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in the crystal which would differ in the vibrational
frequencies.

The infrared spectra of the two nitrate compounds
contain strong absorptions in the 1040-1010 cm.—!
and the 1320-1280 cm.—! range characteristic of co-
ordinated nitrates. The La(NO;)y4DMA material
exhibits bands at 1027 and 1303 cm.~! as well as ab-
sorption bands characteristic of ionic nitrate.'

The magnetic moments for all the complexes studied
are close to the expected values except for Cu(ClOy)y
4DMA-Hy0. The value of 1.57 for the magnetic
moment of a Cu(II) complex is somewhat low if the
compound is monomeric. Apparently there is some
spin-spin coupling occurring which results in the anti-
ferromagnetism.!* The magnetic moments of the co-
balt, nickel, and manganese complexes correspond to the
spin-free values.

All of the perchlorate salts were found to be strong
electrolytes in dimethylacetamide. The molar con-
ductances of the halide-containing complexes vary
from 0.77 for HgCly» DMA to 52 for NiBry2DMA-3H,0.
These conductance data indicate that halide coordi-
nation persists even at the dilutions used for these

(16) B. M. Gatehouse, S. E. Livingston, and R. S. Nyholm, J. Chem.
Soc., 4222 (1057).
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measurements. It is apparent in the cobalt series
and the zinc series that replacement of the halide
from the codrdination sphere is most pronounced with
the iodide followed by bromide and then chloride.
The omission of brackets in some of the compounds
listed in Table IV indicates considerable doubt as to the
correct formulation of several possible structures for
these materials.

It is of interest to note the similarities in the com-
position of the complexes of DMA with those of di-
methyl sulfoxide (DMSO). The compositions of the
cadmium, mercury, and lead halide compounds of
DMA and DMSO are analogous, both ligands forming
compounds in which the mole ratio of ligand to metal
halide is 1:1. Likewise, the FeCl;32DMA is analogous
to FeCly2DMSO. Of the anhydrous DM A compounds
1solated only the cobalt halides differ in their compo-
sition when compared to the corresponding DMSO
compounds.
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Diethylphosphine and ethylphenviphosphine react with palladium halides and with [PdCly(PR;")]: (R’ = C.H;, CiHs) to
give complexes of the type [PdX,L'L”] (X = halogen; L’ = L” = (C;H;),PH, C:HsCsH:PH, and L' = (C:H;)PH, L" =

PRy, respectively).

In the presence of a base, {PdX,L'L"] lose HX to give the phosphorus-bridged complexes frans-

[PAX(PR;)L]; (Ry = (C:Hs)e, C:H;CeHs; L = (CH;),PH, C.H;CsH;PH, or Ry'P), which react with chelate ligands to give

[Pdy( PRy )a(chelate)s] Xs.

Introduction

A recent investigation of the reactions of diphenyl-
phosphine with palladium halides under a variety of
conditions yielded two series of binuclear complexes I
(X = halogen, SCN; R = CiH;; L = (C¢H;)2:PHor a
tertiary phosphine) and II (chelate = (C¢H;)sPCoHs-

R, R,
L P X P
NSNS ~ N e~
Pd Pd chelatel_,Pd  Pd__ chelate |V;
VA VAN
X P L P
Rz RZ
1 11

(1) Presented in part at the Seventh Intermational Confercnce on Co-
ordination Chemistry in Stockholm, June 24-29, 19062,

P(C4Hs)2, 0-phenan; Y = Cl—, ClOs~, B(CsHj)s ™, ete.) 28
Since the stable Pd,P; ring in these compounds was
readily formed, we have investigated the conditions
under which analogous compounds may be obtained
with diethylphosphiue and ethylphenylphosphine. No
complexes of these ligands with palladium halides have
been described previously although Issleib and Wen-
schuh* have reported that, unlike diphenylphosphine,
dialkyl- and dicycloalkylphosphines do not displace
acid in their reactions with palladium halides, <.e., re-

PdX,; + 2R,PH = [PdX(PR,)(HPR,)]. + HX (1)
actions such as (1) are not observed. We have con-

(2) Part I. R. G. Hayter, J. Am. Chem. Soc., 84, 3046 (1962).
(3) R, G. Hayter, Nature, 198, 872 (19062).
(4) K. Issleib and E. Wenschuh, Z. anorg. ellgem. Chem., 305, 15 (1960).
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firmed this observation for diethylphosphine and also
find that acid elimination and formation of complexes
of type I (R = C.Hj;) occur readily in the presence of a
base.

