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Phosphorus-Centered Gold Clusters: A Novel Pentanuclear Species
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The reaction of tris[(triphenylphosphane)goldjoxonium tetra-
fluoroborate with phosphane gas in tetrahydrofuran leads to
a mixture of products, one of which has now been isolated and
identified as the complex {[(PhsP)sAus]P}** (BFz). (1). This
cluster can be described as an adduct of [{Ph,PAu),P]™ and
[(PhsP),Au]*. Crystals of (1); - (CH,Cly)s - Et,O contain two
crystallographically independent formula units of very similar
structure. The dications are centered by pentacoordinate phos-
phorus atoms in an irregular coordination geometry. In the

crystal one of the five gold atoms is attached to two triphe-
nylphosphane ligands, while the other four bear only one such
ligand. In solution rapid ligand exchange renders the ligands
equivalent on the NMR time scale. This stoichiometry and
structure of 1 are indicative of the strong basicity of the
[(PhsPAu),P]* cation probably owing to its square-pyramidal
structure with strong Au--Au bonding, as suggested by the
structure of its arsenic analogue.

The tetrakis[(triphenylphosphane)gold(I)]ammonium  cation
[(PhsPAu),N]* is known to have the expected tetrahedral structure
in at least three of its salts with F~, BFz, and PFg counterions™ .
By contrast, the corresponding arsonium cation [(Ph;PAu),As]*
has been found to have an unusual square-pyramidal structure in
no less than three crystalline modifications of its BF; salt (con-
taining different amounts of solvent molecules in the lattice)™*. This
non-tetrahedral structure is at variance with conventional rules of
structure and bonding, but could be rationalized in a recent theo-
retical treatment by considering significant metal-metal interactions
between seemingly closed-shell (d'°) gold centers through relativistic
effects® . From these theoretical studies it has been deduced
that the corresponding tetranuclear phosphonium cation [(H;P-
Au),P]" should also adopt the non-classical square-pyramidal
structure, but salts of this cation are unknown and therefore this
prediction has not yet been confirmed.

In an attempt to prepare [(Ph;PAu),P1* BF; and to elu-
cidate its structure we have obtained a salt with an unusual
dicationic pentanuclear species with six phosphane ligands,
the interesting structural features of which are reported in
this contribution. In a related study"”, using tri(tert-butyl)-
phosphane instead of triphenylphosphane, the free tetranu-
clear cation could be isolated and structurally characterized.
Owing to the steric bulk of the ligands, this cation cannot
adopt a square-pyramidal structure and is found to be tet-
rahedral, but with severe distortions which allow at least for
some weak Au---Au contacts.

Formation of the Pentanuclear Gold Cluster
{[(Ph;P)sAus]P}’* (BFy),

When phosphane gas, PH;, is admitted into a slurry of
tri[(triphenylphosphane)gold]Joxonium tetrafluorobo-
rate'y, [(Ph;PAu);O]" BF7, and Na[BF,] in tetrahydro-
furan at —78°C the supernatant solution turns lemon yel-
low immediately. Workup with a series of precipitation and

crystallization steps affords yellow crystals of the title com-
pound 1. Other products are {[(Ph;P)Au]sP}** 2 BF; and
[{[(Ph;P)Au]P},Aul’** 3BF; (ref."').

PH3/NaBF4

[(Ph;PAu),0]* BFj ————>

o {[(Ph;P)(,AuﬂP}H (BED);

1 1

1t should be noted that in previous studies" the reaction
of the same oxonium precursor with tris(trimethylsilyl)phos-
phane!, (Me,Si);P, instead of PH;, was found to yield an-
other pentanuclear dicationic complex {[(Ph;P)AulsP}**
with five phosphane ligands. The structure of this species
has not yet been determined, but satisfactory analytical and
spectroscopic data are available, which confirm the stoichi-
ometry and suggest a trigonal-bipyramidal structure similar
to that of the nitrogen analogue'#. The tert-butyl analogue
[(tBusPAu)P])?*+ (BF:), has meanwhile also been isolated
and characterized!?),

The ¥*P-NMR spectrum of solutions of compound 1 in
[D,]dichloromethane shows a broad Ph;P resonance at
8 =41.26 and an even broader signal at § = —99.2 (width
at half height 200 Hz) for the interstitial phosphorus atom.
At —90°C these resonance signals transform into a broad
doublet [3 = 40.01, 2J(P, P) = 95.2 Hz] and a complex mul-
tiplet (3 = —95), respectively, indicating ill-resolved non-
equivalency of the Ph;P ligands in solution.

The 'H-NMR spectra (in CD,Cl,) show a broad aryl mul-
tiplet structure over the whole range of temperature with
little variations. *C{'H}-NMR spectra (in CD,Cl,) show sig-
nals for only one set of aryl carbon atoms at 20°C suggesting
virtually equivalent Ph groups in solution under these con-
ditions. At —90°C a very complex pattern appears, which
could not be resolved.

