative band in the spin-allowed d-d

log( € /mol *dmem™)
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Fig. 5. Absorption and MCD spectra of trans-[PdCl,L,].
——: L=EtNH, in DCE, --—-: L=EtNH, in
methanol, —-—: L=Me,NH in DCE, -.-.-. : L=
Me,NH in methanol, and —- -—: L=Me;N in DCE.
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Flg 6. Absorption and MCD spectra of trans-[PdCl,L,]
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region weak. This observation can be explained by
considering that the spin-forbidden transition
takes its intensity from the spin-allowed transition
through an increased spin-orbit coupling and thatsub-
stancial cancellation occurs between bands I and II
which have a CD sign opposite to each other.

4) trans-[Pd(Cl)AN pJ-type Complexes: The absorp-
tion, MCD, and CD data are given in Figs. 4—6 and
Tables 9—I11. Since absorption spectra in DCE
show a more distinct splitting in the d-d transition re-
gion than those in methanol, the data in DCE will be
primarily used in the following discussion on the
d-d transitions. At first, we will examine trans-
[PdCla(rac- or S-pea)z] complex, for which all the

€ /mol rdm3em™t
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Fig. 7. Gaussian analysis curves for three spectra of
trans-[PdCl,(pea),] in DCE. ----: Gaussian com-
ponents and : sum of them.
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Fig. 8. The orderings of the singlet excited states aris-
ing from d-d transitions for cis- and trans-[Pd(Cl),-
(N),]-type complexes (on the basis of holohedrized
symmetry) and the relation between them. I—III
and 1—4 represent component band numbers of the
cis and trans complexes, respectively (See also Ta-
bles 6, 12, and 13).
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three kinds of spectra are available. The MCD
and the CD spectrum each exhibit a positive and a
negative band in the spin-allowed d-d region, and
the positions of these four (two MCD and two CD)
bands are different from one another. It is sufficient
to take into account only B terms for an interpreta-
tion of the MCD because the complex has no degener-
ate excited state. Therefore, it is reasonable to con-
sider that the four bands approximately correspond
one by one to the four spin-allowed d-d transitions.
On the basis of this consideration, the Gaussian
analyses of the three spectra were carried out (Fig. 7
and Table 12). We denote the four components bands
1, 2, 3, and 4 from lower energy (Table 12). The as-
signment of the bands will be made in the follow-
ing paragraph.

The Gaussian analyses of absorption spectra for
the other trans complexes were performed by analogy
with the case of the pea complex (Table 13). In as-
signing the spectra of the trans complexes, it is
helpful to compare them with those of the cis analogs.
It is trans-[PdCl2(EtNHz)2] that is most suited for
a comparison with [PdClyen or tn)]. The transi-
tion energies for bands 2 and 3 of trans-[PdCla(EtNHz):]
are close to those for bands I and III of [PdClz(en or
tn)], respectively, and the average energy of bands
1 and 4 of the trans complex to the energy of band 11
of the cis complex (Tables 6 and 13). From these
facts, bands 1, 2, 3, and 4 can be assigned to Bz, !By,
1A,, and !Bge1A, transitions (dx—y—dy;, dxy, d=, and
dx), respectively. The assignment is summarized in
Fig. 8, together with that for the corresponding cis
complex; the Cartesian coordinate axes are also
shown. Figures 7 and 8 visuallize how the four spin-
allowed d-d bands overlap to look like two bands in
trans-[Pd(Cl)2(N)z]-type complexes.

The band area (or oscillator strength) of bands 3
and 4 increased with an introduction of alkyl groups
on the nitrogen atoms (Fig. 5 and Table 13). The
pronounced effect was found with the band 4 of
trans-[PdCly(rac-pea)z] complex, which exhibited a
strong absorption based on pea ligands in the
near-UV region (Table 12). On the other hand, the
area of band 1 is hardly affected by the variation of
ligands (Table 13). These results support the above
assignment where bands 4 and 1 are attributed to tran-
sitions from the di. and dy. orbitals, respectively,
which lie in the planes containing only N-
ligands and only chloro ligands, respectively. In the
S-pea complex, the CD for band 4 is intense, whereas
for bands 1 and 3 weak (Fig. 7). That is to say,
high CD intensity is observed for the transition from
the dy, orbital lying in the plane containing only op-
tically active ligands, and low for the transition from
the dy, orbital lying in the plane containing only
optically inactive ligands (Cl) as well as for the
transition magnetic dipole-forbidden. This descrip-
tion suggests a certain relation connecting vicinal
CD and its intensity with electronic structure.