Experimental

The microanalyses, molecular weights, and melting points were
carried out as described in part 1.2

Preparation of the Phosphine Ligands.—The liquid phosphines
were handled exclusively under nitrogen. Triethylphosphine
was prepared by the Grignard method® and 1,2-bis-(diphenyl-
phosphino)-ethane by the method of Chatt and Hart.® Diethyl-
phosphine was obtained in 309, yield as described by Wymore
and Bailar,” and diphenylphosphine by hydrolysis of (CsHs).PNa,
which was prepared by the reaction of triphenylphosphine with
sodium (2 atoms) in liquid ammonia.8 The yields were in the
range 70-80%, for the product boiling at 152-153° (14 mm.).
Triphenylphosphine was purchased from Eastern Chemical
Corporation and tri-z-butylphosphine from Chemical Procure-
ment Laboratories, Inc.

Ethylphenylphosphine was prepared by a modification of
Issleib and Volker’s method? as outlined in eq. 2 '

THF H,0
(CeH;).PC,H; + 2Li —> C¢H;Li + CoH;CeH;PLi —>

C:H;CeH:;PH + C¢Hs + 2LiOH (2)

Ethyldiphenylphosphine (35.0 g.) in dry tetrahydrofuran (200
ml.) was stirred with lithium foil (2.3 g.) at rcom temperature
until all the metal dissolved to give a red solution (3 hr.). After
hydrolysis, the solution was dried over Na,SOs and distilled.
The phosphine distilled slowly at 40° (3 mm.) leaving a viscous
residue; yield, 7.5 g. (33%).

Anal. Caled. for CsHP: C, 69.55; H, 8.0; P, 22.4.
C,69.7; H, 8.3; P, 22.2.

Preparation of the Complexes.—The palladium complexes were
prepared with exclusion of air, under a blanket of nitrogen.
Once obtained, they were not appreciably dissociated or oxidized
and thus could be purified by crystallization without any partic-
ular precautions being taken against oxidation. ‘The absence of
oxygen in the purified complexes was confirmed both by the
absence of absorption bands attributable to P=0 or to P-OH
vibrations in their infrared spectra and by direct oxygen analysis
on selected compounds (zero 9% oxygen was found in III, VII,
VIII, X, XVI, and XX).

Complexes prepared by more than one route were identified by
their thermal behavior on a heated Kofler block, X-ray powder
pattern, and analysis. The solvents used for crystallizations,
analytical figures, and other data are given for the neutral com-
plexes in Table I and for the ionic complexes in Table II.

Dichlorobis-(diethylphosphine)-palladiym.—Sodium tetra-
chloropalladate(II) (0.54 g.) in ethanol (20 ml.) was treated with
diethylphosphine (0.33 g., 2 moles) to give a white precipitate.
After standing overnight, the product was filtered, washed with
water, and crystallized from acetone to give pure III as matted
needles.

NadeCh + 2(C2H5)2PH =
[PACL{HP(C:Hs):}:] + 2NaCl (3)

Found:

The complexes IV-VII were similarly prepared, except that in
the case of the bromides and iodide, the ethanolic solution of
Na,PdCl; was treated with lithium halide (10 moles) before
addition of the phosphine. ‘

IIT also was prepared in 699, yield from a solution of PdCl;

. (5) G. M. Kosolopoff, “Organophosphorus Compounds,”’ John Wiley &
Sons, Inc., New York, N. Y., 1950, p. 16.

(8) J. Chatt and F, A, Hart, J. Chem. Soc., 1378 (1960).

(7) C. E. Wymore and J. C. Bailar, Jr., J. Inorg. Nucl. Chem., 14, 42
(1960).

(8) K. Issleib and H. O. Fréhlich, Z. Naturforsch., 14b, 348 (1959).

(9) K. Issleib and H. Volker, Chem. Ber., 94, 392 (1961).
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in ethanolic hydrochloric acid and (C.H;):PH (2 moles) and
purified as above.

PdCl; also reacted with (C.H;):PH (2 moles) in boiling benzene
to give a greenish yellow solution which deposited colorless
crystals on standing overnight. The crystals did not then re-
dissolve in benzene and crystallization from acetone gave a 3569
yield of pure IIT.

Dichloro-(diethylphosphine )-(triethylphosphine)-palladium
(VIID}.—[PdCly{ P(CoHs)s} 121 (1.0 g.) in dichloromethane (40
ml.) was treated with diethylphosphine (0.31 g., 2 moles) to give
a rapid change in color from orange to pale yellow. Evaporation
to dryness left a pale yellow solid which gave colorless needles
from acetone.

[PACL{P(CsHs):}]2 + 2(CoH;).PH =
2[PACL {HP(CoHs)s} {P(CaHs)s}]  (4)

IX was similarly prepared.

trans-Di-u-diethylphosphido-dichlorobis-(diethylphosphine)-
dipalladium (X).—III (0.50 g.) was suspended in benzene (20
ml.) and treated with a solution of p-toluidine (0.15 g., 1 mole)
in benzene (5 ml.). A yellow solution and a fine white precipi-
tate immediately began to form and, after refluxing for 15 min.,
the solution was filtered. The residual white solid was identified
as p-toluidine hydrochloride (979, yield) (eq. 9) by comparison
of its X-ray powder pattern and m.p. (sealed tube) with that of
an authentic specimen. The yellow filtrate was evaporated to
dryness and the residue crystallized from benzene-hexane or
acetone to give the pure complex as plates.

