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The reaction of 2 equiv of the air-stable primary phosphine (ferrocenylmethyl)phosphine (PH,CHzFc, 1) with [Pd-
(cod)Cly] (Fc = ferrocenyl; cod = 1,5-cyclooctadiene) at 298 K gave the phosphanido-bridged Pd(ll) tetramer
[Pd(PH,CH_Fc)Cl(u-PHCH,FC)]4 (2), which shows an unprecedented arrangement of four Pd atoms embedded in
an eight-membered Pd,P, ring. An X-ray diffraction study showed that 2 crystallizes in the triclinic space group P1
with a = 17.607(7) A, b= 17.944(7) A, ¢ = 18.792(7) A, o. = 107.120(12)°, B = 96.344(13)°, y = 117.087(15)°.
Each molecule contains four palladium atoms in a distorted square-planar coordination formed by one chlorine and
three phosphorus atoms. Two of the latter belong to bridging primary phosphanides and the remaining one is
contributed by a terminal PH,CH,Fc ligand. The coordination environments of neighboring metal centers adopt an
almost perpendicular mutual orientation. The reaction of 2 equiv of 1 with [Pt(cod)Cl;] at 323 K yielded the analogous
Pt(ll) tetramer of formula [Pt(PH,CH,Fc)Cl(x-PHCH,Fc)]s (3), which was fully characterized by multinuclear and
dynamic NMR, IR, and elemental analyses. Single-crystal X-ray diffraction on 3 confirmed the tetranuclear arrangement
in the solid state, but orientational disorder of the molecule precludes a more detailed discussion of the structure.
Low-temperature NMR experiments in CD,Cl, showed the presence of two slowly interconnecting conformers.
Reaction of 1 and [M(cod)Cl,] (M = Pd or Pt) at lower temperatures (273 K for Pd, 295 K for Pt) in dichloromethane
allowed the detection in solution of the mononuclear species cis-[M(PH,CH,Fc),Cl;] (M = Pd, 4; M = Pt, 5) which,
upon heating, transformed into the tetramers 2 and 3, respectively. Solid samples of 4 and 5 could be isolated
after workup at low temperature and were characterized by conventional spectroscopic methods.

Introduction pyrophoricity (especially for alkyl phosphines), and toxicity.
Primary phosphines, PR, are an important class of Neyertheless, the reactive character of tfg}e primary phos-
compoundswhich, although discovered over a century ago, Phines and the easy cleavage of thetPbond upon metal

have been rarely employed as ligands for the synthesis OfcoorQipation make them interesting for the preparation of
metal complexedmostly because of their high air-sensitivity, transition metal complexes.
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Reactiity of (Ferrocenylmethyl)phosphine

Pioneering studies on palladium and platinum complexes active ferrocenyl group, presumably important in the kinetic

of primary phosphines were carried out using cyclohexyl-
(1), 2-cyanoethyl-I{) , and phenylphosphinél( )3 or trim-
ethylenediphosphinegl\().* In all cases, the reaction of 2
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equiv of the organophosphorus ligand with metal chlorides
gave the correspondingis[L.MCl;] complexes, which
underwent easy dehydrochlorination to givhosphanido-
bridged dimers, such as [Pd(EEY)(«-PHCy)CIL,® or u-phos-
phinidene dinuclear complexes, such&3d(PHPh)LCI} »(u-
PPh)]% In recent years, the reactivity of sterically demanding
primary phosphines such as 1l-adamantylphosphifjeo(
mesitylphosphine\(l) toward transition metal centers has

stabilization against oxidation, has been associated with the
surprisingly high stability!

Herein, we report on the reactivity dftoward Pd and Pt
chlorides, which led to the isolation of the novel Pd(Il) and
Pt(11) tetramers of formula [M(PECH,Fc)Cl(u-PHCH.FC)]s
(Fc= ferrocenyl, M= Pd,2; M = Pt, 3). To the best of our
knowledge,2 and 3 are the first cyclic tetranuclear Pt(Il)
and Pd(ll) complexes having an eight-memberegPMing.

Experimental Section

Materials and Methods. All reactions were carried out under a
pure dinitrogen atmosphere using freshly distilled and oxygen-free
solvents. The (ferrocenylmethyl)phosphinBfc and the metal
precursors, [M(cod)@] [cod = 1,5-cyclooctadiene, M= Pd or Pt}°
andtrans{Pd(PhCN)CI,],16 were prepared by literature methods.
Although the primary phosphing is reported to be air stable in
the solid state, it was stored in the dark in a Schlenk tube under
nitrogen before use.

C and H analyses were carried out on a Eurovector 3000 CHN
elemental analyzer; Pd and Fe analyses were performed with a
Perkin-Elmer SIMA A6000 atomic absorption spectrometer after
mineralization. The chloride content of the complexes was deter-
mined by argentimetric titration using a Metrohm 716 DMS Titrino.
Elemental analyses of phosphorus were carried out by spectropho-
tometric methods using a Kontron Uvikon 942 instrumeht<
460 nm). IR spectra were recorded on a Bruker-Vector 22
spectrometer. NMR spectra were recorded with a BRUKER Avance
400 spectrometer; frequencies are referenced to externgiNiel
and 13C), 85% HPO, (®'P), and HPtCk (*%Pt). Computer

attracted more interest due to the increased stability associsimulations of thé'P{'H} experimental NMR spectra f& and3
ated with the presence of bulky substituents. These reactiongvere performed using the program WINDAISY.

result in the formation of either mononuclear complexes of
formulacis-[ML ,Cl;] (L = 1-adamantylphosphifer mesi-
tylphosphineZ M = Pd, Pt) or homoleptic metal complexes
of Ni(0), Pd(ll), Cu(l), and Ag(l) of general formula [M]"*

(L = mesitylphosphine, M= Ni, n=0; M =Pd,n=2; M

= Cu,n=1; M = Ag, n= 1).° With the exceedingly bulky
PHMes' ligand [Me$ = 2,4,6-¢-Bu);CeH;] the primary
phosphine complexes [MCl,] (M = Pd, Pt) were isolated
in the trans geometry. In contrast ¢&s-[Pt(PH:Mes)Cl;],