The replacement of EtNH: ligand by n-BuNH;
caused scarcely any change in the position and inten-
sity of every absorption component. On the other
hand, the replacement by ¢-BuNH: caused shifts
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to lower energies by ca. 1X103 cm! for bands 1, 2, and
4, and by ca. 2X103cm™! for band 3; in addition,
the intensities of bands 3 and 4 were increased remark-
ably (Table 13). The anomalous behavior of band 3
was also observed in the MCD spectra (Fig. 6), and
can be explained by considering that a repulsive inter-
action between the bulky ¢-butyl groups and the d:
electrons raised the energy of the d orbital. The
energy shift caused by the repulsion is only 1X102
cm~!, and the remaining shift by 1X103cm™! is at-
tributed to the relative lowering of the dx-: orbital
because this should lower all the d-d transition
energies equally. The latter shift was also observed
in the MesN complex (red shift of ca. 3X103 cm™1 rela-
tive to the EtNH2 complex; Fig. 5 and Table 13).

It will be instructive to examine the energy separa-
tion of bands 1 and 4 in predicting the splitting for
the other trans type complexes. We have empirical-
ly found that the transition energy of 'Eg«—1Aj, (D4n ap-
proximation) for [Pd(Cl)»(N)s+—]- and [Pd(N)a(O)s-n]-

4

type complexes is approximately given by E}l ei,

where ¢; is an energy fraction assigned to each ligand.
Because the average energy of dx—y:e—dx. and dy. tran-
sitions for trans-[Pd(Cl)2(N)z]-type complexes is ap-
proximately equal to the transition energy of dx:-yz—
dx..y: for the cis analogs as described above, the empiri-
cal rule may be extended as follows: the average energy
of dx-ye—dx: and dy. transitions for [Pd(L1)(Lz)(L3)(L4)]

4
is approximately given by E:l ei (=Ea). The typical

values of e; for chloro and amine ligands are 5.5 and
8.6X103 cm™!, respectively. The former value was ob-
tained from the transition energy of !Eg—!Aj for
[PACl14]2~,» and the latter by averaging those for [Pd-
(NHa)4]2*, [Pd(en)2]2+, and [Pd(tn)2]2*.1® Using these
values, E. for [Pd(Cl)2(N)2] can be calculated to be
28.2X103 cm~!. The values obtained by Gaussian ana-
lyses are 28.07 and 28.32X10%®cm™! for band II's of
[PdClz(en)]and [PdClz(tn)], respectively, and 28.10X103
cm™! for the average energy of bands 1 and 4 of trans-
[PdCIz(EtNHz)2]). Thus, the empirical rule holds well
for the complexes. The separation between bands 1
and 4 is about 6.2X103 cm™! for all the trans-[Pd(Cl)z-
(N)z]-type complexes (Table 13). This value amounts
to just twice as large as the difference between ei’s
of chloro and amine ligands. Consequently, bands
1 and 4 possess the transition energies equal to Ea’s
of [Pd(Cl)s(N)] and [Pd(CI)(N)3] chromophores, re-
spectively. The calculated values of E,y for the former
and the latter type complexes are 25.1 and 31.3X103
cm™!, which satisfactorily agree with the positions of
the Gaussian components of the trans-[Pd(Cl)2(N)z]-
type complexes except the MesN and t-BuNH:z com-
plexes (Table 13). The exceptions cannot be ascrib-
ed to the lowered ligand-field strength of only the
amine ligands; because, if so, the splitting between
bands 1 and 4 would be smaller. It must be considered
that the ligand-field strength of the chloro ligand is
simultaneously lowered in the two complexes.