XI, XII, and XIII were similarly prepared and also by reac-
tion between PdX, (X = Br, I), the secondary phosphine (2
moles), and p-toluidine (1 mole) in boiling benzene.

trans-Di-u~-diethylphosphido-dichlorobis-(triethylphosphine )-
dipalladium (XIV).—[PdCl, { P(C:H;)s 1121 (1.0 g.) was suspended
in benzene (50 ml.) and treated with p-toluidine (0.37 g., 2
moles) to give a yellow-orange solution of trans-{PdCly(p-tolui-
dine) {P(Csz)s}] (eq. 10a). Diethylphosphine (0.31 g., 2 moles)
then was added and the solution refluxed for 30 min. After
filtering from the precipitated p-toluidine hydrochloride, the
solution was evaporated to dryness, leaving a yellow solid.
Crystallization from benzene gave the pure complex as yellow
needles.

The complexes XV-XVIII were similarly prepared. XIV also
was prepared, in about 59, yield, by reaction between [PdCls-
{P( CoH;); } ]2¥%and (CoH;)2PNa in liquid ammonia, After hydrol-
ysis, the product was extracted into benzene and crystallized
by addition of hexane.

[PACL{P(CsHz)s}]2 + 2(C.H;),PNa =
[PACI{P(CoHs)s} {P(C:Hs)s}]s + 2NaCl  (5)

Di-u-diethylphosphido-dibromobis-(tri-z-butylphosphine)-
dipalladium (XIX).—PdBr. (0.925 g.), p-toluidine (0.37 g.,
1 mole), tri-n-butylphosphine (0.70 g., 1 mole), and diethyl-
phosphine (0.31 g., 1 mole) were refluxed together in benzene
(50 ml.) for 40 hr. After filtering from amine hydrobromide and
a small amount of unreacted PdBrs, the solution was evaporated
to dryness, leaving an orange oil, which crystallized in hexane.
Repeated crystallization from benzene—hexane gave pure XIX in
about 109, yield. The hexane washings yielded pale yellow
needles (m.p. 138-180°) and orange rods (m.p. 68 74°), which
were identified as impure XI and [PdBrz{P(C4H9)3}2], respec-
tively.

2PdBrg + 2(C4Hg>3P + 2(C2H5)2PH —+
2p-CH,CH NH; = [PdBr{P(CeHs)} {P(C;Hy)s) ]2 +
2p-CH;C¢H;NHyHBr  (6)

Di-u-diethylphosphido-dithiocyanatobis-( diethylphosphine)-
dipalladium (XX).—X (0.50 g.) and potassium thiocyanate
(0.50 g., excess) were refluxed together in acetone solution for
30 min. The solution then was filtered and evaporated to dry-

(10) J. Chatt and L. M. Venanzi, J. Chem. Soc., 235 (1957).
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TaBLE 111

Conpucrivity DaTa FoR [Pde{ P(CeHa)o)o{ (CoHe ) PCoH,P(CoHi)e) 2 1Xs

(X = ClO;~, OCsHy(NO;); ™) in methanol at 25°¢

Ao
Compound (ohm 1) wb
XXIII 119.3 1.016
XXI1V 98.2 1.080
[Ni(1,10-phen); ]Cl,¢ 110.2 1.080

2 D% = 32.63; 1 = 0.00547 poise.

COMPLEXES OF SECONDARY PHOSPHINES WITH PAaLrapium(II) 309

Concn. range

(4 4+ wBAy)—— (equiv./1.

A B Caled. Found X 104)
278.8 1.801 497 560 - 2.8-14.1
278.8 1.801 470 643 1.4~ 5.4
278.8 1.801 493 514 1.4-31.0

Locera (N0~ = 46.9 ohm~! (L. Fischer, G. Winkler, and G. Jander, Z. Elektrochem., 62, 1 (1958).

TaABLE IV

¢ See ref. 2.

b Caled. using Pcio,~ = 70.9 ohm = (E. D. Copley and H. Hartley, J. Chem. Soc., 2488 (1930);

