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The complex chloride, Pd(Ph,Pqn),Cl, (Ph,Pgqn = 8-(diphenylphosphino)quinoline), crystallized either in yellow
plates (la: from CH,Cl,/Et;0O) or in orange needles (1b: from MeOH/Et,O). The corresponding bromide,
Pd(Ph,Pqn),Br», initially deposited as yellow block crystals (2a) from MeOH/Et,O, turned to orange prisms (2b) on
standing in the mother liquor. The X-ray crystallographic analyses of 1a and 2a revealed that two Cl~ and Br™ anions,
respectively, were located above and below the square-planar Pd" coordination plane of cis(P)-[Pd(Ph,Pqn),]**. Al-
though the distances of Pd--Cl (3.262(3) and 3.386(3) A) and Pd-Br (3.432(2) and 3.505(2) A) in 1a and 2a, respec-
tively, were too long for a bonding interaction between Pd" and X~, weak Pd"..X~ charge-transfer interactions seem
to be responsible for the yellow colors of these crystals. In contrast, in 2b, the Pd" formed an elongated square-pyramidal
five-coordinate complex, [Pd(Ph,Pqn),Br]™, with a somewhat long Pd-Br bond (3.0136(8) A) at the apical position. The
crystal structure of Pd(Ph,Pqn),CIBF, (4) revealed that the Pd" center in 4 took an extremely distorted square-planar
coordination geometry with the Pd—Cl bond of 2.375(2) A, while one of the Ph,Pqn ligands coordinated through only
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P; cis(P)-[PdCI(Ph,Pqn-kP,N)(Ph,Pqn-k P)|BF,.

Phosphines bearing an 8-quinolyl substituent (R,Pqn:
Scheme 1) can act as asymmetrical bidentate ligands to form
a planar five-membered chelate ring and may stabilize unusual
oxidation state and/or coordination geometry of the metal ions
upon coordination, owing to the steric requirements and the
electronic differentiation of the phosphino and quinolyl donor
groups.’? It has also been reported that their ruthenium(II)
complexes, [Ru(bpy or phen)>(R,Pgn)]**, exhibited novel du-
al emission, since the quinolyl moiety in R,Pqn gave a charac-
teristic long-lived 3(77-7*) emission.> Furthermore, some
nickel(Il) and palladium(II) complexes coordinated by R,Pqn
showed catalytic activities toward ethylene polymerization or
reductive carbonylation of nitrobenzene.*> However, funda-
mental studies on structures and electronic properties of the
R,Pqn complexes have not been well developed,'™ compared
with the metal complexes containing other asymmetrical bi-
dentate P-N type ligands;® of all reported palladium(I) com-
plexes, such as PdCl,(Ph,Pqn) by Tayim et al.,? [Pd(Ph,Pqn), -
(PFg), by van Leeuwen et al.,> PdCl,(PhMePqn), [Pd(C-N)-
(PhMePqn)]PFs  (C—N = dimethyl(1-ethyl-a-naphthyl)ami-
nato-C?,N), [PdCI(PhMePqn),]Cl, and [Pd(PhMePqn),](PFs),
by Salem and wild,”8 and PdX,(Me,Pqgn) (X = Cl, Br, and
I) and cis(P)-[Pd(Me,Pqn),](BF,), by us,! only two com-
plexes, [Pd(C-N)(PhMePqn)|PFs’ and cis(P)-[Pd(Me,Pqn),]-
(BF,),, have been structurally characterized by the single-crys-
tal X-ray analysis. In the colorless crystal of cis(P)-[Pd-

R'R%2= Phy  PhyPgn
/ PhMe: PhMePgn
=N PR'R2 Mey:  MeoPgn

Scheme 1. 8-Quinolylphosphines.

(Me,Pqn), ](BF4),, the Pd" center took a square-planar coordi-
nation geometry with two chelated Me,Pqn ligands in the
cis(P) configuration. However, the quinolyl planes were bent
away from the Pd" coordination plane by the interligand steric
interaction between mutually cis-positioned quinolyl groups.'
For analogous Ph,Pqn and PhMePqn complexes, [Pd(Ph,Pqn
or PhMePqn),](PF¢),, which were also isolated as colorless
crystals, similar SP-4-22 (= cis(P)) molecular structures were
suggested by NMR spectroscopy.>® In contrast to the colorless
BF;~ or PFs~ salts of [Pd(Rqun)2]2+, the halide salts (Pd-
(RyPqn);X5; X = Cl (1), Br (2), or I (3)) appear yellow or
red (Fig. 1). Although a five-coordinate square-pyramidal
structure was indicated for the yellow [PdCl(PhMePqn),]Cl
complex on the basis of the 'HNMR study by Salem and
Wild,® no explicit evidence such as the crystal structure has
been reported so far. In this study, we have succeeded in deter-
mining the crystal structures of 1, 2, and [Pd(Ph,Pqn),CI1]BF,
(4), and the structures of these complexes in solution were de-
termined on the basis of 3'PNMR and UV-vis measurements.

