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Summary

Reactions between the tris(dibenzylideneacetone)dipalladium complex
[Pd,(DBA);1 and olefins with electron-withdrawing substituents in the presence
of various ligands gave stable m-olefin—palladium—ligand complexes. The Pd,(DBA),
complex reacted with dimethyl acetylenedicarboxylate to give either palladia- -
cyclopentadiene complexes or m-bonded acetylenic complexes, according to the
ligand used. A new complex, (bipy )Pd**(OH), - H, O, was prepared by air oxida-
tion of Pd, (DBA); in the presence of bipyridyl and methanol.

Introduction

In the first paper of this series [1], novel binuclear palladium (0) com-
plexes of type Pd,(DBA);(solvent) were introduced, along with their structural
determination and some reactions (ligand exchange, oxidative addition and with
p- and o-quinones). Pd, (DBA);(solvent) complexes were obtained by recrystalli-
zation of “Pd(DBA),”’ complex reported previously [2]. We have published
communications on the preparation of palladium—r-olefin complexes [3] and
on palladium—n-acetylenic complexes [4] via “Pd(DBA), " complex.

Hitherto, many zerovalent metal olefin and acetylene complexes of the
type ML (olefin) or ML, (acetylene) have been studied, where M = Ni, Pd or Pt
and L = tertiary phosphine [5]. Lewis et al. [6] prepared Pt(PPh; ), .complexes
of various unsaturated ligands in the reactions of Pt(DBA), , PPh;, and excess of
unsaturated ligand (C,Cls , CF3;COCF;, CF;C=CCF3; ) in benzene solution. Mose-
ley and Maitlis [7] found that PA(DBA), and Pt(DBA), complexes react with

* For part I see ref, 1.
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TABLE 1

"YIELD AND PROPERTIES OF (OLEFIN)Psz COMPLEXES

~ Complex - Yield (%) . - M.p. (dec ) v(C=0)
(ma)Pd(bipy)? 97 - 229231 . 1785, 1720
{ma)Pd(o-phen) 95 200 1795, 1757, 1710
(ma)Pd[P(OPh);12 96 132—133°% 1808, 1759, 1742
(ma)PdfP(OM=)31, o4 92—93 & 1798, 1769, 1732
(dmm)Pd (bipy) 74 153—155 1720
(dmm)Pd(o-phen) " 73 : 171—172 . . Co 1709, 1680
(dmf)Pd (bipy) 74 195198 ’ 1696, 1680
(dmf)Pd(o-phen) 69 210—212 1685, 1669
(dvs)Pd(bipy) 60 . 143—145
(dvs)Pd(o-phen) 81 168—171
(an)Pd(bipy) 91 64—67
(an)Pd(o-phen) 77 55—58 .

2 mz = maleic anhydride, dmm = dimethyl maleate, dmf = dimethyl fumarate, dvs = divinyl sulfone and an =
acrylonitrile. ¥ M.p. without dec.

dimethyl acetylenedicarboxylate to give palladia- and platina-cyclopentadiene
" complexes. They studied the crystal structure of the acid cleavage product of the
palladiacyclopentadiene complex derived from Pd(DBA), [8].

. In this paper, full details of the utilization of palladium—dibenzylidene-
acetone complexes of the type Pd, (DBA);(solvent) for preparing novel Pd—n-
olefin complexes, and their reactions with dimethyl acetylenedicarboxylate and
air oxidation to give (bipy)Pd'(OH),-H, O are reported.

Results and discussion

(a) Oxidative addition reactions of the Pd,(DBA); complex

Due to the zero-valent state of Pd,(DBA);, oxidative addition reactions with
allylic halides occurred, giving free DBA and 7-allylic palladium halide com-
plexes (egn. 1).

The rate of the reactions of eqn. 1 varied according to R, R’ and z( The
relative rate found was: allyl bromide > allyl chloride > methallyl chloride >
crotyl chloride > cinnamyl chloride. The reaction was completed after 5 min in
the case of allyl bromide, but 30 min was necessary in the reaction of cinnamyl
chloride.