ConpucTtiviTy DATA FOR SoME CoMPLEXES OF TYPE II AND FOR SoME KNowN ELECTROLYTES IN NITROMETHANE AT 25°¢

Conecn. range

Ao ——(4 4 wBAp)—— (equiv./1.
Compound (ohm ~1) w A B Cualed. Found X 10%)
[(#-CsH,)N]Br 103.5 0.586 126 1.210 199 183 3.1-66.0
NaB(CsHj)s 100.2 0.586 126 1.210 197 216 4.2-96.0
INi(1,10-phen);]Cl, 117.6 1.111°% 232 1.482 425 420 3.0-21.3
XXV 76.0 1.038¢ 232 1.482 348 410 1.6-13.8
XXVI 88.0 1.080¢ 232 1.482 37, 392 0.8-14.3
XXVII 86.4 1.075¢ 232 1.482 369 430 2.0-16.6
XXVIII4 80.0 1.053¢ 232 1.482 356 455 0.9-14.3
[Co(dipy); ] [ClO4)s¢ 144.0 1.4627 357 1.711 717 1020 1.7-16.1
@ D¥ = 36.82; n* = 0.00620 poise. ? Calculated using an estimated value of o1~ = 50 ohm ™. ¢ ’ycemza~ = 42 ohm ! (obtained

from Pya+ = 58 ohm =Y and Ay [NaB(CeH;)] = 100.2 ohm=%, ¢ XXVIII = [Pdy{P(CeHslp} 2] (CoHs ) PCoHP(CoHs)e}2 ] [B(CoHs)s s

(see ref. 2).
Rust, and H. Hartley, .J. Chem. Soc., 199 (1931).

ness and the pale yellow residue was washed with water and
crystallized from benzene-hexane to give pure XX.

[PACI{P(C,H;)»} {HP(C:Hs)s}]s + KSCN =
[PA(SCN) {P(CsHs): } {HP(CeH: )z )] + KC1 (7)

XXI and XXII were similarly prepared.

Di-y-diethylphosphido-di-{1,2-bis-(diphenylphosphino)-eth-
ane]-dipalladium Diperchlorate (XXIII).—XV (0.50 g.) and
(CeH5)sPCoH4P(CeHs)e (0.46 g., 2 moles) were dissolved tcgether
in het ethano! (50 ml.) to give a yellow—orange solution (eq. 11).
Excess NaCl0O,; (0.50 g.) in water (2 ml.) then was added and the
solution refluxed for 30 min. Cooling gave yellow crystals,
which were recrystallized from methanol to give pure XXIII in
209, yield.

XXIV, XXV, and XXVI were similarly prepared in 21, 70,

and 269, yields, respectively.

Di-u-diphenylphosphido-di-(ethylenediamine )-dipalladium
Ditetraphenylborate (XXVII).—XVIII (0.50 g.) in benzene
(20 ml.) was treated with ethylenediamine (0.20 ml., excess) to
give a yellow crystalline precipitate from a red solution. After
standing overnight, the yellow product was filtered, washed
with benzene, and treated with NaB(C¢H;)s (0.50 g.) in ethanolic
solution to give a thick pale vellow precipitate. After filtration,
this product yielded pure XXVII by crystallization from acetone—
benzene mixtures as yellow needles (319, yield).

Conductance Measurements.—These = measurements were
made at 25° using a Model RC-16B2 conductivity bridge (In-
dustrial Instruments, Inc.) and a cell with platinum electrodes
coated with platinum black having a cell constant of about 0.1.
Conductivity vs. concentration data were obtained over as wide
a concentration range as possible (see Tables III and IV), the
lower limit occurring when the conductivity due to the solute
was of the same order of magnitude as that of the solvent and
the upper limit when deviations from linearity of a plot of A,
vs. ¢'/* became noticeable. A, was obtained from this plot by
linear extrapolation to zerc concentration. A subsequent plot
of (A — Ac) vs. ¢'/? (eq. 8) vields a line whose slope is (4 +
wBAp).1*

Ao — Ao = (4 + wBAyc/: (8)

(11) L. Onsager, Physik. Zeit., 38, 277 (1927).

¢ F. H. Burstall and R. S. Nyholm, J. Chem. Soc., 3570 (1952).

! Pojo,~ = 64 ohm~1¢ ¢ C. P. Wright, D. M. Murray-

(Ap, Ac = equivalent conductances at concentrations zero and c,
respectively; A4 and B are constants depending on the dielectric
constant and viscosity of the solvent, temperature, and the ionic
charges (Z.); w = 0.586 for uni-univalent electrolytes and is a
function of the ionic charges and mobilities (/°.) for more highly
charged electrolytes). ‘

Semi-empirical values of (4 4+ wBAo) thus can be calculated,!*
the only unknown quantity being the charge on the cation,
Z+ (Z- = 1). It is noteworthy that the calculated gradient
(4 4+ wBAg) increases roughly in the same ratio as the chosen
values of Z+. Z+ thus can be found by comparison of the experi-
mental (4 + wBAp) with both the calculated values for varicus
charge sizes and with the experimental values for electrolytes of
known types in the same solvent. The results are summarized
in Tables III and IV. .