Experimental

Preparation of Complexes. The ligand Ph,Pqn was prepared
according to the method described by Feltham and Metzger,'? and
handled under an atmosphere of nitrogen until it formed air-stable
palladium(II) complexes. The complex, PdCl,(PhCN),, was pre-
pared by the literature method.'!

Pd(Ph,Pqn),Cl, (1): A CH,Cl, solution (10 cm?) of PdCl,-
(PhCN); (580 mg, 1.50 mmol) was added dropwise with stirring
to a CH,Cl, solution (15 cm?) of PhyPqn (939 mg, 3.00 mmol).
After stirring at ambient temperature for 4 h, the mixture was
evaporated under reduced pressure. The orange oily residue was
thoroughly washed with Et,O (100 cm®) to give orange powders.
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Fig. 1. (a) Colorless needle crystals of cis-[Pd(Ph,Pqn),]-
(BF4)2 (5) deposited from MeOH/CH3CN. (b) Yellow
block crystals (2a) and orange prismatic crystals (2b) of
Pd(Ph,Pgn),Br, obtained from MeOH/Et,O (a part of
yellow 2a converted to orange 2b on leaving them in
the mother liquor for a week: see text).

The crude product was recrystallized by vapor diffusion of Et,O
into a CH,Cl, solution, affording yellow plate crystals of la
(= 1.2CH,Cl,-H,0). Yield: 967 mg (0.975 mmol, 65%). Anal.
Found: C, 54.04; H, 4.11; N, 3.00%. Calcd for C44H3gCI¢N,-
OP,Pd: C, 53.28; H, 3.86; N, 2.82%. When this compound was
recrystallized from MeOH by vapor diffusion of Et,O, orange
needle crystals (1b) were deposited. These crystals were highly ef-
florescent, and turned into yellow powder immediately after filtra-
tion from the mother liquor.

Pd(Ph,Pqn),Br; (2) and Pd(Ph,Pqn),I, (3): To a CHCI; so-
lution (15 cm?) of 1a (200 mg, 0.202 mmol) was added a MeOH
solution (15 cm?) of KBr (200 mg, 1.68 mmol); the mixture was
stirred overnight at ambient temperature. After evaporation of the
solvent under reduced pressure, the residue was extracted with
CH,Cl, (50 cm?). The extract was concentrated (to 5 cm?®) by
evaporation, and the vapor of Et,O was diffused into the concen-
trate, giving orange needle crystals of 2.2CH,Cl,. Yield: 177 mg
(0.167 mmol, 83%). Anal. Found: C, 49.85; H, 3.51; N, 2.70%.
Caled for CyqH3Br,Cl4N,P,Pd: C, 49.72; H, 3.41; N, 2.64%.
When this compound was recrystallized from MeOH/Et,0, yel-
low block crystals (2a) were first deposited. However, these crys-
tals converted into orange prismatic crystals (2b) on leaving them
in the mother liquor for several weeks (Fig. 1b). The complex io-
dide was prepared in a similar way by using KI to afford red plate
crystals of 3-H,0. Yield: 86%. Anal. Found: C, 50.14; H, 3.28; N,
2.79%. Calcd for C4,H341,N,OP,Pd: C, 50.20; H, 3.41; N, 2.79%.

[Pd(Ph,Pqn),;](BFy4), (5): To a MeOH solution (160 cm?) of
1a (328 mg, 0.331 mmol) was added a MeOH solution (10 cm?) of
AgBF, (159 mg, 0.815 mmol). After stirring at ambient tempera-
ture for 2 h, the mixture was evaporated to dryness under reduced
pressure. The residue was extracted with CH3CN (100 cm?), and
the extract was evaporated to dryness. The obtained white powder
was recrystallized from a mixture of MeOH and CH3CN to give
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colorless needle crystals of § (Fig. la). Yield: 249 mg (0.275
mmol, 83%). Anal. Found: C, 55.40; H, 3.66; N, 3.23%. Calcd
for C42H32B2F8N2P2Pd3 C, 55.64; H, 3.56; N, 3.09%.

[Pd(Ph,Pqn),CI]BF4 (4): This complex was prepared by the
addition of an equimolar amount of AgBF, to Pd(Ph,Pqn),Cl,.
Orange prismatic crystals of 4.-MeOH were obtained by recrystal-
lization from a mixture of MeOH and CH;CN. Yield: 60%. Anal.
Found: C, 58.19; H, 3.93; N, 3.50%. Calcd for C43H36BCIF;N;-
OP,Pd: C, 58.20; H, 4.09; N, 3.16%.