The FAB mass spectrum of compound 1 shows no parent
peak for the intact dication. Fragment ions [(Ph,PAu),P1~

Chem. Ber. 1993, 126, 2037 —2040 © VCH Verlagsgesellschaft mbH, D-69451 Weinheim, 1993 0009 —2940/93/0909 —2037 $ 10.00+.25/0



2038

[m/z (%) = 1868.1 (13.4)], [(Ph;PAu);PAu]™ [m/z = 1605.9
(8.9)], [(PhsP),Aul™ [m/z =721.4 (100)], and [(Ph;PAu)]*
[m/z =459.3 (99.7)] appear instead, which indicate a
primary dissociation according to equation (2).

{[(PhsP)Aus]P}** —[(Ph;PAu)PT* + [(PhsPhAu]*  (2)

This result is supported by the structure of the dication
in the crystal (below), which clearly features the two com-
ponents. The same dissociation may be responsible for the
exchange processes in polar solvents (CH,Cl,) as observed
by NMR spectroscopy (above). Clearly, however, this will
not be the only process leading to equilibration of the Ph;P
ligands at elevated temperatures.

The appearance of peaks attributed to the cation
[(Ph;PAu),P]* in the mass spectra is an important obser-
vation which demonstrates the inherent stability of this spe-
cies under the given experimental conditions. From this find-
ing the stoichiometry of compound 1 can be rewritten as
[(Ph;PAu),P - Au(PPh;),J**, suggesting unexpected donor
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properties of [(Ph;PAu),P]* at the phosphorus atom. While
a tetrahedral cation of this stoichiometry is not expected to
be a nucleophile, a square-pyramidal cation could well ex-
hibit such behavior. The results of the X-ray structure de-
termination have shown, that this is indeed the case.

Crystal Structure of Compound (1), + (CH,Cl,); * Et,O

Crystallization of compound 1 from a mixture of dichlo-
romethane and diethyl ether affords colorless triclinic
plates, space group P1, with two formula units (above) in
the unit cell. The asymmetric unit contains two crystallo-
graphically independent dications of very similar structure
(A and B, Figures 1a, 1b) with their counterions and solvent
molecules. The lattice features no unusual interionic or in-
termolecular contacts.

In A and B the interstitial phosphorus atoms (P100, P200)
are coordinated to five gold atoms in the centers of strongly
distorted trigonal bipyramides. The gold atoms Au3/Au5
and Au6/Au8 can be assigned axial positions, and the re-
mainder six gold atoms equatorial positions. Two of these
gold atoms are unique in that they bear two phosphane
ligands in each case (Au4 in A, Au10 in B), whereas all other
gold atoms bear only one phosphane ligand. The contacts
of the interstitial phosphorus atoms with the unique three-
coordinate gold atoms [Au4—P100 2.546(4), Aul0—P200
2.566(4) A] are much longer (and probably weaker) than
those with the two-coordinate gold atoms (average 2.344 A).
As suggested by the spectroscopic data, it appears justified
to view the complex as composed of units [(Ph;PAu),P]*
and [(Ph;P),Au]*. However, with the contacts Au4---Au5
and Au6--Au10 as short as 3.0320(9) and 3.051(1) A, respec-
tively, the interaction between the units [(Ph;PAu),P]* and
[(Ph;P),Au]™ clearly also involves some metal-metal bond-
ing. An examination of the phosphorus-centered clusters
shows, that the atoms Aul and Au9 have no less than three
such short contacts with neighboring gold atoms, Au5 and
Aub6 have two, and the remaining gold atoms have only one.

Figure 1. Molecular structure of the gold/phosphorus core in the

two crystallographically independent dications {[(Phs;P)Au],-

PAu(PPh;),}?" [A: Figure 1a (top); B: Figure 1b (bottom)] of com-

pound (1),(CH,Cl)y(Et,0) (for %elected distances and angles see Ta-
le 1)

9

Figure 2. Superposition of the gold/phosphorus cores of the dicat-
ions A and B (see Figures 1a, b)
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This system of peripheral metal-metal bonding no doubt
strongly contributes to the stability of the cluster units. It
is also to be held responsible for the severe distortions of
the polyhedra, which make these Au---Au contacts pos-
siblel*16],

A superposition of the core structures of A and B illu-
strates the similarity of the two structures. While the skeleton
of the [(Ph;PAu),P]" units is almost superimposible, the
orientation of the [(Ph;P),Au]™ units is different (Figure 2).

This work has been supported by the Deutsche Forschungsge-
meinschaft, the Fonds der Chemischen Industrie, and — through the
donation of chemicals — by the Degussa AG and the Heraeus
GmbH. Mr. J. Riede is thanked for establishing the X-ray data set.

Experimental

All experiments were carried out in dry and pure N,. Solvents
were dried, distilled, and saturated with N,. Glassware was oven-
dried and filled with N,. The apparatus was protected against in-
candescent light. — NMR: Jeol GX 270. — MS: Varian MAT 311A.