MCD spectra in the d-d transition region are more
intense in methanol than in DCE for all the trans
complexes studied here (Figs. 4—6; Tables 9 and

TABLE 13. GAUSSIAN-ANALYSIS DATA FOR THE ABSORPTION CURVES OF trans-[PdCLL,] compLExes N DCE

108 cm—!

Aay,

3
mol-! dm3 cm-1

O max
103 cm—?

Aoy,
103 cm™1

mol-1dm?3 cm-!

T max
103 cm—?!

D)

Aayy,
103 cm™!

mol-1dm?3 cm-!

O max
103 cm—!

No.®)

L=Me,N
13 f
104

L=Me,NH
7.3 f
86.2

103

L=EtNH,
7.0f
82.6

42.6
326
450
475
573

3.08
2.95
3.12
3.36
4.16

19.0 f
21.99
23.83

26.47

23.3
286
374
322
369

3.00
3.11

21.4f
24.96
26.79
29.46

31.13

22.6
275
353
238
290

3.03
3.12
3.51
3.27
3.87

21.5f®
24.97

136

3.42
3.02
3.55

94.4

26.78

2
3

133

100

68.5

29.51

130
4100

SD

28.08
36.7f

97.8
3500 f

SD

70.4
2200 f
SD®

31.22
39.8f

Electronic Spectra of cis- and trans-[Pd(Cl)2(N)z]-type Complexes

4.10 f

4.00 £

39.6 f

4.30 f

0.64

=0.38

0.28

n-BuNH,

t-BuNH,

L=

n-BuNH,®)

L=

L=

43.0
315
387

2.99
2.83
2.93
3.33
3.90

13.5¢

105

21.1f

26.2

294
395

3.20
3.22
3.41
3.16
3.93

7.7f

85
109

21.5f
25.24
26.94

29.31

23.1
292
362
251

3.10
3.18
3.53
3.21
3.82

7.0f
86.1

21.5f
24.99

26.79

24.07

.9

124

25.67
27.53

96.3

379
525

107

286
362

85.0

73.6

29.48
31.18
39.8f

3

127
3000 f

SD

30.23

86.5
3300 f

SD

30.93
40.1f

77.0 313

2600 f

4

4.40 f

38.6 f

4.10 f

4.20 f

1345

0.54

0.38

SD=0.29
e) In methanol.

a—d) As in Table 6.
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11). On the contrary, the CD spectrum of the S-pea
complex is less intense in methanol. The Gaussian-
analysis result of absorption spectra for the n-
BuNH:2 complex indicates that the energy separa-
tions between four d-d components are reduced in
methanol in comparison with those in DCE (Table 13).
Therefore, the CD spectrum in methanol is partly ex-
plained by a cancellation between the positive and
the negative band; whereas the MCD spectrum by a
larger mixing between the d-d vibronic excited states
in which !Bs; and !A; are involved, because the magni-
tude of a contribution to a B term is inversely propor-
tional to the energy difference between the states
which are mixed. The overlapping B terms may
be considered to form a pseudo A term.!® The
separation of bands 1 and 4 for the n-BuNH2 com-
plex is smaller by 0.5X103cm~! in methanol than
in DCE, indicating that the difference between the
ligand-field strengths of chloro and amine ligands de-
creases in methanol. This is conceivably ascribed to
the relative weakening of the ligand-field strength of
the amine ligand by hydrogen bondings with meth-
anol, which is more polar than DCE.

High-intensity Bands. The high-intensity bands
observed above 35X10% cm™! of c¢is- and trans-[Pd(Cl)e-
(N)2)-type complexes are attributable to dipole al-
lowed charge transfer transitions from their intensi-
ties, and moreover to ones with ligand-to-metal nature
(LMCT) because the bands of the trans complexes
are blue-shifted with replacing DCE solvent by meth-
anol. There are three kinds of LMCT to be consi-
dered here: Pd(o*)«Cl(7), Cl(o), and N(o).