Crystallography. Each crystal of 1a, 2b, and 4-MeOH suit-
able for the X-ray diffraction study was sealed in a glass capillary
tube. The X-ray diffraction data (up to 260 = 55°) were measured
at 23(2) °C on a Rigaku AFC-5R four circle diffractometer equip-
ped with a graphite-monochromated MoK, radiation (1 =
0.71073 A). Final lattice parameters were determined by least-
squares treatment using setting angles of 25 reflections in the
range of 25 <26 < 30°. The intensities were corrected for
Lorentz-polarization factors and for absorption effects by the
numerical integration method.'? As the yellow crystals of 2a were
highly efflorescent when they were picked up from the mother
liquor, the crystal was mounted with a cryoloop and flash-cooled
by the cold nitrogen steam. The diffraction data of 2a were
obtained at —100(2) °C on a Rigaku R-axis rapid imaging plate
detector with a graphite-monochromated Mo K, radiation (4 =
0.71073 A). A total of 110 images with the oscillation angle of
w =2° were collected with 2 different goniometer settings
(8 < 260 < 55°, exposure time = 300 s w™"). Data were processed
by the Process-Auto program package,'3 and the lattice parame-
ters were determined by least-squares treatment using setting
angles of all reflections observed. Absorption corrections were
applied by the empirical method.'*

The structures were solved either by the direct method using
SIR92'5 or by the heavy-atom method using SHELXS86 pro-
gram," and refined on F? (with all independent reflections) using
SHELXL97 program.'® In the crystal of 2a, some solvated mole-
cules were observed, all of which were assumed to be methanol;
Pd(Ph,Pqn),Br; -4.5MeOH. Except for the solvated molecules
of 2a, all non-H atoms were refined anisotropically, and H atoms
were introduced at the positions calculated theoretically and treat-
ed with riding models. All calculations were carried out using the
teXsan software package.'”

Crystal data are collected in Table 1, and selected bond lengths
and angles are listed in Table 2.

Measurements. UV-vis absorption spectra were measured at
20 °C on a Perkin-Elmer Lambda 19 spectrophotometer. The
spectra of solid compounds in the form of Nujol mulls were ob-
tained according to the method described by Lee et al.'® The var-
iable-temperature 3'PNMR spectra were acquired on a Jeol
Lambda 500 spectrometer, and the chemical shifts were refer-
enced from external 85% H3PO, (8 0).

Results and Discussion

Syntheses and Crystal Structures. A reaction of
PdCl,(PhCN), and two equivalent amounts of Ph,Pqn in
CH,Cl, at room temperature gave a clear yellow-orange solu-
tion. During this reaction, a yellow precipitate of PdClI,-
(Ph,Pqn) was initially formed.”? However, this precipitate re-
dissolved completely when all Ph,Pqn was added. From this
solution, orange powder was obtained by evaporation of the
solvent. This product crystallized either in yellow plates of
Pd(thP(]Il)zClz-2CH2C12-H20 (la) from CH2C12, or in or-
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Table 1. Crystallographic Data for Pd(Ph,Pqn),Cl,-2CH,Cl,-H,O (1a), Pd(Ph,Pqn),Br,-nCH;OH (2a, n = 4.5; 2b, n = 1),
and [Pd(Ph,Pqn),CI]BF4-MeOH (4-MeOH)

Compound la 2a 2b 4.MeOH

Formula C44H38 Clg N2 OP2Pd C46.5H4| BI'2 N2 04'5 P2 Pd C43 H36BI'2 Nz OP2 Pd C43 H%BCIF4N2 OP2 Pd
FW 991.80 1027.97 924.90 887.34

T/K 296(2) 173(2) 296(2) 296(2)

Crystal color, shape

Crystal dimension/mm

yellow, plate
0.20 x 0.18 x 0.08

yellow, block
0.12 x 0.10 x 0.06

orange, prism
0.28 x 0.26 x 0.24

orange, plate
0.26 x 0.24 x 0.08

Crystal system triclinic monoclinic monoclinic monoclinic

Space group, Z Pi, 2 12/a, 8 P2,/n, 4 P2, /a, 4

a/A 11.178(4) 17.348(11) 13.3506(13) 17.630(5)

b/A 13.122(3) 30.05(2) 17.4049(17) 14.218(4)

c/A 15.086(6) 17.856(13) 16.473(2) 17.906(4)

o/deg 98.01(3) 90 90 90

B/deg 101.87(3) 91.07(6) 90.753(10) 118.68(1)

y/deg 93.17(3) 90 90 90

VA3 2136(1) 9308(11) 3827.4(7) 3938(2)