When an excess of methallyl chloride was added to (DBA)Pd(bipy) (II)
(bipy = 2,2'-bipyridyl) in methanol solution, the cationic complex (III) was ob-

A : .
’ i
PRCH =CH—C—CH=CHPh - x
v\ /' - . . 'Il /
Pd - R4 + 2 RCH=CRCH,X —» |RI—~f---mmm P
,’ \ ﬁ \“‘ . ) 7 \\‘ ) \
A A . H
PhCH—'CH-‘C CHL-CHPn . - L
_ , ) | | ]
_ PhCH—CH C—CH-——CHPh _ 2
& + 3 PhCH=CH—CO—-CH=CHPh

D [sz (oBA),]
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(DBA)Pd(bipy) + CHy=CMe—CH,Cl —2BA. [Me-{-—pd(bipy)]"- cr

() o NI
NaBPhg 7 - o .
M S ; + - . (2)
“Meon L e—< F’d(blpy)] BPh,
()

tained in 83% yield. Allyl bromide and methallyl chloride gave the corresponding
cationic complexes in yields of 87 and 83%, respectively. As shown in eqn. 2,
(III) was converted to (IV), m.p. 164—166° (dec.), in 68% yield.

(b) Formation of olefin—palladium complexes via the Pd,(DBA); complex

In the absence of ligand, (I) reacted with olefinic compounds in acetone
solution, but stable olefin—palladium complexes could not be isolated, since they
decomposed at room temperature to give metallic palladium and free DBA. How-
ever, when an excess of bipy was added to a suspension of (I) in acetone under
nitrogen, further addition of olefin [e.g. dimethyl fumarate (dmf)] caused a
color change from orange to yellow. Yellow crystals then precipitated. These were
fairly stable in air and in benzene solution but rather unstable in chloroform.
They were identified by their IR (Table 1) and NMR spectra (Table 4) and ele-
mental analyses (Table 3).

Yields were quite high and free DBA was recovered quantitatively. Among
the olefins which were examined, stable complexes were isclated only from
maleic anhydride (ma), dimethyl maleate (dmm), dimethyl fumarate (dmf),
divinylsulfone (dvs) and acrylonitrile (an), all of which have an e-value [9]
above 1.2. Olefins with e-values below 1.2 (n-butyl acrylate 1.06, methacrylo-
nitrile 0.81, acrylic acid 0.77, methyl vinyl ketone 0.68, ethyl acrylate 0.22) did

TABLE 2 7
STABILITY OF THE COMPLEXES (OLEFIN)PdL>

Olefinic compound e-value bipy o-phen P(OFh)3 P(OMe)3
maleic anhydride 2.25 ++a ++ ++ ++
dimethyl fumarate 1.49 +4+ +4 + +
divinyl sulfone 1.38 ++ ++ + +
dimethyl maleate 1.27 ++ ++ —_ —
acrylonitrile 1.20 ++ ++ — -_

@ +4 stable enough to be isolated, + complex formation possible but difficult to be lsolated and — only
decomposed into metallic palladium and free DBA.

TABLE 3
ANALYSES OF (OLEFIN)PdL> COMPLEXES [FOUND (CALCD.) (%)]

Complex C H N
(ma)Pd(bipy) 46.64(46.63) 2.68(2.79) 7.42(7.77)
(ma)Pd[P(OPh)31, 58.23(58.65) 3.91(4.15) T
(ma)Pd{P(OMe)3] > 26.66(26.54) 4.33(4.45) Co
(dmm)Pd4(o-phen) 50.20(50.19) 3.75(3.74) . 6.47¢6.50)
(dmf)Pd(o-phen) 49.91(50.19) 3.95(3.74) 6.23(6.50)

(dmf)Pd(bipy) - 47.49(47.25) 4.09(3.97) 6.86(6.89)
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) not afford stable olefm complexes, and complexes auch as (DBA)Pd(blpy) were
obtained as major prodicts in most of these cases. -

- As shown in Table 2, ligands examined werée b1pyndy1 o- phenanthrolme
triphenyl phosphite and trimethyl phosphite. With the two phosphites, only _
maleic anhydride formed stable olefin—palladium complexes and with phosphine

‘as ligand, no olefin—palladium complex was isolated. Therefore, good g-donor
- and poor m-acceptor ligands such as bipy and o-phen are more favorable than
pcor g-donor ligands (i.e. phosphites).