The value of this method lies in the fact that the charge on
an icn may be determined without any assumption being made
about molecular complexity, since equivalent conductances
only are required. It thusis possible to distinguish unequivocally

between the monomeric structure [chelateGPd(PRg)]Y, the
dimeric structure (II), and higher pclymeric structures having
six- or eight-membered or larger heterocy¢lic rings. All the
possible structures of this type have the same equivalent weight
and comparison of their molar conductances:with those of elec-
trolytes of known type does not distinguish between them.?

Titration Curves.—These were obtained by following the
change in pH caused by the addition of 0.1 N NaOH to 10~% M
sclutions of the complexes in ethano! using a Leeds and Northrup
pH meter. Back titration wassimilatly and immediately carried
out using 0.1 N HCl. The results for [PdX{HP(CiHs):}s]
(X = I, Cl) are shown in Fig. 1. When X = I, a sharp end
point was found at 1.1 equivalents of NaOH (pH 8.3), and there
was no further evidence of reaction below pH 12. Back titration
with acid confirmed the original end pointat 1.03 equivalents ( Fig.
1{a)). The bridged complex [PdI{P(C.Hs)} {HP(C:H;) !l
was isolated from the neutral solution, although only in low yield.

The corresponding bromo and chloro complexes behave dif-
ferently in that the titration curve does not have a well defined
equivalence point. Back-titration with acid shows that in each
case about 1.4 equivalents of base have reacted with the com-
plexes (Fig. 1(b)).
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1 1
1.5 20 2.5 Equivs, NaOH
.0 05 O Equivs. HCI

(b} [PACI{HP(C Hylo}o]

Fig. 1.—Titration of [Png{HP(CgH;,)}?] with 0.1 N NaOH (@)
and back titration with 0.1 N HCI (@).

Dipole Moments.—These were obtained by Mr. J. V. Kennedy
of the Physical Measurements Department of Mellon Institute,
using the method of Everard, Hill, and Sutton!? and a Wissen-
schaftlich—Technische Werkstitten Dipolemeter. The equa-
tions relating the dielectric constant, (ez), refractive index (#12),
and specific volume (V1) of the dilute benzene solutions to the
weight fraction of solute (w2) were obtained by a least squares
procedure and are given in Table V. It was assumed that the
sum of the electronic (Px) and atomic (Pa) polarizations was
approximately equal to the molar refraction for the sodium p
line (Rp). Some authors prefer to assume Pg = Rp and to
make an allowance for P amounting to 10-15%Rp. If this is
done for the dipole moments reported in Table V, it is found that
the larger moments are lowered by 0.1 D. and the smaller by
about 0.3 D. Changes of this magnitude do not substantially
affect the conclusions reached in the Discussion.

TABLE V
DATA FOR THE EvALUuATION OF DIPOLE MOMENTS
[PAL{HP(CyH; )}
ez = 2.260 + 5.686w; Pr = 658.6 cc.
me = 1.4978 + 0.1890w; wy: 0-18 X 10~* Rp = 134.4 cc.
Vig = 1.1461 — 0.6677w; Py = 524.2 cc.
u=2>5.1D.
[PAL{HP( CsHs)a} 2)?

ey = 2.266 4+ 6.768uw; Pr = 1043 cc.
nip = 1,4975 + 0.1492w;  wy: 0-29 X 107* Rp = 167.4 cc.
Vig = 1.1460 — 0.6573w, Py = 875.6 cc.
u=06.5D.

[PdCl{ P(CsH5)2} {P(C2H5)3} I2?
e = 2.265 4+ 1.838w; Pr = 485.8 cc.
my = 1,4976 + 0.1407w;  wy: 0-57 X 107* Rp = 246.0 cc.
Vu = 11460 bl 04:776(4)2 PD = 2398 CC.
u=234D,

[PACH{P(C.H;):} {HP(C:H; ) 1
62 = 2.269 + 2.253w, Pr = 395.2 cc.
ny = 1.4975 + 0.0959w>» wy: 0-31 X 107* Rp = 155.7 cc
Vie = 1.1460 — 0.5055w; Py = 239.5 cc.
u = 3.4 D.

[PACI{ P(C:Hy)o} { P(CaHs )i} 1o
6y = 2.267 -+ 1.907w: Pr = 389.6 cc.
mae = 1.4977 4 0.0948w, wy: 0-56 X 10™* Rp = 174.2 cc.
Vie = 1.1460 — 0.4795w, Py = 215.4 cc.
uw=3.25D.