D,/Mgm~3 1.542 1.467 1.605 1.497

F(000) 1004 4128 1848 1800

(Mo Kar)/mm™! 0.922 2.228 2.693 0.676

Tmins Timax 0.830, 0.911 0.487, 0.836 0.481, 0.585 0.826, 0.945

Refln/param ratio 9830/505 10532/486 8800/460 8948/496

Rl [Fy? > 20(F,%)] 0.056 0.076 0.045 0.048

wR2 (all refin) 0.191 0.197 0.119 0.163

GoF 1.003 0.994 1.018 1.026

Table 2. Selected Bond Lengths and Angles

Compound la 2a 2b 4.MeOH
Pd--CI(1) [Pd--Br(1)] 3.262(3) [3.432(2)] [3.0136(8)] 2.375(2)
Pd--CI1(2) [Pd--Br(2) 3.386(3) [3.505(2)] [4.423(1)] —
Pd-P(1) 2.229(2) 2.234(2) 2.241(1) 2.241(2)
Pd-P(2) 2.232(2) 2.240(2) 2.240(1) 2.267(2)
Pd-N(1) 2.139(4) 2.128(6) 2.179(4) 2.100(5)
Pd-N(21) [Pd-~N(21)] 2.135(4) 2.148(6) 2.107(4) [2.725(7)]
P(1)-Pd-P(2) 97.65(7) 97.42(8) 98.80(5) 100.01(6)
P(1)-Pd-N(1) 82.5(1) 81.7(2) 81.4(1) 84.0(1)
P(2)-Pd-N(21) [P(2)-Pd--N(21)] 82.3(1) 81.5(2) 84.2(1) [70.8(1)]
P(1)-Pd-N(21) [P(1)-Pd--N(21)] 171.0(1) 171.5(2) 175.9(1) [119.2(2)]
P(2)-Pd-N(1) 169.8(1) 173.7(2) 157.6(1) 172.5(2)
N(1)-Pd-N(21) [N(1)-Pd--N(21)] 99.1(2) 100.3(2) 96.9(2) [101.7(2)]

ange needles (1b) from MeOH, by vapor diffusion of Et,0.
The orange crystals of 1b were highly efflorescent; they turned
to yellow powder within a few seconds after filtration from the
mother liquor. The complex, either 1a or 1b, reacted with two
equivalent amounts of AgBF, (or excess amounts of LiBF,) to
give a colorless complex of [Pd(Ph,Pqn),](BF4), (5), which
crystallized in colorless needles (Fig. 1a). The coordination ge-
ometry of colorless complex 5§ has been assumed to be square-
planar with cis(P) configuration on the basis of the NMR re-
sults (vide infra), and from the crystal structure of the analo-
gous Me,Pqn complex, cis(P)-[Pd(Me,Pqn),](BF,),." There-
fore, it is interesting to elucidate the crystal structure of
Pd(Ph,Pgn),Cl, (1), since crystals of 1 are colored yellow
(1a) or orange (1b) depending on the solvent used for crystal-
lization.

The X-ray analysis for 1a revealed that the Pd" center is in a
slightly distorted square-planar coordination geometry with

two chelating Ph,Pqn ligands in the cis(P) configuration
(Fig. 2). The Pd-P and Pd-N bond lengths are in the range
of 2.229(2)-2.232(2) and 2.135(4)-2.139(4) A, respectively,
which are comparable to those in cis(P)-[Pd(Me,Pqn),]-
(BF,),." Due to the interligand steric interaction between the
ortho-H atoms of the mutually cis-positioned quinolyl rings,
the quinolyl planes were not coplanar with the Pd"" coordina-
tion plane; the dihedral angles between the least-squares
PdP,N, plane and the quinolyl planes were 16.4(1) and
15.5(1)°, and the dihedral angle between two quinolyl planes
was 26.2(1)°. Thus, the structure of Pd(R,Pqgn), moiety in 1a
is very similar to that in cis(P)-[Pd(Me,Pqn);](BF4),.! In 1a
two Cl~ anions were placed above and below the Pd" coordi-
nation plane with the distances of 3.262(3) and 3.386(3) A for
Pd--Cl(1) and Pd--Cl1(2), respectively. These Pd--CI distances
are rather long compared with the typical Pd—Cl coordination
bond (~2.3 A)! and are still longer than the Pd--Cl distance
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Fig. 2. ORTEP (30% probability level) of the Pd(Ph,Pqn),-
Cl, part in 1a. Hydrogen atoms are omitted for clarity.

found in cis-[Pd(Me,PCH,CH,NH,),]CI(BF;) (3.156(3) A).20
In addition, the Cl atoms were displaced from the apex posi-
tions of an ideal octahedron, CI(1)--Pd--C1(2) 141.60(6)°; this
was due probably to the steric hinderance of the phenyl groups
on the P atoms. We conclude that there is no explicit bonding
interaction between Pd" and Cl—, while the yellow color of
crystals 1a certainly indicates the existance of charge-transfer
interaction between Pd" and CI~.

Metathesis reactions of Pd(Ph,Pqn),Cl, (1) with KBr and
with KI in a mixture of CHCI3 and MeOH produced the cor-
responding bromide and iodide complexes, Pd(Ph,Pqn),Br;
(2) and Pd(Ph,Pqn),I, (3), respectively. The iodide complex
3, which was deposited as red thin-plate crystals of 3-H,O
from CH,Cl,/Et,0, was well soluble in CH,Cl,, while it
was hardly soluble in MeOH. On the other hand, the bromide
complex 2 was very soluble in both CH,Cl, and MeOH. When
complex 2 was recrystallized from a CH,Cl, solution by vapor
diffusion of Et,O, orange needle crystals (2:2CH,Cl,) were
deposited. In contrast, from MeOH/Et,O complex 2 crystal-
lized at first in yellow blocks (2a), which turned to orange
prisms (2b) when the crystals were kept in the mother liquor
for several weeks (Fig. 1b). The crystals of 2a are highly ef-
florescent, while those of 2b are relatively stable in the air.