Synthesis of [Pd(PHCHFc)(u-PHCH,Fc)CI]4 (2). Solid 1 (80
mg, 0.344 mmol) was added to a @, (5 mL) solution of [Pd-
(cod)Cl] (41 mg, 0.172 mmol), and the mixture was stirred at room
temperature for 40 min. The resulting orange solution was
concentrated to ca. 2 mL, and the orange residue was treated with
20 mL of E&O. The orange solid which separated out was isolated
by filtration, washed witm-hexane (2x 5 mL), and dried under
vacuum. Yield: 88 mg (84%). Anal. Calcd forgH;0ClsFesPs-
Pd: C, 43.68; H, 4.17; Cl, 5.86; Fe, 18.46; P, 10.24; Pd, 17.59.
Found: C, 44.11; H, 4.14; CI, 5.51; Fe, 17.80; P, 9.82; Pd, 18.49.

which underwent easy dehydrochlorination, these latter mp= 453 K (dec). IR (Nujol mull, cm?): » 3089 (m), 2353 (m)

complexes are thermally stable in solutfon.
Recently, the (ferrocenylmethyl)phosphirig, (@ primary

alkyl phosphine air stable both in the solid and solution states,

has been synthesizé¥land a few molybdenum(&f and
(11),** tungsten(I)}+12 ruthenium(ll) %213 and rhenium(fy*

coordination compounds have been reported. The redox-

(3) Anand, S. P.; Goldwhite, H.; Spielman, J. Ransition Met. Chem.
1977, 2, 158-160.

(4) Bianco, V. D.; Doronzo, SJ. Organomet. Chenl971, 30, 431—
433.

(5) Goldwhite, H.; Hirschon, A. STransition Met. Chenil977, 2, 144—
149.

(6) Issleib, K.; Wilde, GZ. Anorg. Allg. Chem1961, 312, 287-298.
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907.
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(9) Kourkine, I. V.; Maslennikov, S. V.; Ditchfield, R.; Glueck, D. S;
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and 2294 (my(P—H), 1637 (m), 1462 (m), 1409 (m), 1233 (w),
1195 (w), 1105 (s), 1059 (w), 1038 (w), 1023 (s), 1001 (w), 923
(m), 865 (M), 817 (s), 482 (m), 274 (s8fPd—ClI). 31P{1H} NMR
(CD.Cly, 9, 295 K, 162 MHz):—6.8 (m,u-PHCH:Fc), —34.0 (m,
PH,CH,Fc), ZJ,MPfPHZtrans: 409 szz‘]‘HP*PHZCiS: 5 HZ:ZJtutPcis:

(10) (a) Goodwin, N. J.; Henderson, W.; Nicholson, B. K.; Fawcett, J.;
Russell, D. RJ. Chem. Soc¢Dalton Trans.1999 1785-1794. (b)
Goodwin, N. J.; Henderson, W.; Nicholson, B.X.Chem. SocChem.
Commun.1997 1, 31-32. (c) Henderson, W.; Alley, S. RJ.
Organomet. Chen002 656, 120-128.

(11) Sommer, R.; Lonecke, P.; Reinhold: J.; Baker, P. K.; Hey-Hawkins,
E. Organometallic2005 24, 5256-5266.
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E. J. Organomet. Chen2005 690, 18071813.

(14) Peruzzini, M.; Barbaro, P.; Bertolasi, V.; Bianchini, C.; de los Rios,
I.; Mantovani, N.; Martelli, L.; Rossi, RDalton Trans.2003 4121—
4131.

(15) Drew, D.; Doyle, J. RInorg. Synth.1990,28, 346-349.
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219.
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Table 1. Crystal Data and Structure Refinement ®38THF

empirical formula GooH124C14Fes03PsPdy
molecular mass 2635.95
temp [K] 110(2)
wavelength [A] 0.71073
cryst syst triclinic
space group P1

a[A] 17.607(7)
b[A] 17.944(7)
c[A] 18.792(7)

o [7] 107.120(12)
AN 96.344(13)
y[°] 117.087(15)
VIA3 4839(3)

z 2

Deaica[Mg m*3] 1.809

abs coeff [mm?] 2.177
F(000) 2656

0 range for data coll9] 2.14-25.00
reflns collected 52 647
independent refins 16 980
data/params 16 980/569
GOF onF? 1.145

R12 (1 > 20(1)) 0.1246
wWR2 (all data) 0.2763

largest diff. peak/hole [e 9] 1.973 and—1.498
AR1L = J[|Fo| — |Fell/Z|Fol. PWR2 = [TW(Fo? — FAH T wW(Fe?)?|V2

13 Hz. 'H NMR (CD.Cl,, 9, 295 K, 400 MHz): 2.97 (m,
u-PHCHHIFC, 23—y = 14.5 Hz,3Jy—n = 8.5 Hz, 4H), 2.78-2.90
(m, PHCH,Fc, 8H), 3.36 (mu-PHCHHIFC, 234y = 14.5 Hz,
8Ju-n = 3.9 Hz, 4H), 3.65 (dmu-PHCH,Fc, 1Jp_4 = 317 Hz,
4H), 4.26 (dm, PiBHPCH,Fc, 1Jp_y = 360 Hz, 4H), 3.66 (dm,
PHHPCH,Fc, 1Jp_y = 356 Hz, 4H), 4.16-4.44 (m, ferrocenyl
protons, 72H)13C{1H} NMR (CD.Cl,, 6, 295 K, 101 MHz): 88.0
(s, PHCHC), 85.4 (d,u-PHCH,C, 2Jp_c = 6 Hz), 69.0 (Fc), 68.9
(Fc), 68.1 (Fc), 67.9 (Fc), 67.8 (Fc), 26.4 (b, HH,), 18.3 (d,
p_c = 21 Hz, u-PHCH,,).