’ The complexes thus obtained were very stable in the crystalline state and
~almost insoluble in common organic solvents except methanol or chloroform,
in which they slowly decomposed. Only acetone was of use as solvent for N-

" donor ligands or benzene for P-donor ligands. :

(c) Reactions of Pd,(DBA); with dimethy! acetylenedicarboxylate

 Treatment of Pd, (DBA); (I) with dimethyl acetylenedicarboxylate (dmad)
in acetone under nitrogen gave the palladiacyclopentadiene complex (V), which
reacted with excess of ligand [L = bipy or P(OPh); ] to give the monomeric palla-
diacyclopentadiene complex (VI). More conveniently, palladiacyclopentadiene
complex (VI) could be prepared by the simultaneous addition of ligand and dmad
1o a suspension of (I) in acetone.

- Palladiacyciopentadiene complexes (VI) also could be formed via a zero-

valent w-acetylenepalladium intermediate. The addition of dmad to an excess of
P(OPh); and (I) in benzene solution gave (dmad)Pd[P(OPh); ]. (m.p. 136—138°,
50% yield), which was identified by NMR and IR spectra and elemental analysis
[#(C=C) 1845 cm™! (KBr disc), 7(CDCl3) 6.57 (6H, s, OMe) and 2.9 (30H, m,
Ph)1l. The complex (VIla) is surprisingly stable in air and in benzene or chloroform
solution. Further addition of dmad to (VIIa) did not afford the expected pailadia-
cyclopentadiene complex [VIa; L. = P(OPh);], which was prepared independently
via (V).
. However, with PPh; as ligand, the stepwise reactions (I)»>(VIIb) and
(VIIb)= (VIb) were successful. A similar complex (VIIb, L. = PPh; ) gave (VIb)
by the addition of a second molecule of dmad in benzene solution at room tem-
perature; strongly suggesting that the m-complex (VIIb) is an intermediate in the
formation of (VIb). The complex (ma)Pd[P(OPh);], (Table 1) gave (VIIa)
quantitatively in the reaction with dmad in benzene at room temperature, but
(ma)Pd(bipy), which has a more basic ligand, gave directly the correspending
palladiacyclopentadiene complex (Vlc, L = bipy) with dmad.

- In conclusion, intermediate m-complexes (VII) are more stabilized as the
wr-acceptor character of L increases, in the order: bipy =~ o-phen <€ PPh; <
P(OPh);, indicating the following results: (1) intermediate (VII) would be stabi-
lized by a m-acceptor ligand such as P(OPh); and thus not give (VI); (2) the less
stable intermediate (VIIb, L = PPh; ) could afford (VI}, and (3) other basic
ligands such as bipy (c), o-phen (d), tetramethylethylenediamine(tmeda} (e),
dimethylglyoxime(dmg) (f), 1,2-bis(methylthio)ethane(bte) (g), and biacetyl-
dianil{badn) (h) gave directly the corresponding palladxacyclopentadxene com-
plexes (VIc—h), respectively.

These results are illustrated in Scheme 1.
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SCHEME 1
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MeOL\ =\ O MeO2C\ == PPh
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Pd\ pd\F’P
— —~—— n
meoc Y O MeQ,C 3
MeQC MeO,C
(¥I ©) (X b)

(d) Preparation of (bipy)Pd(OH)> via Pd,(TBA)s , :

The peroxo complexes were formed in the oxygen oxidation of low valent
Group VIII metal complexes [10—12] _ Peroxo-isonitrile nickel and palladium
complexes (RNC), MO, were prepared by Otsuka et al. [13].

, J/ ,
M(PPh; ), + O; ~ (PhoP)M | (M= Ni, Pd, PY) | o ®



o 408

.~ -We attempted to obtain an oxidation product starting from (I) in the
presence of a ligand. In the oxygen oxidation of (I) in the presence of 2,2'-bi- -
pyridine and methanol, another type of product, (bipy)Pd(OH),, was obtained,
‘which has been unknown so far. This complex, m.p. 105—110° (dec.), of the
composition (bipy)Pd(OH), -H, O (VIII), could be obtained via reduction of a
peroxo intermediate {not isolated) by methanol. :

e . 4
oo (PiPY)Pd\ -H,0- (4)
6} : : (VIII)

The complex (VIII) couid be prepared by the reaction of 7% H,0, with
- (DBA)Pd(bipy) (1I) in methanol under nitrogen. Therefore, the formation of the
complex (VIII) might be caused by the presence of the bipy ligand instead of
PPh;. The structure of (VIII) was confirmed by (1) addition of HCl to agqueous
(VIII) gave (bipy)PdClL,, (2) (VIII) and acetic acid afforded Pd(OAc); - 2H,C and
{3) the addition of blpyndme and HCIO, to aq. (VIII) gave [(bipy).Pd{ClO4),,

m.p.> 270°C.