We also succeeded in the analyses of the crystal structures
of both 2a (Pd(Ph,Pqn),;Br;-4.5MeOH at —100 °C) and 2b
(Pd(Ph,Pgn),;Br,-MeOH at 23 °C). As seen in Fig. 3a, the
structure of the Pd(Ph,Pqn),Br, moiety in 2a is similar to that
of Pd(Ph,Pqn),Cl, in 1a. The Pd--Br distances in 2a are as fol-
lows; Pd--Br(1) 3.432(2) and Pd--Br(2) 3.505(2) A. The Pd—P
and Pd-N bond lengths are 2.234(2)-2.240(2) and 2.128(6)—
2.148(6) A, respectively, which are consistent with those in
la. The dihedral angles between the least-squares PdP,N,
plane and each quinolyl plane were 19.9(1) and 18.5(1)°,
and the dihedral angle between two quinolyl planes was
26.4(2)°.

In the orange prismatic crystals of 2b, two Ph,Pqn ligands
coordinated to the Pd" center via P and N atoms to form a
five-membered chelate ring in the mutually cis configuration
(Fig. 3b), like those in 1a and 2a. On the other hand, the coor-
dination structures of two Ph,Pqn ligands in 2b were found to

Pd(1l) Complexes Containing Ph,Pgn

(a) "

‘ 'l Bf(E}

(b) <l \ Br(1) & o‘
/ /
\ / N(zu/l /

-
-’A, an) . —
| A, ? -—-"'l__ -
T o i O P P ;i — A
' -
L]

Fig. 3. ORTEPs (30% probability level) of (a) the Pd-
(PhyPgn),Br; part in 2a and (b) the [Pd(Ph,Pgn),Br]™ part
in 2b. Hydrogen atoms are omitted for clarity.

be dissimilar to each other. Although two Pd—P bond lengths
were the same (Pd-P(1) 2.241(1) A and Pd-P(2) 2.241(1)
A), PA-N(1) (2.179(4) A) was relatively longer than Pd—
N(21) (2.107(4) A). In relation to this discrepancy of the
Pd—N bond lengths, the quinolyl plane containing N(21) was
almost coplanar with the least-squares PdP,N, plane®! (the di-
hedral angle, 9.36(8)), while the other quinolyl ring including
N(1) is largely bent away from the Pd" coordination plane (the
dihedral angle, 24.20(9)°). The most striking difference be-
tween the crystal structures of 2a and 2b was the position of
Br™ anions; in 2b, Br(1) was found at the position closer to
the Pd! center (Pd--Br(1) 3.0136(8) A), while the other
Br(2) was far more distant from Pd™ (Pd--Br(2) 4.403(1) A).
Although the Pd--Br(1) distance was still longer than the typi-
cal Pd"-Br coordination bond lengths (~2.45 A),'® a bonding
interaction between Pd and Br(1) was suggested to some ex-
tent. Therefore, the coordination geometry around Pd" in 2b
may be described as an elongated five-coordinate square-pyr-
amid, (SPY-5-13)-[Pd(Ph,Pqn-kP,N),Br| ™. It is also possible
to describe this coordination structure as a distorted trigonal
bipyramid,?! because of the P(2)-Pd-N(1) bond angle
(157.6(1)°). Similar elongated five-coordinate square-pyrami-
dal structures have been reported for [Pd(Ph,P(CH,),PPh-
(CH,),P(O)Phy-kP,P),Br]Br?> and [Pd(5-ethyl-5H-dibenzo-
phosphole or 2-phenylisophosphindoline);Br,],>* where the
Pd-Br(apical) bond lengths were 2.898(2) and 2.923(3)-
3.017(2) A, respectively. The former complex is yellow, which
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is an interesting analogy to complex 2; [Pd(Ph,P(CH,),PPh-
(CH;),P(O)Ph,-kP,P),Br]|Br is yellow in color, while the
square-planar [Pd"(phosphine);]** type complexes usually
form colorless crystals.>* Hence, the orange color of 2b may
result from a stronger charge-transfer interaction between
Pd" and Br~ (vide infra). A red crystal of the five-coordinate
trigonal bipyramidal Pd" complex having a tripodal tetraden-
tate phosphine, [Pd{P(CH,CH,PPh;);}Br]Br, has also been
structurally analyzed; here the Pd—Br bond is much shorter,
2.517(2) A2