Synthesis of [Pt(PHCH yFc)(u-PHCH,Fc)Cl]4 (3). Solid 1 (116
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(10 mL) of trans[Pd(PhCN)CI;] (38.3 mg, 0.10 mmol) kept at
273 K gave a red suspension which was immediately filtered while
cold. Addition of coldn-hexane (20 mL) to the filtrate caused the
precipitation of4 as a red solid which was isolated by filtration,
washed withn-hexane (2x 5 mL), and dried under vacuum at
273 K for 30 min. Yield: 32 mg (50%). IR (Nujol mull, cm): »
2360 (w) and 2342 (wy(P—H), 248 (m) and 245 (my(Pd—Cl).
31P{1H} NMR (CD,Cly, 0, 295 K, 162 MHz):—40.4 (s).'H NMR
(CD.Cl,, 6, 295 K, 400 MHz): 3.18 (m, 8, 4H), 4.40 (dt, P,
Jp_py = 394 Hz,3)4_y = 5.1 Hz, 4H), 4.05-4.50 (m, ferrocenyl
protons, 18H)*3C{*H} NMR (CD.Cl,, 9, 265 K, 101 MHz): 82.1
(s, PHCH,C), 68.3-69.2 (b, Fc), 20.8 (s, Pi€H,).

Synthesis ofcis[Pt(FcCH,PH,),Cl;] (5). Solid 1 (233 mg, 1.0
mmol) was added to a GElI, solution (15 mL) of [Pt(cod)G]
(187 mg, 0.50 mmol), causing the formation of a yellow solution
which was stirred at room temperature for 2 h. Concentration to
ca. 5.0 mL of the solution and addition of BX (10 mL) gave a
yellow solid which was filtered off, washed witlkpentane (2< 5
mL), and dried under vacuum. Yield 340 mg (93%). Anal. Calcd
for CyHaeClFeP,Pt: C, 36.19; H, 3.59; Cl, 5.11; P, 9.71;.
Found: C, 36.53; H, 3.61; CI, 5.01; P, 9.68. IR (Nujol mull, T

2365 (w) and 2309 (wy(P—H), 1408 (m), 1265 (w), 1237 (w),
1105 (s), 1038 (m), 1023 (m), 1000 (m), 923 (m), 819 (s), 481 (s),
296 (m) and 285 (my(Pt—ClI). 3'P{*H} NMR (CDCl,, 6, 295 K,
162 MHz): —51.5 (s flanked by°%Pt satelliteslJp_p; = 3320 Hz).
IH NMR (CD,Cl,, 6, 295 K, 400 MHz): 2.68 (m, €5, 2Jp_y =
11 HZ,?’JPFH =25 Hz, 4H), 4.38 (dt, Hz, lprH =414 HZ,BJHfH
= 6.2 Hz,2Jpn = 43 Hz, 4H), 4.06-4.45 (m, ferrocenyl protons,
18H).13C{'H} NMR (CD.Cly, 9, 295 K, 101 MHz): 81.8 (s, PH
CH,C), 69.2 (s, Fc), 69.1 (s, Fc), 68.6 (s, Fc), 19.4®, c = 39
Hz, PH,CH,). 195PftH} (CD,Cl,, 8, 295 K, 86 MHz): —4472 (t,
Jp_pt = 3320 Hz).

X-ray Crystallography. 17 Suitable crystals o2 for diffraction
purposes were obtained by slow diffusion of@&t(3 mL) into a
THF solution of [Pd(PHCH,Fc)(u-PHCHFC)CI], (1 mL) at room

mg, 0.50 mmol) was added to a toluene (5 mL) suspension of [Pt- temperature. Crystal data, parameters for intensity data collection,

(cod)Ch] (94 mg, 0.25 mmol), and the mixture was stirred at 323

and convergence results are compiled in Table 1. Data were

K for 24 h to give a yellowish-orange suspension. Cooling to room collected with Mo K, radiation (graphite monochromatot, =
temperature gave a yellowish-orange solid which was isolated by 0.71073 A) on a Bruker D8 goniometer with SMART CCD area

filtration and washed witin-hexane (2« 5 mL) before being dried
under vacuum. Yield: 156 mg (90%). CompoufBidcould be
obtained in 89% yield also frortrans[Pt(PhCN}CI;] instead of
[Pt(cod)C}] or by heating a toluene solution of compl&x(see
below) for 24 h at 323 K. Anal. Calcd fordgH;oClsFesPsPty: C,
38.10; H, 3.63; Cl, 5.11; P, 8.93;. Found: C, 38.15; H, 3.65; ClI,
5.04; P, 8.90. mp= 448 K (dec). IR (Nujol mull, cm?l): » 3083
(w), 2369 (m) and 2310 (Wy(P—H), 1601 (w), 1494 (m), 1405
(m), 1228 (w), 1188 (w), 1104 (s), 1059 (w), 1078 (w), 1036 (m),
1000 (m), 925 (m), 877 (m), 848 (s), 823 (s), 501 (s), 485 (M),
285 (s)v(Pt—Cl). 3P NMR data are reported in Table 2 (gI),,
0, 295 K, 162 MHz).'H NMR (CD.Cl,, ¢, 295 K, 400 MHz):
2.68 (M, PHCHeH'Fc, 4H), 2.88 (m, PECHeHFc, 4H), 3.05 (m,
u-PHCHCHIFC, 234y = 14.4 Hz,334_n = 9 Hz, 4H), 3.42 (dm,
u-PHCH,Fc, Wp_y = 344 Hz, 4H), 3.47 (myu-PHCHHIFC, 23,y
= 14.4 Hz,33y_y = 3.2 Hz, 4H), 3.93 (dm, P#HPCH,Fc, 1Jp_y =
360 Hz, 4H), 4.51 (dm, RBHPCH,Fc, 1Jp_; = 400 Hz, 4H), 3.95
4.55 (m, ferrocenyl protons, 72H¥C{H} NMR (CD.Cl,, 6, 295
K, 101 MHz): 87.7 (su-PHCH,C), 70.3 (s, Fc), 69.0 (s, Fc), 68.1
(s, Fc), 84.9 (s, PKCH,C), 69.8 (s, Fc), 69.1 (s, Fc), 67.6 (s, Fc),
29.7 (b, PHCH,), 24.0 (d,Jp_c = 18 Hz, u-PHCH,). 195Pt{ 1H}
NMR (CD.Cly, 0, 295 K, 86 MHz):—4130 (m).