, : OH
- eOH
Pd, (DBA); + bipy + 0, —— [(bipy)Pd0,] "=~

(e) The reaction between Pd.(DBA), and oxygen in the presence of ligand with
active hydrogen atom

When dimethylglyoxime (DMG—H,; )} was added to an acetone suspension
of (I) under an oxygen atmosphere, the purple color of the mixture turned
gradually yellowish with quantitative uptake of oxygen, giving the bis(di-
methylglyoximato)palladium complex (IX), (DMGH),Pd, in 90% yield (egn. 5).
Analogous reactions were realized in the cases of acetylacetone and 8-hydroxy-
guinoline as ligand, giving Pd(acac). and Pd(8-OH-quinoline), , respectively. No
reaction occurred under a nitrogen atmosphere.

Pd,(DBA); + 0, + 4ADMG—H, - 2(DMGH),Pd +2H,0 + 3DBA (5)
(D) (ax)

Experimental

(1) Materials

Pd,(DBA);(CHCl;) (I), m.p. 122—124° (dec.), and (DBA)Pd(bipy) (1I),
m.p. 135° (dec.), were prepared as described in the previous paper [1].

(2) Oxidative addition reactions of (I) with allylic halides

The rate of oxidative addition reactions of various allylic halides to (I)
{(eqn. 1) was observed and the order was found to be as follows: allyl bromide
> allyl chloride > methallyl chloride > crotyl chloride > cinnamyl chloride.

- As an example, the oxidative addition reactions of methallyl chloride are
given here. An excess of methallyl chloride (20.4 mmo}) was added to a benzene
solution of (I) (3.1 mmol) with stirring at room temperature under nitrogen. The

" deep purple color of the solution changed to yellow-greenish dfter 20 min. Upon
vacuum distillation of solvent and excess methallyl chloride, the residue was

 washed with hexane to remove DBA and then recrystallized from methanol,

- giving yellow colored p,u’-dichloradi-w-methallyldipalladium, m.p. 165—168°
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(dec.), obtained in 75% yield [(NMR: 7{Me) 7.88 (3H), 7(H, anti) 7.13 (2H),
7(H, syn) 6.15 (2H)] {14]. Similarly, {(w-methallyl)Pd(bipy)]*Cl™ (III) in the
reaction of methallyl chloride (8.5 mmol) with (DBA)Pd(bipy) (II) (1.7 mmol)
in benzene suspension, whose NMR spectrum (CDCl;) showed 7 7.73 (3H),
6.50 (2H, anti) and 5.97 (2H, syn). The reaction between (II1) (1.5 mmol) and
NaBPh, (2.4 mmol) in methanol gave [(7-methallyl)Pd(bipy)]*BPhs (IV), m.p.
164—166° (dec.) in 68% yield, recrystallized from mixed solvent of MeOH and
CH,Cl, . NMR spectrum (CH,Cl,): 7 7.93 (3H), 6.95 (2H) and 6.37 (2H)
(Analysis: found C, 71.51; H, 5.58; N, 4.39. C3:H3sN,BPd caled.: C, 71.66; H,
5.54; N, 4.40%).

{3) Formation of (olefin)PdL, complexes via Pd,(DBA),

2,2'-Bipyridine (10.5 mmol) and maleic anhydride (8.4 mmol) in acetone
(30 ml) were added to an acetone suspension of (I) (4.6 mmol) with stirring at
room temperature under nitrogen and yellow needle-like crystals of (ma)Pd(bipy),
m.p. 229—231° (dec.), were precipitated in 97% yield. Analyses of this complex
and others are shown in Table 3. NMR data are summarized in Table 4. Yield,
m.p. and IR data of twelve (olefin)PdL, complexes are summarized in Table 1.