It was also possible to isolate orange prismatic crystals of
Pd(Ph,Pqn),C1(BF,)-MeOH (4-MeOH) by a reaction of la
and an equimolar amount of AgBF,. Although we expected
formation of an elongated square pyramidal [Pd(Ph,Pqn),-
CI]™, such as the bromo complex in 2b, the structural analysis
of 4 revealed that this complex has a highly distorted square-
planar geometry around Pd" center with a chelating Ph,Pqn,
a monodentate P-donating Ph,Pqn and a Cl~ ion: cis(P)-
[Pd(Ph,Pgn-kP,N)(Ph,Pqn-kP)CI|* (Fig. 4). The Pd-CI(1)
bond length was 2.375(2) A and the Pd-P lengths were in
the range of 2.241(2)-2.267(2) A. The Pd-N(1), 2.100(5) A,
was slightly shorter than those in 1a and 2a, but comparable
to the Pd-N(21) bond in 2b, the latter of which resulted from
the reduction of the interligand steric hinderance between qui-
nolyl moieties. The dihedral angle between the quinolyl plane
in the chelated Ph,Pqn and the plane defined by Pd, P(1), P(2),
and N(1) was 10.5(1)°. The N(21) atom was apart from the
Pd"! center by 2.725(7) A, and the quinolyl plane containing
N(21) had a dihedral angle of 49.8(1)° relative to the Pd"P,N
plane. Thus, we concluded that there is no bonding interaction
between Pd and N(21) in 4. However, it is also possible to con-
sider that the coordination geometry around Pd!' center is
closely related to trigonal bipyramidal, since CI(1) is also
largely displaced (0.934(3) A) from the Pd"P,N plane (P(1)—
Pd-CI(1) 156.14(6)°).

Absorption Spectra in the Solid States. In order to clarify
the color-change of the crystals due to the exchange of anions,
the absorption spectra of Pd(Ph,Pqn),XY (1-5) in the solid
state were examined. The complex of cis-[Pd(Ph,Pqn),](BFy),
(5), which has no absorption in the visible (>400 nm) region
as inferred from its colorless crystals, showed an intense band
at 310 nm accompanied by a shoulder around 360 nm (Fig. 5a).

ci(1)

Fig. 4. ORTEP (30% probability level) of the cationic part
in [Pd(Ph,Pqn),Cl|BF;-MeOH (4-MeOH). Hydrogen
atoms are omitted for clarity.
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The absorption band at 310 nm may be assigned as the intra-
ligand 77—7r* transition of the quinolyl moiety, since free
Ph;Pqn also shows a similar intense band at the same energy
region. Then, the shoulder at ca. 360 nm may be due to the
phosphine-to-Pd" charge-transfer band, as the corresponding
shoulder for cis-[Pd(Me,Pqn),](BF,), was blue-shifted to ca.
330 nm.!

As described above, the Pd(Ph,Pqn),Cl, complex crystal-
lized either in yellow plates (1a) or in orange needles (1b),
and crystals of 1b turned to yellow powder immediately after
filtration in the air. The powder samples of 1a and 1b (yellow)
did not exhibit significant difference in their absorption spec-
tra; both spectra showed an intense band at 310 nm accompa-
nied by a broad shoulder around 420 nm. The yellow crystals
of the bromide complex (2a) exhibited a similar spectrum, but
the broad shoulder became further red-shifted to ~440 nm. As
the X-ray crystal structure analyses revealed that [Pd-
(Ph,Pqn),;]** moieties in 1a and 2a have structures similar
to each other (and probably to that in 5), the observed absorp-
tion shoulder in the visible region seems to have originated
from the charge-transfer interaction between Pd" and halide
anions.

The orange crystals of 2b gave an explicit absorption band
at 450 nm (Fig. 5b); it was observed at the energy region lower
than the absorption shoulder of the yellow crystals of 2a. As
seen in the crystal structure analyses, the Pd" forms a five-co-
ordinate square-pyramidal complex with a Pd-Br bond of
3.0136(8) A in 2b, while the Pd-Br distances are 3.432(2)
and 3.505(2) A in 2a. In addition to the distortion toward trigo-
nal bipyramidal geometry, the stronger Pd—Br interaction in 2b
causes a lower energy shift of the Br~-to-Pd" charge-transfer
band.

The spectrum of 4 is shown in Fig. 5a. We expected a dif-
ferent absorption spectrum for 4 from that of 1a at least in the
solid states, since the coordination geometry around the Pd"
center in 4-MeOH is found to be different from that in 1a. Al-
though the spectrum of 4 seems to have a lower-energy should-
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Fig. 5. Normalized absorption spectra of (a) 5 (black), 4
(green), 2a (blue), and la (red); and (b) 2a (blue), 2b
(orange), and 3 (purple) in the solid states.
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Fig. 6. Absorption spectra of 1 (red), 2 (blue), and 3
(purple) in CH,Cl,, 4 (green) and 5 (black) in CH3CN
at room temperature.

er in energy region that corresponds to the charge-transfer
transition, no other explicit differences were observed between
the absorption spectra of 4 and 1a.

Structures in Solution. The complex 5 exists as cis-
[Pd(Ph,Pqn),]** in acetonitrile; the 3'PNMR spectrum of 5
in CD3CN (30 °C) showed a sharp single resonance at §
50.7, which is consistent with the value reported for the anal-
ogous complex, cis-[Pd(Ph,Pqn),](PFe),.> The UV-vis spec-
trum of § in CH3CN (~0.1 mM) showed an intense absorption
band at 304 nm accompanied by a shoulder around 350 nm
(Fig. 6), which is similar to the spectrum in the solid state.