(12) K. B. Everard, R, A. W. Hill, and L. &, Sutton, Tranrs. Farecday Soc.,
46, 417 (1950},

I'norganic Chemistry

Discussion

Mononuclear Complexes.—Complexes of the type
[PAX,L'L"] (X = Cl, Br, I) were prepared by the reac-
tion of diethylphosphine or ethylphenylphosphine either
with palladium halides (L’ = L” = (C.H;),PH, C.Hj;-
CsH;PH) or with the chloro-bridged complexes {PACl,-
(PR;) 1 (L' = PRy, L” = (C;H;),PH). [PdX,-
L'L"] are monomeric in acetone or henzene solutions
and non-electrolytes in nitromethane, indicating a four-
codrdinate structure, probably containing square planar
palladium(II), as has been found in all such com-
plexes of this metal which have so far been subjected
to X-ray structural analysis.’® It is well known that
compounds of this type may exist either as cis or trans
isomers,!* and although both isomers of platinum(II)
complexes usually can be obtained, the more labile
palladium(II) complexes have only been isolated in the
solid state in one isomeric forni, usually frans. Among
the isomeric platinum complexes, it has been observed
that cis and trans isomers can be distinguished by such
properties as color, melting point, solubility, and dipole
moments, the css isomers being paler in color, higher
melting, less soluble in benzene, and possessing a high
dipole moment. Since [PdCIQ{HP(CQHa)Q}g] and [Pd-
Cl,{ HP(CyHj)s} { P(C,Hy)s} ] are insufficiently soluble in
benzene for their dipole moments to be measured, it has
proved necessary to consider the remaining three of the
four properties listed above and comparison is made
with the triethylphosphine complexes ol palladium(IT)
and platinum(II) in Table VI.

From Table VI, it seems likely that the diethylphos-
phine complexes have the ¢is rather than the frans con-
figuration in the solid state, the contrast in properties
with frans- [PdClg{P(CQHs)g}Q} being particularly no-
ticeable. This deduction is supported by the observa-
tion that the more soluble [PdIZ{HP(C2H5)2}2] has a
dipole moment of 5.1 D., indicating that an appreciable
proportion of the highly polar cis isomer is present in
solution. Since replacement of iodine by chlorine in
these complexes favors the cis isomer,'* it is probable
that [PAClL, { HP(CyHj)s | 2], if soluble, would exist almost
entirely in the ¢is form in benzene solution.

Although the above evidence for the cis structure is
not definitive, it is felt to be sufficiently certain to allow
some discussion as to why replacement of ethyl groups
by hydrogen in [PdX:{ P(C,Hy)s ;] appears to favor the
¢is isomer at the expense of the frans. This effect may
be partially steric, since it is to be expected that the
lesser steric requirements of the secondary phosphine
would tend to favor the more crowded cis isomer.
Another important factor may be the greater electro-
negativity of hydrogen as compared with that of the
ethyl group. This will increase the r-acceptor capacity
of phosphorus and hence the strength of the n-band be-
tween phosphorus and the metal. There will also be an

(13) A. T, Wells, ““Structural Inorganic Chemistry,” Oxford University
Press, 1962 (3rd edition), p. 920 e. seq.

(14) R. G. Wilkins and M. J, G. Williams in J. Lewis and R. G. Wilkins,
15d., “Modern Cpérdination Chemistry,”’ Interscience Publishers, Inc., New
York, N. Y., p. 174,
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TABLE VI

COMPARISON OF THE PROPERTIES OF ¢7s AND trans-[MCLL,]
(M = Pd, Pt; L = substituted phosphine)

Compound Color
trans- [PACL{ P(CsHj)s} 512 Vellow
trans-{PtCly{ P(C;Hy)s) 2 1* Pale yellow
cis- [PtClg{ P( C2H5)3} o]0 Colorless
[PACly{ HP(C:Hs):} 2] Colorless

[PACL{ HP(C;Hs)} { P(C2He)s) | Colorless

¢ B, G. Mann and D. Purdie, J. Chem. Soc., 1549 (1935), and ref. 17.

associated weakening of the os-bond, so that the result-
ant total bond strength will depend on two opposing
effects and cannot be accurately predicted. However,
in the cis isomer, the phosphorus atoms are able to form
more effective w-bonds than in the frans isomer, where
the phosphorus atoms are competing for the same metal
d-orbital.’® Hence, any effect which increases the ex-
tent of d,~d, bonding in complexes of this type will
probably tend to increase the stability of the cis isomer
relative to that of the trams.’® A combination of the
steric and electronic effects discussed above may be
operating here.

The only other series of mononuclear monodentate-
ligand complexes of palladium(II) which are thought to
be of cis configuration is [PACl,(SbR3)e].Y These are
yellow in the crystalline state, and slowly dissolve in
benzene with partial isomerization to give red solutions
containing 60-969% of the trans isomer.