(4) Reactions of Pd,(DBA); with dimethyl acetylenedicarboxylate (dmad) in the
presence of ligand

Into an acetone solution (30 ml) of (I) (0.3 mmol) and an excess of a ligand
(0.63 mmol), dimethy! acetylenedicarboxylate (dmad) (0.3 mmol) was
added, and one h later, crystals of palladiacyclopentadiene—L, complex (VI)
were precipitated. Ligands used in this reaction were as follows: triphenyl phos-
phite (a), bipy (c), o-phen (d), tmeda (e), dimethylglyoxime (f), 1,2-bis(methyl-
thio)ethane (g) and biacetyldianil (h). The properties and analyses of (VIa—VIh)
are tabulated in Table 5.

The additicn of dmad (10.3 mmol) to an excess of P(OPh); (0.3 ml) and
(I) (0.3 mmol) in benzene solution gave (dmad)Pd[P(OPh);], (VIIa), yellow
needle-like crystals of m.p. 136—138° (dec.) in 50% yield. IR »(C=C) 1845 cm™!
and NMR 7(CDCl3) 6.57 (s, OMe) and 2.9 (Ph) (Analysis: found C, 58.15; H,
4.13. C42H35012PdP2 calcd.: C, 58.04; H, 4.18%).

In the case of PPh; as a ligand, the complex (dmad)Pd(PPh;), (VIIb), m.p.
195—196° (dec.), was obtained in 52% yield. IR v»(C=C) 1845 cm™' and NMR
T(CDCl;) 6.8 (s, OMe). The addition of a second molecule of dmad to

TABLE 4
NMR DATA OF (OLEFIN)PdL; COMPLEXES (IN CDCl3)

Complex T(CH=) (L) T(MeQ)
(ma)PA[P(OPh)3],. 6.78(2H) 2.9(30H)

(ma)Pd{P(OMe)3]s 5.67(2H) 6.40(18H)

(dmm)Pd(bipy) 3.80(2H) 1.0—2.7(8H) 6.22(6H)
(dmm)Pd(o-phen) 3.83(2H) 1.5—2.7(8H) B6.27(6H)
(dmf)Pd(bipy) 6.14(2H) 1.4—2.9(8H) - 6.44(6H)
(dmf)Pd(o-phen) & 5.89(2H) 1.0—-2_3(8H) 6.35(6H)
(dmf)Pd(tmeda) @ 6.32(2H) 7.30(12H) 6.63(6H)
(dvs)Pd(o-phen) ¢ 4—5(6H) 0.6—2.1(8H)

(an)Pd(o-phen) 4,.81(2H) 0.8—2.3(8H)

4 DMSO-dg.
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(VIIb) in benzene at room temperauure gave the palladlacyclopentadlene complex
(VIb), m.p. 160—164° (dec ), in 70% yield. ~

(5) Preparatzon of(blpy)Pd(OH)z complex via sz(DBA)3 . :

When excess molar amounts of bipyridine (1.6 mmol) was treated w1th a
methanolic suspension of (I) (0.4 mmol) under an oxygen atmosphere, the color
of the solution changed from reddish-violet to clear reddish-brown. After removal
of methanol, the residue was washed with acetone and added with small amounts
" of water. The solution was kept in a refrigerator, and yellowish needle-like crys-
tals (VIII), m.p. 105—110° (dec.), were precipitated in a yield of 60% (Analysis:
found C 38.77; H 3.85; N 8.60. C10H12N203Pd caled.: C 38. 18 H 3 56
8.90%). IR data v(OH) 3400 and »(C—N) 1450 cm™" .

When bipyridine (0.6 mmol) and HCIO, (0.1 ml) were added to an aqueous
acetone solution of (VIII), the color of the mixture changed instantaneously to
yellow, and yellow crystals, [(bipy).Pd](ClO,)., m.p. > 270° were obtained. IR
data v(C—N) 1450 and v(ClO,) 1100 em™! (Analysis: found C, 38.67; H, 2.68;
N, 9.10. C,0H;50sN,Cl,Pd caled.: C, 38.89; H, 2.61; N, 9.07%).
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