Complexes of Pd(Ph,Pqn),Cl, (1) and Pd(Ph,Pqn),Br, (2),
irrespective of their crystal forms (i.e., yellow 1a/2a or orange
1b/2b), are well soluble in methanol and dichloromethane,
and the UV-vis and 3'PNMR spectra of these complexes are
apparently solvent-dependent. In MeOH (~0.1 mM) both
complexes 1 and 2 exhibited similar UV-vis absorption spec-
tra (not shown in Fig. 6 for clarity) to that of 5§ in CH;CN;
there were no absorptions in the visible (>400 nm) region.
The 3'PNMR spectra of 1 and 2 in CD3;0D (at 30, —40, and
—80 °C) showed a sharp single resonance with a similar chem-
ical shift to that for 5 (Table 3). Thus, these complexes in
methanol exist as cis—[Pd(Pthqn)z]2+ with no detectable in-
teraction between the square-planar Pd" center and halide
anions. In contrast, the UV-vis absorption spectrum of 1 in
CH,Cl, was obviously different from that of 5 in CH;CN,
but was very similar to the spectrum of 4 in CH3;CN (Fig. 6).
These spectra of 1 (in CH,Cl,) and 4 (in CH3CN) showed an
intense absorption band at 289 nm accompanied by a broad
shoulder around 370 nm, which was responsible to the yellow
color of the solutions. The complex 2 in CH,Cl, gave a similar
absorption spectrum, but the shoulder was further red-shifted
by 10-20 nm. These facts indicate that in dichloromethane
or acetonitrile there is an explicit charge-transfer interaction
between the Pd" center and the halide anion (C1~ or Br).

The 3'PNMR spectrum of 4 in CD3CN at 30 °C showed a
sharp single resonance at § 36.7, which was inconsistent with
the crystal structure of the complex, cis(P)-[PdCI(Ph,Pqn-
KkP,N)(Ph,Pqn-kP)]". However, the higher field shift com-
pared with that of 5, and the broader linewidth with a slightly
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Table 3. 3'PNMR Chemical Shift (§) and Its Half-Height
Width (A;/;) of Complexes

Complex Solvent  Temp./°C § Ay /Hz
Pd(Ph,Pqn),Cl, CD;0D 30 49.4 <20
—40 50.6 <20

—80 50.9 <20

CD,Cl, 30 36.1 <20

—40 37.3 ~110

—80 40.3 ~1100

Pd(Ph,Pgn),Br, CDs;0D 30 49.3 <20
—40 50.1 <20

—80 50.2 <20

CD,Cl, 30 38.3 <20

—80 47.8 ~100

Pd(Ph,Pgn), 1, CD,Cl, 30 41.8 ~180
—40 46.5 <20

—80 47.8 <20

Pd(Ph,Pqn),CIBF, CD;CN 30 367 <20
—40 393 ~130

Pd(Ph,Pqn)>(BFs), CDsCN 30 507 <20

— = ]+
& Ph, th %
P

ﬂ H

c— N = +
& Ph, th %
P

N /

Ph
P
—
%/Pd

Scheme 2.

down-field shift at —40 °C (Table 3), indicate that the complex
4 exists as a monocationic complex, [PdCI(Ph,Pqn),]", with
two chemically equivalent P atoms in CD3;CN. The observed
temperature-dependence of the linewidth and the chemical
shift indicate a rapid exchange equilibrium of the chelating
and monodentate P-donating Ph,Pqn ligands in the (distorted)
square-planar complex of cis(P)-[PdCI1(Ph,Pqn-«P,N)(Ph;-
Pgn-kP)]* (Scheme 2). The VT 3'PNMR spectra of 1 and 2
in CD,Cl, gave similar characteristics to those observed for
complex 4; at —80 °C these solutions gave a very broad signal
at 8 40.3 and 47.8, respectively (Table 3). Therefore, com-
plexes 1 and 2 exist as a monocationic complex having a
Pd—Cl or Br bond in dichloromethane solutions and exhibit a
fluxionality due probably to the exchange equilibrium describ-
ed in Scheme 2.%°

The complex Pd(Ph,Pqn),I, (3) in CH,Cl, showed intense
absorption bands at 380 and 457 nm, which were characteristic
of this complex (Fig. 6). In the 3'PNMR spectrum of 3 in
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CD,Cl, at 30 °C a broad signal was observed at § 41.8. Inter-
estingly, this signal became sharp by lowering the temperature
of the sample solution; at —40 °C a sharp single signal was ob-
served at § 46.5. These observations indicate the stabilization
of the square-pyramidal five-coordinate complex of [PdI-
(PhyPgn-xP,N),]" in CD,Cl, at low temperatures. Otherwise,
a neutral species, i.e., [Pdl,(Ph,Pgn-kP);] may exist in solu-
tion, and (one of) the quinolyl-N atoms become coordinated
to the Pd" center, giving a fluxional behavior with increasing
the temperature.