Synthesis ofcis[Pd(FcCH,PH,).Cl;] (4). Addition of a CH-
Cl; solution (5 mL) of1 (47 mg, 0.20 mmol) to a C}Cl, solution

6894 Inorganic Chemistry, Vol. 45, No. 17, 2006

detector at 110(2) K on a crystal of approximate dimensions 0.16
x 0.04 x 0.04 mn3. An empirical absorption correcti&h(min.
trans. 0.72, max. trans 0.92) was applied before averaging symmetry
equivalent dataR; = 0.1238]. The structure was solved by direct
method$® and refined with full-matrix least-squares BA2° After
assignment of the electron density associated with non-hydrogen
atoms of the tetranuclear Pd complex, a very large void near to a
crystallographic inversion center was encountered. As attempts to
model the electron density to the solvent of crystallization gave
unsatisfactory results, the BYPASS procedums implemented

in PLATON was used to include the contribution of the solvent to

(17) Crystallographic data (excluding structure factors) for the structure
reported in this paper have been deposited with the Cambridge
Crystallographic Data Centre as supplementary publication no. CCDC
295452. Copies of the data can be obtained free of charge on
application to CCDC, 12 Union Road, Cambridge CB2 1EZ, UK [Fax:

int. code+ 44(1223)336-033; E-mail: deposit@ccdc.cam.ac.uk].

(18) Sheldrick, G. M.SADABS, Program for Empirical Absorption
Correction of Area Detector DafdJniversity of Gdtingen: Gdtingen,
Germany, 1996.

(19) Sheldrick, G. MSHELXS97Program for Crystal Structure Solutipn
University of Gdtingen: Gitingen, Germany, 1996.

(20) Sheldrick, G. MSHELXL97 Program for Crystal Structure Refine-
ment University of Gdtingen: Gdtingen, Germany, 1997.

(21) Van der Sluis, P.; Spek, A. lActa Crystallogr.1990 A46, 194~
201.



Reactiity of (Ferrocenylmethyl)phosphine

Table 2. 3P and!®Pt NMR Parameters for Complek(CD2Cl,, 295 Ky
_..--P(®)

\

S \/ 4
N

()P

Cl P{2)————p(8) b(a) cl
P(2)
P(1) P(2) P(3) P(4) P(5) P(6) P(7) P(8) Pt(1) Pt(2) Pt(3) Pt(4)
P(1) —29.5 —15 389 2240 50 —40
P(2) —29.5 389 —15 —40 2240 50
P(3) —29.5 389 —15 50 2240 —40
P(4) —29.5 389 —-15 —40 50 2240
P(5) —15 389 —37.2 5 5 2496 125 2322 120
P(6) —15 389 5 —37.2 5 125 120 2496 2322
P(7) 389 —15 5 —-37.2 5 120 2322 125 2496
P(8) 389 —15 5 5 —37.2 2322 2496 120 125
Pt(1) 2240 —40 50 2496 125 120 2322 —4130
Pt(2) 50 2240 —40 125 120 2322 2496 —4130
Pt(3) —40 2240 50 2322 2496 125 120 —4130
Pt(4) 50 —40 2240 120 2322 2496 125 —4130

a Chemical shifts (bold) are in ppm; coupling constants (normal) are in Hz.

e y

a) b)
Figure 1. 3P{1H} (a) and proton-coupledP (b) NMR spectra o (CD,Cl,, 295 K, 162 MHz).

the overall structure factors. The volume of 609akd the electron  1b), indicating that this compound contains equimolar
count of 240 associated with the void suggests that it contains six gamounts of Phland PH moieties.

:“?'fi“'es ofr;etra:l?/dr:og;rg%rzhe crystal data in Table 1 therefore 1o glemental analyses provided a Pd/P/Cl ratio of 1:2:1,
e; 0a Cg _pols ° | giff o ) firmed which indicates the occurrance of dehydrochlorination and
epeated single-crystal diffraction experiments3ozonfirme suggests, in agreement with tH&® NMR spectra, the

that the compound crystallizes in the tetragonal space gRaup -
with lattice parametera = 13.1576(6) Ac = 14.6717(2) AV = ]I?(I)n(jlatlgoﬁglf;: E;’g{‘%‘;}'ejrzc)ommex of formula [Pd(REH,-
- N )

2540.00(17) A with one molecule per unit cell. We note that the
core of the analogous Pd compou@idalso shows local, noncrys- A single-crystal diffraction study allowed us to assign the
tallographic 4point group symmetry. The phase problem was structure [Pd(PECH,Fc)u-PHCHFCc)CI], (2) to the product.
readily solved, but an approximate 3:1 orientational disorder The high nuclearity oR is worth noticing, since in all the

prevented us from refining a meaningful structure model. known cases, dehydrohalogenation from primary (and sec-
) ] ondary) phosphine Pd(Il) complexes led to dinuclear com-
Results and Discussion 6,8,22
pounds’
Reactivity of 1 with Pd(ll) Chloro Complexes. The The structure o2, together with the atom labeling scheme,
reaction of 2.0 equiv oflL with [Pd(cod)C}] at 298 K in is shown in Figure 2.
CHClI, (or THF) gave an orange solid who%¥&{'H} NMR Complex2 exhibits a tetrametallic unit and can be regarded

spectrum shows a second-order spin system with resonanceas formed by four (noncoplanar) mononuclear palladium
centered av —34.0 and—6.8 (Figure 1a). In the proton-  subunits held together by bridgipngPHCH,Fc groups. The
coupled 3P NMR spectrum, these signals split into a [Pd(PHCH.Fc)u-PHCHFc)CI] subunits of the molecule are
pseudoquartet and a doublet of doublets, respectively (Figureapproximately related by a® operator. The metal environ-

Inorganic Chemistry, Vol. 45, No. 17, 2006 6895
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ppm

31P{1H}

"HEPY [2.6

3.0

3.2

ool

4.4
F4.6

4.8

T T T T T T T T T T
5 0 -5 -10 -15 -20 -25 -30 ~-35 ~-40 ppm

Figure 3. 31P—IH HMQC NMR spectrum of (CD.Cly, 295 K).

