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Summary

New routes for the preparation of the binuclear complexes Cl;Pd,L, and
X, (Arx).Pd,;L, (X = halide or pseudohalide, (Ary) = C¢F;s or C¢Cl;,and L =
phosphine or arsine) are descnnbed Cleavage of the halogen-bridge by ligands
leads to mononuclear complexes of the X(Ar, )PdL, and X(Ary)PdLL-type

Introduction

We have recently shown [1] that the reactions of compounds of the Cl,PdL.,
type with BrTlI(CF5): lead to mixtures of neutral mononuclear and binuclear
halogen-bridged pentafluorophenyl palladium(II) complexes, which, since the
binuclear complexes are less soluble, can be resolved by fractional crystallization
The reaction unforfunately 1is not general, and does not, for example, take place
when L = PEt;, PBu;, PPh.Et, py or quun

In the present paper we describe the preparation of binuclear organopalladium
(I1) complexes and their arylation to give complexes of the X,(Arx).Pd,L,
type. Finally, the cleavage of the halogen-bridge leads to monomeric complexes
of the X(Arx)PdL, or X(Ary)PdLL' type (Ary = C¢Fs or C¢Cls, L or L are
neutral hgands with N, P or As as donor atoms).

Results and discussion

Preparation of chloro-bridged palladium(1l) complexes

Complexes of this type are usually prepared by refluxing Cl,PdL, with am-
monium [2] or, better, sodium [3] tetrachloropalladate(II) in aqueous-
alcoholic solution However, we made the binuclear complexes Cl,Pd,1, (L =
PEt;, PBu;, PPh; or AsPh;) in 80—90% yield by 1efluxing for 30 min mixtures
of the corresponding Cl,PdL; 1n ethanol or acetone solution with PdCl, (90%
of the theoretic amount) m 2 N HCI solution

Cl,PdL., + PdCl, - Cl,Pd,L, 1,
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Process (1) can, of course, not be used 1n this form when L 1s an easily proton-
ated hgand, e g a nitrogen higand.

Synthests of chloro-bridged perhalophenyl palladium(IT) complexes

The only previous direct alkylation or arylation of binuclear palladium(II)
complexes appears to be that by Calvin and Coates [4]. who reported the
alkylation of {(u-SEt),Cl.Pd.(PBu;), with LiCH;, leading to (u-SEt,).(CH,), -
Pd,(PBu;), . The Cl-bridged binuclear palladium{I1) complex (u-Cl,)Cl,Pd, -
(PBu3), reacted with LiCH; to give metallic palladium even at —45°C

We have studied the introduction of C,F; and C,Cl; groups into the binuclear
complexes, according to eqs (2) and (3),

ClsPd,L, + BrMgCsF;s - Cl,(C4¢Fs).Pd,L, + MgX, (2)
{L = PEt;, PBu;, PPh; or AsPh;)
ClL1Pd2(PEt3); + CsClg + Mg ~ Cly(CeCls),Pd(PEt;); + MgCl, 3)

Process (2) normally leads to a mixture of Cl,(C,F:),Pd.L, and Br,(C.Fs). -
Pd.L, The terminal halogens are replaced by C,F; groups and the chlorne-
bridging atoms are partially replaced by bromine atoms On treating the mix-
ture with LiBr, only the bromine denivative 1s obtained as the end-product When
L = AsPh,, partial cleavage of the chlorine-bridges takes place during process
(2), leading to mixtures which were not studied further Process (3) was only
studied with L = PEt;.

The other binuclear CsCl; complexes were prepared by substitution reactions
(see below).