Conclusion

In this study we have determined the structures of Pd-
(PhyPqn), XY (XY = Cl, (1), Br, (2), and CIBF, (4)) in the
solid states and in solution. The bis(tetrafluoroborate) salt,
[Pd(PhyPqn),](BF4), (5), which crystallizes in colorless nee-
dles, seems to exist as a square-planar dication, cis(P)-[Pd-
(PhyPqn),]**. Although it was not possible to determine the
crystal structure of 5, the structure of cis(P)-[Pd(Ph,Pqn),]>*
was speculated from the crystal structures of yellow
Pd(Ph,Pqn),Cl,-2CH,Cl,-H,O (1a) and Pd(Ph,Pqn),Br;-
4.5MeOH (2a). Owing to the interligand steric repulsion be-
tween the mutually cis-positioned quinolyl groups, two quino-
1yl planes in cis(P)-[Pd(Ph,Pqgn),]** are bent away from the
Pd" coordination plane, as observed for cis(P)-[Pd(Me,P-
qn)2](BF4),.!

The Pd(Ph,Pqn),Cl, (1) and Pd(Ph,Pqn),Br; (2) complexes
deposited as either yellow (1a and 2a) or orange (1b and 2b)
crystals, depending on the solvent used for crystallization. In
the yellow crystals of 1a and 2a, the halide anions (Cl~ or
Br™) are located above and below the square-planar Pd" coor-
dination plane of cis-[Pd(Ph,Pqn),]>*. The Pd--Cl distances of
3.262(3) and 3.386(3) A in 1a and the Pd--Br distances of
3.432(2) and 3.505(2) A in 2a are too long to be treated as a
typical coordination bond. However, the yellow color of the
crystals strongly indicates the existence of a charge-transfer in-
teraction between Pd"" and Cl~ or Br~. When the crystals of
la, 1b, 2a or 2b were dissolved in methanol, the complex
seems to exist as dicationic species, cis(P)-[Pd(Ph,Pqn),]>*,
without Pd"--halide interaction. On the other hand, in di-
chloromethane it seems that these species exist as a monoca-
tionic complex with a bonding interaction between Pd" and
halide, [Pd(Ph,Pqn),C1]" or [Pd(Ph,Pgn),Br]*. Although the
structures of such monocationic complexes in dichloromethane
were not determined unambiguously, a possible structure was
clarified by the crystal structure analysis of [Pd(Ph,Pqn),-
Cl|BF;-MeOH (4-MeOH). In this crystal the Pd" is surround-
ed by a chelating Ph,Pqn, a monodentate P-donating Ph,Pqn
and a Cl atom in a highly distorted square-planar fashion with
a typical Pd—Cl coordination bond. The N(21) atom in the un-
coordinated quinolyl group was distant from Pd", Pd--N(21)
2.725(7) A. It was also inferred that coordination of N(21) to
Pd" to form a trigonal bipyramidal five-coordinate complex
is not energetically unfavorable. This complex 4 in acetonitrile
exhibits a similar UV-vis and 3'PNMR spectra to those of
complex 1 in dichloromethane. Since the 3'PNMR spectra
of these complexes show a sharp single resonance at 30 °C,
and since the single signal becomes broader at —40 °C, an
exchange equilibrium as described in Scheme 2 may exist in
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solution.

Another type of coordination structure involving the
Pd"..halide interactions was revealed by the crystallographic
study of the orange Pd(Ph,Pqn),Br,-MeOH (2b). In 2b one
of the Br~ ions is located at the apical position of the square
pyramidal Pd"P,N,Br moiety with an elongated Pd—Br bond
of 3.0136(8) A. In this cationic complex, [Pd(Ph,Pgn),Br]™,
two PhyPqn ligands were not equivalent; one of the Ph,Pqn
ligand forms a short Pd-N bond with a quinolyl ring co-planar
to the Pd"" coordination plane, while the other quinolyl ring is
largely dislocated from the Pd" plane with a relatively long
Pd-N bond. Hence, the elongated square-pyramidal structure
found in 2b may correspond to the intermediate for the ligand
exchange process of cis(P)-[PdX(Ph,Pqn-«P,N)(Ph,Pqn-
KP)]" (Scheme 2).

It was also important to comment on the structural and color
differences between the present Pd! complexes with Ph,Pqn
ligands and [Pd(R,PCH,CH,;NH,),CI]BF; complex (R = Me
or Ph).?® The aminoethylphosphine complexes are colorless,
with an elongated square-pyramidal coordination geometry
in which the Pd—Cl bond is 3.156(3) A. Although this distance
is far longer than the typical Pd—Cl coordination bond, it is
shorter than those in 1a that exhibits a yellow color. Therefore,
the charge-transfer interaction between Pd" and CI~, which is
responsible for the yellow color of 1a, is not simply related to
the Pd--Cl distance. For the bis(Ph,Pqn) complex with a cis
configuration, cis-[Pd(Ph,Pqn),]?*, a severe steric repulsion
between the mutually cis-positioned quinolyl groups forces
the quinolyl N-donor orbital away from the direction of the
Pd" center. As the energy of the Pd" LUMO (d,_,2) orbital
is lowered by this distortion, the energy that corresponds to
the charge-transfer from Cl~ to Pd" d>_,» becomes smaller.
Furthermore, this distortion may also be responsible for the
catalytic activity of Pd(Ph,Pqn),XY complexes for ethylene
polymerization reactions,* since the bonding between Pd"
and quinolyl-N should be labile enough to promote the coordi-
nation of olefins.
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