Figure 2. ORTEP drawing of2. The solvent molecules and hydrogen adjacent palladium aton?3.The nonbonding intermetallic
atoms have been omitted for clarity; displacement ellipsoids are scaled to

50% probability. Selected bond lengths (A) and angles (deg): P(D) distances Pd(1)-Pd(3) and Pd(2)-Pd(4) [3.173(4) and
2.283(4), Pd(1)P(8) 2.338(4), PA(H)P(4) 2.346(4), Pd(HCI(1) 2.379- 3.1206(18) A, respectively] are long enough to preclude the

(4), Pd(1>-Pd(3) 3.173(2), Pd(2)Pd(4) 3.1206(18), Pd(2)P(1) 2.331- il : ; ; ;
(4), P(1)-Pd(1)_P(8) 91.23(15). P(LPd(L) P(4) 85.25(14). P@Pd(1)- possibility of metal-metal interaction between interfacing

CI(1) 88.86(14), P(4}Pd(1)-CI(1) 94.60(14), P(BPd(1)-Pd(3) 85.06(12),  Palladium atoms.

P(8)-Pd(1)-Pd(3) 88.92(12), P(4)Pd(1)-P(3) 95.15(11), CI(tyPd(1)}- The IR spectrum of showed P-H stretchings at 2353

Pd(3) 95.69(12), PA(1)P(1)-Pd(2) 120.92(18). and 2294 cmt and a Pé-Cl stretching band at 274 crh

Scheme 1. Core of2 Showing the Perpendicular Arrangement of the The signals of thé'P{*H} NMR spectrum described above

Coordination Planes around Pd Atoms can be easily attributed to the coordinated (ferrocenylmethyl)-
Cl3@

phosphinesd —34.0) and to the bridging phosphanidés (
—6.8). The large value of th&p_p = 409 Hz is typical for
coupling between trans P atoms. AdditioA#_p couplings
between cis phosphorus atoms (13 and 5 Hz) could be
assessed by computer simulation of the experimental spec-
trum.

The chemical shift of the low-field resonance signal

ments form alternate, almost perpendicular, planes subtend-ascribGd to the phosphanido groups is consistent with a
ing angles of 89.4(2) 84.8(2), 90.0(2), and 85.63(19) system containing single phosphanido bridging ligands that

support nonbonded metal cenférand appears at much

(SCheT“e 1). The distort_ed square-planar environment of efad]ower field than the resonances exhibited by phosphanido
palladium atom comprises a (ferrocenylmethyl)phosphine ligands involved in BM, four-membered ring® The *H

group, two mutually cis (ferrocenylmethyl)phosphanido NMR spectrum of2 showed the expected signals for
ligands bridging to two different adjacent metal centers, and ferrocenyl, methylene, and—-fH hydrogens, but a full
a chlorine ligand (cis to the terminal phosphine). The angles assignmer,wt of théH NMR features was achie7ved only by a
around the metal are close to®9With significantly smaller perusal of a series of NMR experiments includith—H
uP—Pd—uP angle of 88. Each phosphanide moiety bridges COSY,H{%'P} (at 295 and at 270 K), arfdP—H HMQC.

two palladium atoms and has a chlorine ligand in & trans the gpectroscopic data are consistent with the solid-state
posmqn with respe_ct to t_he first Pd (t_he cis posmon_ IS geometry and point out that each bridging phosphanido P
occupied by a terminal primary phosphine) and a terminal 41om is bound, apart the hydrogen and the ferrocenylmethyl
primary phosphine in a trans position with respect to the iety to two palladium centers, one with a trans-disposed
other Pd (the cis position is occupied by a chlorine). The chorine and the other with a trans-arranged terminal phos-
P(1)-Pd(1), P(2)-Pd(2), P(3}-Pd(3), and P(4yPd(4) bond  phine. Inspection of th&'P—H HMQC NMR spectrum of

distances are slightly shorter than PtBd(2), P(2)-Pd(3), 2 (Figure 3) suggests that the PHrotons of the terminal

P(3)-Pd(4), and P(4yPd(1), as expected on the basis of phosphines are diastereotopicHIPCH,Fc, 812 = 4.26,
the different trans influence between the phosphine and theij, .2 = 360 Hz; 0P = 3.66,Jp_1° = 356 Hz).

chlorine atom. The large PgilP—Pd angles (ca. 12D are

consistent with the lack of a metainetal bond between  (23) Alonso, E.; Forriig, J.; Fortdn, C.; Martn, A.; Rosair, G. M.; Welch,
A. J.Inorg. Chem.1997, 36, 4426-4431 and references therein.

(24) Alonso, E.; Forrig, J.; Fortdn, C.; Martn, A.; Orpen, A. G,

(22) Giannandrea, R.; Mastrorilli, P.; Nobile, C.IForg. Chim. Actal999 Organometallics2003 22, 2723-2728. Alonso, E.; Forig J,;
284, 116-118. Gallo, V.; Latronico, M.; Mastrorilli, P.; Nobile, C. Fortuto, C.; Martn, A.; Orpen, A. G.Organometallics200Q 19,
F.; Suranna, G. P.; Ciccarella, G.; Englert, Elr. J. Inorg. Chem. 2690-2697.
2005 4607-4616. Carty, A. J.; Hartstock, F.; Taylor, N. khorg. (25) Carty, A. J.; Maclaughlin, S. A.; Nucciarone, Bhosphorus-31 NMR
Chem.1982 21, 1349-1354. Brandon, J. B.; Dixon, K. RCan. J. Spectroscopy in Stereochemical Analydierkade, J. G., Quin, L.
Chem.1981, 59, 1188-1200. D., Eds.; VCH: New York, 1987; p 559.
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Figure 4. H{3'P} NMR spectra o (methylene region) recorded at 295
(top) and 270 K (bottom).