Binuclear Complexes.—The above reactions show
that, unlike diphenylphosphine,? diethylphosphine and
ethylphenylphosphine do not yield phosphorus-bridged
complexes directly from palladium halides. However,
treatment of the mononuclear complexes ITI-VII with
a weak base, such as an amine, causes rapid elimination
of HX and the formation of the dimeric complexes
X-XIII, for example

2[Pdclz{HP(CzH5)g}2} + 2p-t01uidine =
[PACI{P(C,Hy)2} {HP(CoHs)s)1s + 2p-toluidine-HCI  (9)

These reactions usually are carried out in benzene,
amine-HX being precipitated, leaving the bridged
complex in solution. Compounds of the type [PdCI-
(PR;)(PR’;) ], (XIV-XVIII) were obtained by a simi-
lar method, using the chloro-bridged complexes, and
two slightly different routes as outlined below

2[PdCly{ PR, )amine] 18 (10a)
amine N R.PH
[PACI(PR;")]; [PACI(PR;)(PR;")]: 4+
NRoPH /amine

2[PACL(HPR.)(PR;")] amine-HCI (10b)

We have found eq. 10a to be the more convenient
route since the intermediate amine complex, unlike
[PACL(HPR,)(PR;’)], is benzene-soluble and the
seécond stage occurs rapidly and completely on addition
of R;PH. In neither (10a) nor (10b) is it necessary to
isolate the intermediate complex. [PdCI{P(CaH5)2}-
{P(C2H5)3} le was prepared in this way and was found to

(15) J. Chatt and R. G. Wilkins, J. Chem. Soc., 4300 (1952).
(16) J. Chatt and R. G. Wilkins, £bid., 525 (1956).

(17) J. Chatt and R. G. Wilkins, ¢bid., 70 (1953).

(18) J. Chatt and L. M, Venanzi, ¢bid,, 2445 (1957).

Solubility Dipole
M.p., °C. in benzene moment
139 High 0
142~143 High 0
192-193 Low 10.7 D.
170 dec. Low
145-164 dec. Low

b K. Jensen, Z. anorg. allgem. Chem., 229, 250 (1936).

be identical with the complex previously obtained by
reaction between triethylphosphine and [PdCl{ P-
(CeHy)o {HP(CeHy)o} 1.2 [PdBr{P(CsHy)z {P(CiHo)s}l:
was similarly prepared, although in low yield, by reac-
tion between equimolar quantities of PdBr;, diethyl-
phosphine, tri-n-butylphosphine, and p-toluidine; [Pd-
Br{ P(C;Hg)s }{ HP(CoHy):} ) and  [PdBrz{ P(CsHg)s}e]
also were obtained.

The thiocyanate complexes XX-XXII were prepared
by treating the corresponding chloro complexes with
potassium thiocyanate in acetone.

Structure and Reactions of the Binuclear Complexes.
—The dipole moments of [PACI{P(C,Hs);} { HP(Cs-
Hy)o} 1: and [PACH{P(CHs)z} { P(CoHs)s | I; ate 3.4 and
3.25 D., respectively, while that of [PAC1{P(CeHj),}-
{P(C2H5)3} 12 was found to be 3.4 D, These complexes
therefore exist mainly as trans isomers in benzene solu-
tion, although a small amount of a cis isomer (ca. 109%;)
also may be present due to partial isomerization. These
results are consistent with the findings of Dr. G. S.
Smith, who has made a preliminary X-ray investigation
of single crystals of {PdCl{ P(C2H5)2} {HP(C2H5)2} Js and
has found the dimer to have a center of symmetry and
and hence the trums configuration. The crystallo-
graphic data were reported in an earlier communica-
tion.?

In general, the dimeric complexes X-XXII have 1eac-
tions similar to those of the corresponding diphenylphos-
phido complexes previously shown to have structure I
(R = CgHjy). Thus, they do not undergo bridge-split-
ting reactions with ainines or with tertiary phosphines,
showing that they do not contain a halogen bridge. In
addition, the thiocyanato complexes show absorption at
2080-2090 ¢m. ! due to terminal thiocyanate groups,'®
showing that diethylphosphido rather than SCN groups
are in the bridge. The type I complexes react with
chelate ligands such as C2H4{P(C6H5)2}2, o-phenanthro-
line, and ethylenediamine, thus
n|{PACHP(CoH;)et {P(CiHod 1o 4 2n(CelHs )y PCHP(CoHi )y =

2[Pd, {P(CoH3)a }n {(CsHs )2 PCoHP(CsHs )2 } o1 Cl 4
2n(C.Hy)P (11)

The ionic products were isolated as salts of large
anions suich as ClOs~, B(CsHj)s™, or OCsHo(NO2);~ (see
Table II). The application of the Onsager equation!?
(8) to conductivity vs. concentration data leads to the
conclusion that the salts have structure II (z = 2 in
eq. 11).

It was shown previously that in methanol at 25°,

(19) J. Chatt and L. A. Duncanson, Nature, 178, 997 (1956).
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uni-bivalent electrolytes are expected to have (4 +
wBAg) values in the region 460-520, while the experi-
mental values are usually 500~-600. In contrast, uni-
univalent electrolytes have (4 4 wBAg) values around
240 and the values for uni-trivalent electrolytes are ex-
pected to lie above 720.2

The conductance data obtained in methanol (Table
IIT) show that the new complexes XXIIT and XXIV be-
have as uni-bivalent electrolytes, although (4 -+
wBAp) for XXIV is larger than calculated or expected by
analogy with similar uni-bivalent electrolytes.?