Analytical data for the new complexes are listed 1n Table 1

Synthesis of other binuclear complexes X,(C¢Cls ), Pd,(PEt;),
Other binuclear complexes were prepared by substitution reactions according
to eq 4 starting from Cl,(CsCl;5),Pd.(PEt;); The ease of substitution increases

Cl1,(CsCl;5).Pd,(PEt;), + 2 MX - 2 MCl + X,(C,Cl5).Pd,(PEt3), (4)
(MX = L1Br, Nal or KSCN)

m the sequence Ii1Br < Nal < KSCN, 1 e with the increasing nucleophihic
character of the anion X, agreemng with results obtained [1] with Cl,(CgF<), -
Pd,(PPh;), (Analytical data are listed in Table 1)

Bridge-cleavage reactions
A major apphcation of the halogen-bridged organo complexes 1s 1n reactions
in which the bridge 1s cleaved to give monomeric complexes The cleavage can

2 X(Ar)PdL, (5)
+2L

X\ 2X(AF)PALL’ (6)

L\F’d/Cl\F’d/Ar
ANV

Ar
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obviously be brought about by the same ligand L which 1s already present in
the binuclear complex to afford complexes of the X(Ar)PdL, type (eq 5), or
by a different ligand L' which leads to complexes of the X(Ar)PdLL’ type
{eq 6). Processes (5) and (6) take place under mild condifions The addition of
L or L’ in some cases does not require any special precautions, but in other
cases it is best carried out below room temperature to prevent decomposition
and precipitation of metallic palladium These complications were never ob-
served when working at 0°C

Data for the complexes obtained according to eqs 5 and 6 are listed in
Table 2.

Subsutution reactions of mononuclear complexes

The ligand X of the mononuclear complexes obtained as described above,
may be replaced by other amionic ligands Thus the complexes (SCN)(CsF's)-
PA(PEt;), and Y(CsCl;)Pd(PEt;), (Y = Br, I, SCN) were obtained (For analytical
data see Table II)

The preparation of (CCl;)}(CsFs)Pd(PEt;), according to eq 7 is noteworthy

Cl(CéCls)Pd(PEtg)z + LICGFS - LaCl + (CGFs)(Cﬁclg)Pd(PEta)z (7)

It is interesting that a second C,Cls group cannot be introduced into
Cl(C4Cl5)PA(PEtL;3), by using LuCsCls. CsCl5; could not be mtroduced mto
Cl(C¢Fs)Pd{PEt;),, by use of either LiC,Cl; or CIMgCsCl; Furthermore,1t
was not possible to bring about process (7) with the Grignard compound
XMgCsFs, whatever excess was used Although the failure of some of the
attempts could arise from steric factors. the main reason must be kinetic effects,
since even Cl(C¢Cl5)Pd(PEt;), does not undergo reaction with XMgCsHs or
with InCsH;.

Only one complex (C¢Fs)(CeCls)N1(PPh,;Me), contaiming both a C4Fs and a
Ce¢Cls group attached [5] to the same metal was previously known In this
complex the M—C distance 1s shorter for Ni—C4Cls than for Ni—CsFs (1 905 =
0.010 and 1.978 = 0 009 A respectively) This could indicate a stronger bond
1n the case of M—CCl;s.

Conductivities and melting points

All the complexes are essentially non-conducting, their conductivities (in
acetone or chloroform solution, depending on the solubility) are very low
(Azy ~ 0—1 ohm™ cm?® mol™)

As wll be seen from Table 1, the binuclear complexes show a good thermal
stabihty All except two melt at high temperature (>280°C) with decomposition,
while the two complexes which melt at lower temperatures, do so without
decomposition

The monocnuclear complexes (see Table 2) generally melt without decompo-
sifion.

IR spectra

Both the binuclear and mononuclear complexes exhibit the bands due to the
C.Fs group [6] (at 1635, 1505, 950 and 800 cm™ ) or the C4Cl;s group [7] (at
1320, 1295, 1230 and 675 cm ™! ). The complex (C.F;s)(CsCl: )PA(PEtL;), shows
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both senes of vibrations. All the complexes exhibit the bands charactenistic of
the various ancillary Iigands.

The binuclear complex (SCN).(C4Cls),Pd,(PEt;); shows a very clear band
at 2145 cm™, 1 e 1in a zone which 1s free from other bands and the location of
which practically coincides with that found for (SCN).(CsF5),Pd,(PEt;), [1]
at 2148 em™' . This 1s to be accepted as a rehable indication of the symmetrical
arrangement of the thioeyanato-bridging groups [8].