295 K

Scheme 2. Synthesis o# and5

HoR cl PH,CH,Fc

\ CH,Cl, ./
trans-[PA(PhCN),Clp] + 2 H\\\\»/C—@ ok /Pd\ (a)
Fe
cl PH,CH,Fc
W oy 2PheN 2CH;
M @
HR cl PH,CH,Fc
CHCly A4
Pleod)ol] + 2 por O /Pt\ ®)
/ Fe - cod al PH,CH,Fc

®)

Diasterotopic pairs are also observed for the methylene
protons of both the terminal phosphines and the bridging
phosphanides. Noticeably, while the €ldrotons of the

Scheme 3. Synthesis of3
HR
4 [Pt(cod)Cl] hS ol
or + 8 HY / —? O [PUPH,CH,F)m-PHCH,FO)CI,
4 trans-[P{PhCN),Cl;] H oy BK2n 3

) yield = 90%

was confirmed by the observation of two medium-intensity
Pd—CI stretching bands in the IR spectrumpd ¢ = 245
and 248 cm?).?8 In keeping with this structural assignment,
the 'H NMR spectrum o# showed three signals in a 2:2:9
ratio, ascribable to the BHprotons ¢ 4.40, dt), to the
methylene protonsd( 3.18, m), and to the ferrocenyl
hydrogens ¢ 4.05 to 4.50), respectively.

The low yield of4 from reaction betweed andtrans
[PA(PhCN)CI;] at 273 K was due to the concomitant
formation of a brown precipitate insoluble in all common
organic solvents. Presumably, the very unstatdes[Pd-
(FCCH.PH,).Cl;] which first forms can partly isomerize to
cis[Pd(FcCHPH,).Cly], (isolable after workup at about 273
K) and partly oligomerize to other insoluble compounds.
which were not further characterized.

Reactivity of 1 with Pt(ll) Chloro Complexes. The 2:1
reactior?® of 1 with [Pt(cod)C}] at 298 K in CHCl, (Scheme
2b) gave a yellow solution from which a yellow solid could

bridging phosphanides give rise to well-separated doubletsyq"isolated. This showed in teP{'H} NMR spectrum a

of doublets at 295 K in the'H{3'P} NMR spectrum
(u-PHCHHYFC, 1¢ = 2.97,04% = 3.36,2J4°-p = 14.5 Hz,
3Ju°-y = 8.5 Hz; 33y = 3.9 Hz, Figure 4), a good
separation of the methylenic protons of the terminal phos-
phines is evident in theH{3'P} NMR spectrum recorded at
270 K (PHHPCHeHFc, Ope = 2.74 anddyr = 2.76 at 270
K, Figure 4).

Monitoring the reaction betweeh and [Pd(cod)G] by
3P VT-NMR (CD.Cl,, 180 K) showed the immediate
formation of4 (singlet até —31) together with a series of
minor products which denied a simple analysis and, similarly

to 4, disappear on heating the solution to room temperature

when2 became the only observable compodhtikely, the
monomer4 is first formed in the reaction of with [Pd-
(cod)Cl] before transforming into the tetram2r Attempts

to isolate4 from the reaction ofl and [Pd(cod)CG] at low
temperature were unsuccessful. However, gufalbeit in
low vyield) could be isolated from the reaction betwekn
andtrans[Pd(PhCN)Cl,] at 273 K in CHCl, (Scheme 2a).
The mononuclear complekwas stable below 273 K in the
solid state but, once dissolved in &, quickly transformed
into the tetramer2 passing through a mixture of species
similar to those observed in the in situ NMR experiment.
The3P{*H} NMR spectrum at 295 K recorded immediately
after dissolution in ChCl, showed a sharp singlet&t—40.4

(0 —31 at 180 K), which split into a tripletidp_y = 394
Hz) in the proton-coupled spectrum, indicating a negligible
2Jp-p.2" These features suggest fbma cis geometry which

(26) Although a sound structural assignment of the minor species present

in solution at low temperature is difficult, it is conceivable that these

sharp singlet ab —51.5 flanked by**Pt satellites {Jp_p; =
3320 Hz). The value of the PP coupling constan®, the
triplet splitting of the®'P NMR signal in the proton coupled
spectrum {Jp— = 414 Hz), and the two IR stretching-Pt
Cl bands {p—c = 285 and 296 cmt), taken altogether, allow
us to assign to this yellow compound the formala-[Pt-
(FCCH,PH,),Cl;] (5). The'H NMR spectrum of5 in CD,-
Cl, showed signals for PHand CH at 6 4.38 and 2.68,
respectively, while thé®Pt{H} NMR spectrum consisted
of a triplet centered ai —4472. Complexs was more stable
than its Pd analoguéd, remaining unaltered in solution at
room temperature for at least 1 d&y.

Heating a toluene solution &fat 323 K for 24 h afforded
the tetranuclear Pt(ll) compleX i.e., the Pt analogue &
Complex3is a yellowish-orange solid insoluble in aromatic
solvents but moderately soluble in halogenated solvents. This
compound could be straightforwardly synthesized in high
yield by reacting 2 equiv ofl with either [Pt(cod)C] or
trans[Pt(PhCN)Cl;] at 323 K in toluene (Scheme 3).

Although a crystallographic study confirmed ti3ghares
with 2 an identical MP, core, we do not give here any
structural detail because of extensive disorder. In keeping

(28) Nakamoto, Kinfrared and Raman Spectrdth ed.; Wiley: New York,
1986; pp 326-327.

(29) Using a P/Pt molar ratio higher than 2:1, a fast equilibrium between
the bis(phosphine) complex and the cationic tris(phosphine) complex
took place, as revealed by a very bré#g{ 'H} NMR signal at about
0 —35. A similar exchange process has been observed between L
MX complexes (X= Cl, Br; M = Pt, Pd; L= primary phosphine
containing phenyl, cyclohexyl, or 2-cyanoethyl groups) and L ligand
giving the cationic complex fMX*]X~. See: Anand, S. P.; Gold-
white, H.; Spielman, J. RTransition Met. Chem1977, 2, 158-160.

resonances are due to oligomeric palladium complexes traversing the (30) Pregosin, P. S.; Kunz, R. V*P and 3C NMR of Transition Metal

formation of the tetrame.