Relatively large deviations in this direction from the
calculated values are not uncommon, however, particu-
larly in non-aqueous solvents, and usually are ascribed
to ion-pair formation. In addition, the calculated (4 +
wBA,) for XXIV behaving as a uni-trivalent electrolyte
is about 720, and this can be considered a minimum
figure, since experimental values probably will lie consid-
erably above this (For example, see [Co(dipy);][ClO,],
in Table IV.) A more highly charged structure for
XXIV is also not consistent with the observed ionic
weight values in acetone, which agree well with that ex-
pected for a completely ionized uni-bivalent electrolyte.

We have now extended these conductivity measure-
ments to nitromethane solutions, and find that the
methanol-insocluble tetraphenylborates give a linear
relationship between A, and /¢ over a wider concen-
tration range than do similar chloride, perchlorate, and
picrate salts in methanol. The results are summarized
in Table IV, along with data obtained for some known
1:1, 2:1, and 3:1 electrolytes. These clearly show
that the complexes XXV~XXVII behave as uni-bi-
valent electrolytes in nitromethane. Thus, in order for
palladium(I1) to retain four codrdination in the binu-
clear cation, the diethylphosphido- and diphenylphos-

Inorganic Chemastry

phido- groups must occupy bridging positions as shown
in IT.

Reaction of [PdX,{HP(C,H;),}.] with Strong Base.—
The reactions of [PdXz{}IP(C2H5)2 ts] with NaOH in
aqueous alcoholic solution have been followed potentio-
metrically and evidence has been found for at least two
consecutive reactions, the first of which is probably
[PAX, {HP(CoH;)e}s] + NaOH =

/ol PdX{P(CoHs): | {HP(CoHs)2}]e + NaX + H.O (12)

When X = Cl or Br (but not I), a second reaction,
possibly (13), closely follows (12), although under the
titration conditions it does not occur quantitatively.

Vo[ PAX {P(CoH)e } {HP<C2H5)L}]2 + NaOH =
[Pd{P(Cols)s}s] + NaX + H.O (13)

It is interesting to note that reaction 12 occurs at
higher pH in the order Cl < Br < I and reaction 13 toa
decreasing extent under the titration conditions in the
order Cl > Br > 1. This behavior is similar to that
qualitatively observed with [PdX, { HP(C:H;). } 2], which
was found to become more stable with respect to loss of
HX in the order CI < Br < I. The factors which de-
termine this order were discussed previously.? The
diphenylphosphine complexes lose HX more readily
than those of (C;H;):PH and C,H;CsH,PH, [PACl,{ HP-
(CsHy)p )], for example, being too unstable to be iso-
lated, while the corresponding bromo complex, although
stable in benzene, decomposes rapidly in ethanol, giving
HBr and [PdBr{P(CsHy)s} {HP(CeHs)z} 2.2 The pro-
gressive substitution of the ethyl groups in diethylphos-
phine by the more electronegative phenyl probably
causes an electron drift away from the ligand atom into
the aromatic system. This will result in a decrease in
the electron density in the P-H bond and hence in a
more acidic protomn.
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Some new codrdination compounds containing the ligands (C;H;0)P(O)CH,P(O)XOCsH:), (designated Li) and (CiHo-
P(O)CH,P(O)(CsH,), (designated T;) have been prepared and have been characterized by means of their infrared spectra,

visible spectra, conductance measurements, and magnetic susceptibility measurements.

The compounds which have

been prepared are [FeCly(Ly)][FeCl, CoClyLyH;0, [Co(Li)sl(ClOs)e, [Ni(Li)s](ClOs), 8CuCly5Lla, [CulLi)e](ClO).,
chly'Lx, [ZI’I(L1>2]<C104)2, [SbCh(L;)][SbC]G], [FE(L2>3] [F€C14]3, [Fe(Lg)gl(CloUs, [CO(L;).;] [COCh], and {Nl(L_}).}] {NxChl

Introduction

Since substituted phosphine oxides have been found
to be good cobrdinating agents and since many com-
plexes of them have been prepared and studied!'—*
it was decided to investigate the donor properties of
ligands containing two phosphoryl groups. Com-

pounds containing one methylene group between the
two phosphoryl groups were chosen so as to permit the

(1) R. H. Pickard and J. Kenyon, J. Chem. Soc., 262 (19086).

(2) J. C. Sheldon and S. T. Tyree, J. Am. Chem. Soc., 80, 4775 (1958).

(3) F. A. Cotton, E. Banaister, R. Barnes, and R. H. Holm, Proc. Chem.
Soc., 158 (1859).

(4) E. Banaister and F. A. Cotton, J. Chem. Soc., 1873, 1878, 2276
(1960).