The mononuclear complexes (SCNYC Fs)PA(PEt;). and (SCN)(CCls)Pd-
(PEt;)., obtained from the corresponding chlorocomplexes by substitution
reactic:.s, show the v(CN) wvibration below 2100 cm ™! . This indicates that the
SCN group 1s attached to the metal via the N atom [7]. The same type of
binding was also found for (SCN)(C4Cls)N1(PPh3), {7] and (SCN)(CeCl;s)-
Pd(PPhs), [7] as well as for (SCNY}CeF;5)Pd(PPh,). [10]

(SCN)(CeCl5)Pd(PEt;). can also be prepared by adding PEt; to acetone
soluzions of the binuclear complex (SCN),(C¢Cl;).Pd.:(PEt;). The IR spectrum
of the resulting complex completely comncides with that prepared by substitu-
tion.

Expeiimental

IR spectra were recorded on a Beckman IR 20A spectrophotometer (over the
range 4000—250 cm™"' ) using Nuyjol mulls between polyethylene sheets Con-
ductivities were measured 1n approx 5 X 107* M solutions with a Philips PW

9501/01 conductimeter
Tae C, H and N analyses weie made with a Perkin—Elmer 240 microanalyzer

Halogen analyses were performed as described by White [11], a few milligrams
of sucrose being added to the sample to facilitate its combustion

For determination of Pd the samples were dissolved first in fuming nitric
acid and then 1n perchloric acid, and the metal was precipitated with dimethyl-
glyoxime [12]

Preparation of Cl,PdL, (L = PPh;, PBu,, AsPh; or PEt,)

An ethanol solution of the hgand was added dropwise to an aqueous solution
of K,;PdCl, The resulting yellow precipitates were recrystalhzed from dichloro-
methane (L = PPh; or AsPh;) or acetone (L, = PBu; ) In the case of L = PEt;.
the initially formed reddish precipitate redissolved after completion of the addi-
tion of the ligand

Upon adding 6 N HCI, a yellow sohd precipitated The mixture was stirred foi
21 h. and the sohd recrystallized from ethanol/water. (approx 90% vield)

FPreparation of CI_Pd,L, (L = PPh,, PEt;, PBu; or AsPh;)

An ethanol solution of CI,PdL, was refluxed for 30 min with 90% of the
calculated amount (according to eq 1) of PACl; 1n 2 N HCl solution The result-
ing cdark-red solution was filtered to remove a small quantity of precipitated
metallic Pd The filtrate was concentrated, and the binuclear complexes
separated 1n 90% or even higher yields.

Preparation of Bro(CeFs),Pd, L. (I—II1I) (L = PPh,, PEt;, PBus )
An (3 8 1) excess of the Grignard compound BrMg(C¢F;s) was added to an
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ether solution or suspension of Cl,Pd,L., The mxture was stirred for 30 mmn
at room temperature and then refluxed for 1 h. After evaporation of the solu-
tion to dryness, warm water was added to destroy the Grignard compound The
residue was extracted with acetone, and water was added to give a brown prod-
uct This was extracted with ether After partial evaporation of the ether, yellow
crystals were obtained, these were, 1n every case, a mixture of Cl.(CsFs),Pd,L>
and Br,(C¢Fs),Pd,L, The mixture was quantitatively transformed into the
bromo-denivative by treatment with an acetone solution of LiBr The solufion
was evaporated to dryness and repeatedly washed with water to remove all the
soluble halide (40—50% yields).