(27) A2Jp—p of hundreds of Hertz, typical for trans couplings, would have
given rise to a complicated second-order spectrum. See Palmer, R.
A.; Whitcomb, D. R.J. Magn. Res198Q 39, 371379.

Phosphine ComplexgSpringler-Verlag: New York, 1979; Vol. 16,
p 94.

(31) Prolonged drying of compourigshould be avoided in order to prevent
dehydroalogenation in the solid state.
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Jp_pt are 2322 (P trans P) and 2496 Hz (P trans CI),
respectively, reflecting the different trans influence between
phosphine and C® Finally, the phosphanide part of the
spectrum shows additional peaks flanking the central doublet
due to three bonds phosphorydatinum couplings 3p-pt
~ 120 Hz).

The3P NMR features of the isotopomets B, andC of

(b) 3 were calculated by iterative simulation of the experimental

spectra (Table 2). Figure 5b shows a comparison between
experimental and simulated spectra and stresses the validity
of the simulation procedur®.

Similar to 2, the PH protons of the terminal phosphines
in 3 (PH3HPCH,Fc, 04 = 4.51, UJp_2 = 400 Hz; ox° =
3.93,1J_1° = 360 Hz), the methylene protons of both the

terminal phosphines (PIBH®H'Fc, oy = 2.68 andoy’ =

2.88), and the bridging phophanido groupsRHCHHFc,

Ox® = 3.05,2Jc_ 1 = 14.4 Hz,3J°_yy = 9 Hz; 8y = 3.47,
15 ' 2|O ' 25 I :;

3Ju9_p = 3.2 Hz) are diastereotopic.

(@) Inspection of Figure 5a shows that tHB{*H} NMR peaks
of 3 are quite broad, indicating a fluxional behavior at room
80 35 -40 45 -50 temperature. On lowering the temperature down to 180 K
Figure 5. Experimental (a) and simulated (B}P{*H} NMR spectra of (Figure 6), four pairs of partially overlapped mutually

complexa3. coupled doublets, as indicated by the COSF—3P NMR
spectrum, became evident. Medium-size rings are known to
with the rough crystallographic analysis and the tetrametallic give rise to conformational equilibria which were studied,
structural motif, the IR spectrum & in the solid state  for instance, in the case of seven- and eight-membered
showed P-H stretchings at 2369 and 2310 chand a P+ heterocycle$® In our case, we may envisage an equilibrium
Cl stretching at 285 cnt. The3'P{*H} NMR spectrum of3 between a boat-boat conformation (as found in the solid-
is shown in Figure 5a. The seemingly complicated spectrum state structure) and a boat-chair conformation, as depicted
contains signals arising from a mixture of five isotopomers in Scheme 4. At room temperature, the equilibrium is fast
differing for the number of NMR-activé®Pt nuclei incor- and results in the observed average broad spectrum.

porated in the tetrametallic core, i.e., with zero (18.97s, Changing the conformation from boat-boat to boat-chair
one (39.10%B), two (30.21%,C), three (10.38%D), and  results in the loss of magnetic equivalency for both phos-
four (1.37%E) **Pt nuclei. The isotopomek contains 66%  phanide and phosphine ligands so that in the slow exchange
of total*'P and gives two mutually coupled doublét¥(prans  regime, when the boat-boat and boat-chair conformers are
= 389 Hz) centered ab —37.2 and—29.5 which are  sjowly interconverting, comple8 should exhibit five pairs
assigned to the bridging phosphanido ligands and to the of mutually coupled doublets (one for the boat-boat and four
terminal primary phosphines, respectively. Recording of the for the boat-chair conformer) in tH&P{*H} NMR spectrum.
proton-coupled'P NMR spectrum, transforming the doublet  The observation at 180 K of only four pairs of doublets may

até —37.2 into a doublet of doublet$)- = 344 Hz) and  pe likely attributed to the fortuitous overlapping of two of
the doublet ab —29.5 into a pseudoquartet, confirms this the five couples of doublefs.

assignment. The chemical shift ascribed to e phos-
phanides P atoms is again consistent with single phosphanid
bridging ligands supporting nonbonded metal cemtihe
high-field shift of this signal with respect ®is consistent
with the trend observed far-phosphanido P atoms on going
down in a transition metal tria#. The PH doublet atd
—29.5 is flanked by one set df*Pt satellites due to the
isotopomeB (*Jp_pt = 2240 Hz), whereas the doubletat

—37.2, ascribed to th.e briggipg phOSphanido Iigands, S_hOWS 82; ?ﬁétfgélfs' (?b.(s::r(\a/g]d ﬁlogddl?tjiaoi%?;h%stsic:t)zgﬁted for in the simulated
two sets of'%Pt satellites, indicating the magnetic inequiva- spectrum may be attributed to the 10.4% and 1.4% of molecules
lence of the two Pt atoms bridged by each phosphanide. In .., £ Dree o o0y magnetcal Seive peiuns esneciel
fact, assuming foB the same structure & one Pt bears a Elem 1996 115 169-177.

terminal phosphine trans go-PH, while the other Pt bears  (36) ¥P{'H} NMR NOESY-EXSY experiments carried out at 180 K were

2 Cl rans to the samePH (see Table 2). The corresponding  15LSeGSve, I confiming the existence of the corformatonal
The major problem of these experiments was the shortness of the FID

(32) Barre C.; Boudot, P.; Kubicki, M. M.; Mcse, C.Inorg. Chem1995 (ca. 30 ms) that forced us to use mixing times shorter than 20 ms, a
34, 284-291. time possibly insufficient to warrant the envisaged exchange to occur.

In the case of the palladium tetram2y lowering the
Qemperature down to 180 K did not result in any new signal
attributable to “frozen” conformers, presumably due to faster
equilibration.