The shoulder located in (35—40)X103 cm™! for the
cis complexes is assigned to Pd(o*)«Cl(m) transition,
to which a negative B term corresponds. In
[PdClz(en)], another shoulder is observed at ca. 45.3X
10 as well as the peak at 49.0X103cm—! (Fig. 3).
The corresponding shoulder is barely appreciable in
the N,N-Mezen complex, but undetectable in the
N,N’-Mezen and N,NEt:en complexes owing to the
overlapping of the neighboring intense band. Their
MCD spectra show a broad negative band above 40X103
cm™!, supporting the presence of more than one
component. Although the CD spectrum of the S-
pn complex exhibits only a negative CD band corres-
ponding to the absorption shoulder, that of the N1, N1-
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Et2—(S)-pn complex shows an additional minor nega-
tive band in the higher energy side of the main band.
Figure 9 shows the absorption spectra of [PdCle-
(N,N’-Mezen)] in 0.20 M KCI and in an aqueous solu-
tion. In the latter solution, the d-d absorption band
is blue-shifted and the shoulder at ca. 38X103cm™!
remarkably reduced. The observations are attribut-
ed to a significant degree of aquation of the complex,
being consistent with the assignment of the shoul-
der to Pd(o*)«Cl(m). Since the band centered at
45.5X103 cm™! still retains a considerable intensity
(emax=15000), it seems to contain a Pd(o*)«N(o) as
well as a Pd(o*)«Cl(0) transition. Then, the lower
and the higher absorption (or CD) component in the
en (or N1, N1.Ets—(S)-pn) complex are assigned to Pd-
(0*¥)«N(o) and Cl(o) transitions, respectively. This
assignment is based on the expectation that the CT
transition from the nitrogen atoms will exhibit more
intense vicinal CD than that from the chlorine atoms
since the nitrogen atoms lie more close to the asym-
metric carbon atom of an N,N!-Et:—~(S)-pn or S-pn
ligand than the chlorine atoms. The assignment
then suggests that the molecular orbitals comprising
mainly Cl(o) orbitals lie below those comprising main-
ly N(o) ones. The situation is the reverse of that
having been accepted generally. In any case no de-
finitive experimental evidence seems available for
the point.

The spectra of the complexes with a six-member-
ed chelate ring are likewise assigned. The MCD of
the tn and the N,N-Meztn complex show a nega-
tive A-term pattern around the absorption bands oc-
curring at 45.8 and 43.4X108 cm™!, respectively. The
sign of the “A” terms is the same as for a Pd-
(0*%)«N(o) transition in [Pd(N)4]-type complexes
with one or two tn ligands!® but the reverse of the
sign of the A term for a Pd(o*)«Cl(o) transition
in [PdCl4]2-.» Thus, it is likely that the MCD of the
tn or N,N-Meatn complex is contributed mainly
from the former kind of transition.

The absorption bands above 35X10%cm™! of the
trans type complexes are assigned in comparison
with those of the cis type complexes discussed above.
The shoulder around (39—40)X103 cm~1, which shows
a negative B term, is assigned to a Pd(o*)«Cl(m)
transition; and the band centered at ca. 45X103
cm~!, which shows a positive and a negative B term
in methanol, is to a composite of Pd(o*)«Cl(o) and
N(o).

The absorption, MCD, and CD spectra above 40X
103cm™! in [PtClz(en or S-pn)] are quite different
from those of [PdClz(en or S-pn)] in the correspond-
ing region (Figs. 2 and 3). Thus, it is irrational to
assign the absorption band at ca. 48.8X10% cm™1 to the
same set of transitions as in [PdClgen)]. As the
band exhibits a positive A-term pattern in the MCD
spectrum it may be attrihuted to a d-p transition (p,«—
dx,y2), because the corresponding transition in [PtCl4]?~
gives an A term with the same sign.? More data
need to be accumulated on complexes with differ-
ent chromophores containing nitrogen and/or chlo-
rine for a more detailed assignment of all the above
high-intensity bands.
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