For L = AsPh; the reaction with the Grignard compound resulted in the
cleavage of the halogen-bridge and in the formation of mixtures which were not
further studied

Preparation of Cl.{CyCls).Pd,(PEt;), (IV)

Dry N, was passed through a 250 ml flask containing 2 5 g (4 4 mmol) of
Cl4Pd,(PEt;);, 0.82 g of Mg and 9.64 g (33 8 mmol) of CsCls and 40 ml of
tetrahydrofuran and 40 ml of benzene were added with sturing The mixture
was heated to the reflux temperature, and 2 ml of benzyl chloride weire added
as mnttiator The refluxing was continued until the magnesium was completely
dissolved The solution was evaporated to dryness and the residue hydrolyzed
to destroy the Grnignard compound The precipitate was filtered off and washed
with n-hexane and then ether The residue was extracted with dichloromethane
and the resulting solution was filtered and evaporated Pale-yellow crystals of
Cl,(CsCl5).Pd,(PEt;). were obtained upon addition of benzene (41 2% yield)

Preparation of X,(CyCls),Pd,(PEt,), (V—VII}

To a dichloromethane solution of 0 5 mmol of Cl.(C4Cl:).Pd.(PEt;). were
added 1 1 mmol of MX (LiBr. Nal or KSCN) 1n 10 ml of acetone The resulting
complex was 1n every case less soluble than the starting complex, so partial
precipitation of the former was observed The mixture was evaporated to dry-
ness, the residue was washed with water to remove the halogen o1 pseudohalogen
and the complex was recrystallized from CH,Cl, /ether (~90% yield)

Preparation of Br(CyFs)PdL, and Br{C Fs)PdLL' (VIII—XIV)

The conditions for each synthesis are summarized 1n Table 8 The starting
complex dissolved in 20 ml of the appropriate solvent After the reaction time
shown, the solution was vacuum-concentrated until crystals of the end product
were observed. The mononuclear complexes were generally soluble 1n ether,
benzene, acetone, or chloroform, and insoluble in water and, in some cases, in
ethanol

Preparation of Clf C4Cls)PdL, and CIC,Ci;)PALL’ (XVI, XX—XXIII)

The syntheses were carried out as summarized in Table 8 Suspensions of the
starting complex Cl,(CsCl5),Pd:(PEt;). in 20—40 m! of the appropriate solvent
were completely dissolved during the reaction The resulting solution was finally
vacuum-concentrated to cause crystallization of the mononuclear complexes
These are soluble 1n benzene, chloroform and acetone, and insoluble in ethanol
and water
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Preparation of X(C¢Cls)Pd(PEt;), (XVII—XIX)

To a solution of 0.8 mmol of CI(C,Cl; )PA(PEt;3), in 20 ml of acetone were
added 0.9 mmol of MX (L:iBr, Nal, KSCN), and the mixture was stirred for 1 h
at room temperature. After evaporation to dryness, the residue was washed with
water to remove the halogen or pseudohalogen and the resulting residue was
recrystallized from benzene/ethanol or ether/ethanol (~100% yield)

{SCN}{CsF;)Pd(PEt;). was obtained 1n the same way (60% yield) starting
from CY(C.Fs)Pd(PEt;),.

{SCN)(C:Cl5)Pd(PEt;3), was also prepared by brnidge-cleavage of (SCN), -
(CsCl5).Pd,(PEL;), with an excess of PEt; To 0 10 mmol of the binuclear com-
plex 1mn 10 ml of acetone wete added 0 22 mmol of PEt; The suspension was
stirred at room temperature until the complex completely dissolved After
partial evaporation and addition of ethanol, white crystals formed, and were
filtered off (50 0% yield)

Preparation of (CgFs)(CsCls;)Pd(PEt;), (XXIV)

2 mmol of CI{CCl;,)Pd(PEt,). were added to a solution of 6 mmol of LiC,F;
m 25 ml of ether at —78°C, and the mixture was stirred for 30 min at this
temperature and for another 3 h at room temperature The precipitate of
Iithium hahde was separated from the off-white solution by centnfuging The
solution was evaporated to dryness, the residue was extracted with benzene,
and the solution filtered White crystals of the complex were obtained by
partially evaporating the solution and adding ethanol (52 9% yield) They are
soluble 1in chloroform, benzene and acetone, and msoluble 1in ethanol, water,
and nitromethane
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