Coordination compounds containing 4R} cores have
many precedents in the literature. Apart from a few clusters
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Figure 6. 3P{1H} NMR spectra of3 in CD.Cl, at 180 K (the four pairs of doublets are marked).

Scheme 4. Boat-Boatto-Boat-Chair Conformational Equilibrium for Scheme 5. Common Geometries of A, Cores
3 P—M
P P pP——M / \
. pi=c .ol e . o
o 7
e —
CI—Pt—’—P"/ Cl—Pt—|—P._ M——p 5 I’
P:—F"t—P P-Rt—PRup, . L pd M/ \ /
P P
Cl o] ~p M———F
boat-boat boat-chair heterocubane ring

Bw,Cp)# Tetranuclear platinum compounds featuring 2Pt
motif are extremely rare, being represented only by the
spheroidal polyhydridotetraplatinum clusters,f(PBus)]

and PiHg[PPHPK]4.*® No similar palladium polyhydrido
cluster has been reported so that af2dnoiety may be
recognized only in the ternary palladium phosphidemdP,
prepared by arc-melting of metallic palladium with N#P.
Therefore, the peculiar arrangement of four metals and four
phosphorus donor atoms ascertainedfand3 in both the
solid and solution states has no precedent in eight-membered
M4P, rings and cages, and likely its formation stands on steric
reasons favored by the relatively small encumbrance exerted
by the (ferrocenylmethyl)phosphine coligands.

where at least two metals are covalently bongletie most
frequent geometries deal with species containing the;M
array embedded in planar (M= Hg3® Cu?® Ag*9) or
butterfly-like (M = Au*Y) rings or in polyhedra exhibiting
more or less distorted heterocubane topologies<Nh,*?
Al,“® Rb, Ce#* Mg, Ca, Sr, Ba, S#> Scheme 5).

Distorted tetraphosphatetrametalla cubanes involving tran-
sition metals are much more rare and, to the best of our
knowledge, are limited to the two derivativgsdp*M (us—

P}4 (M = Co, Ni) prepared by Dahl and co-workers by
thermal reaction of white phosphorus with appropriate metal
cyclopentadienyl precursdfsand to the heterotetranuclear
cluster [Cp'Ru}s{Cp*Fe} (us-P)}4] obtained by co-ther-
molysis of [Cp*Fe°-Ps)] and [ Cp’(CO)RU} 7] (Cp" = 1,3- Conclusions

(37) Braunstein, P.; Matt, D.; Bars, O.; Lau#.; Grandjean, D.; Fischer, In contrast to the known halide primary phosphine
J.; Mitschler, A.J. Organomet. Chen1981 213 79-107. complexes which dehydrohalogenate to dimeric species, the
(38) Eichbichler, J.; Peringer, B. Chem. So¢c.Chem. Communl1982 . .
193-194. mononuclear chloride (ferrocenylmethyl)phosphine Pd(ll)

(39) Cowley, A. H.; Giolando, D. M.; Jones, R. A;; Nunn, C. M.; Power, and Pt(Il) complexes, which are first formed in the reaction
J. M. J. Chem. SocChem. Commurl988 208—-209. Eichher, A.; ; ;
Fenske, D.; Holstein, WAngew. Chemlnt. Ed. Engl.1993 32, 242— between Pd(ll) or Pi(ll) chlorides antf easily transform
245, into tetranuclear species of formula [M(REH.FC)(u-

(40) Eichhder, A.; Eisenmann, J.; Fenske, D.; Simon,Z.Anorg. Allg. PHCHFC)CI]; (M = Pd, 2; M = Pt, 3). Both complexes
Chem.1993 619, 1360-1368. X . e e )

(41) Stefanescu, D. M.; Yuen, H. F.: Glueck, D. S.; Golen, J. A.: Rheingold adopt in the solid Stat? the monocyclic arrangement with a
A. L. Angew. Chemlnt. Ed. 2003 42, 1046-1048. Stefanescu, D.  M4P, core, as authenticated by X-ray crystallopgraphy. In

M.; Yuen, H. F.; Glueck, D. S.; Golen, J. A.; Zakharov, L. N.; : : i :
Incarvito, C. D.: Rheingold, A. Linorg. Chem.2003 42, 8891- solution, the two tetrametallic complexes exhibit a fluxional

8901. behavior with several conformers interconverting on the
(42) Werner, B.; Neurtiler, B. Organometallics1996 15, 4258-4263. i

Von Henisch, G Rolli, B.Z. Anorg. Allg. Chem2002, 628 2255- NMR time scale. The exchange process was slqwed at low

2258, temperature for the Pt(Il) complex, providing evidence for

(43) Cowley, A. H.; Jones, R. A.; Mardones, M. A; Atwood, J. L.; Bott, g boat-boat to boat-chair equilibration, but not for the Pd(ll)

S. G.Angew. Chem.nt. Ed. Engl.199Q 29, 1409-1410. .
(44) Westerhausen, M.; Weinrich, S.; Schmid, B.; Schneiderbauer, S.; Suter,te'{ramer which shows fast exchange even at low temperature.

M.; N6th, H.; Piotrowski, HZ. Anorg. Allg. Chem2003 629, 625—

633. (47) Koch, B.; Scherer, O. J.; Wolmeralser, G.Z. Anorg. Allg. Chem.
(45) Westerhausen, M.; Schneiderbauer, S.; Knizek, Ih Nt; Pfitzner, 200Q 626, 1797-1802.

A. Eur. J. Inorg. Chem1999 2215-2220. (48) Frost, P. W.; Howard, J. A. K.; Spencer, J. L.; Turner, D. G.; Gregson
(46) M = Co: Simon, G. L.; Dahl, L. FJ. Am. Chem. Sod 973 95, D. J. Chem. SocChem. Commuri981, 1104-1106.

2175-2183. M= Ni: Goh, L. Y.; Chu, C. K,; Wong, R. C. S (49) Wang, M.; McDonald, R.; Mar, Alnorg. Chem.200Q 39, 4936—

Hambley, T. W.J. Chem. So¢Dalton Trans.1989 1951-1956. 4941.
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