Preparation of Compound 1. A slurry of tris[(triphenylphospha-
ne)goldJoxonium tetrafluoroborate (1.00 g, 0.68 mmol) and sodium
tetrafluoroborate (0.10 g, 9.1 mmol) in tetrahydrofuran (25 ml) is
cooled to —78°C and 11.0 ml (0.49 mmol) of phosphane gas is
admitted with stirring. The colorless solution turns lemon yellow
and finally orange when allowed to warm to room temperature
over a period of 3 h. The solvent is removed in vacuo and the
residue treated with dichloromethane. Undissolved material
(mainly NaBF,) is filtered off, and pentane (20 ml) is added to the
filtrate to precipitate a red-brown solid, which is discarded. Addi-
tion of another 20 ml portion of pentane to the yellow solution
affords yellow crystals of the product on standing, yield 0.15 g
(14%), dec. temp. 155°C. — *'P{H} NMR (CD,Cl,, 20°C): 8 = 41.26
(br., PPhy), —99.2 (br. s, wy, =200 Hz, PAus); (—90°C): 40.01 (br.
d, PPh,), —95.0 (br. m, w, = 500 Hz, PAus). — 'H NMR (CD,Cl,,
20°C): § = 7.08 — 7.42 (m, PPh,); (—90°C): 7.05—7.58 (br. m, PPh,).
— BC{'H} NMR (CD,Cl,, 20°C): 8 =129.7 [d, AP,C}=11.0 Hz,
C3], 1301 [d, AP,C)=509 Hz, Ci1], 1322 (s, C4), 1343 [d,
J(P,C) =13.8 Hz, C2}; (—90°C): br. and more complex signals. —
MS (FAB) m/z (%)= 1868.1 (13.4) [(Ph,PAu),P*], 1605.9 (8.9)
[(Ph;PAu);PAu*], 721.4 (100) [(Ph;P),Au*], 459.3 (99.7) [Ph;PAu*].

Crystal-Structure Determination: Crystals of 1 grown from a mix-
ture of dichloromethane and diethyl ether contain three equivalents
of dichloromethane and one equivalent of ether for two formula
units of compound 1 [(1), - (CH,Cl,); - (C,H;),0]. Total molecular
formula Cg1sH96AuoB4ClsF1(OP;;, molecular mass 5855.28
gmol~>. The colorless crystal used had the size 0.10 - 0.15 - 0.40
mm; a = 15.560(4), b =20.851(5), c = 34.687(8) A; o = 89.37(1),
B =85.76(2), y=74.567(2)%; V =10819.0 A% duea = 1.797 gem >,
pMo-K)=69.71 cm~%; Mo-K, radiation; A=0.71069 A;
F000) = 5628 e; Z = 2; crystal system: triclinic; space group: PT (No.
2, Int. Tables); Enraf-Nonius CAD4 diffractometer; scan mode: o;
[5in @ /Al max = 0.5497 A~'. 29964 reflections were measured in the
hkl ranges 0—17/—22—22/—38— 38, of which 29941 were unique
[corrected for absorption; tpy, =0.081, ty. = 1.179 (DIFABS)"™],
and 14780 considered observed (with F, > 36 F,). For 2328 refined
parameters in 16 blocks the structure was solved by direct meth-
ods!"®l, Refinement " of all non-hydrogen atoms of the two clusters
A and B proceeded with aniostropic displacement parameters, for
the remaining atoms with isotropic parameters; H-atom positions
were calculated and kept fixed in the final refinement stages with
U, = 0.05. The disorder of two BF; anions was included in the
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refinement with partial occupancies (s.0.f. = 0.60/0.40). R = 0.045,
R,, = 0.046 (using the weighting scheme of Prince®®); residual elec-
tron density 5.2/—3.2 eA~3 (located at gold atoms). Selected bond
distances and angles are listed in Table 1. Further details of the
crystal-structure determination may be obtained from the Fachin-
formationszentrum Karlsruhe, Gesellschaft fiir wissenschaftlich-
technische Zusammenarbeit mbH, D-76344 Eggenstein-Leopolds-
hafen, on quoting the depository number CSD-57601, the names
of the authors, and the journal citation.

Table 1. Selected bond distances [A] and angles [°] in crystals of
(1),(CH,Cl,)5(Et,0) (see Figures 1a, b for atomic numbering)

Aul - RAu2 3.0040(9) Aué - Aud 2,895(1)
Aul - Au3 2.9446(9) Aué - Aulo 3.051(1)
Aul - Rus 2.9711(9) Aué - P6 2,301(5)
Aul - P1 2.277(4) Aué - P200 2.348(5)
Aul - P100 2.3811(4) Au7 -~ Aul 3.004(1)
Au2 - Aul 3.0040(9) Au7 - P7 2,293(5)
Au2 - P2 2.288(4) Au7 - P200 2.314(5)
Au2 - P100 2.318(4) Au8 - RAu9 3.002(1)
Au3 - Aul 2.9446(9) Au8 - P8 2.293(5)
Au3d - P3 2.283(5) Aug8 -~ P200 2.329(5)
Au3 - P100 2.322(4) Au9 - Aué 2.895(1)
Au4 - RAub 3.0320(9) AuS - Au7 3.004(1)
Aud4 - P41 2.325(4) Au9 - Aus 3.002(1)
Aud - P42 2.350(4) Au9 - P9 2.284(5)
Au4 - P100 2.546(4) AuS - P200 2.395(4)
AuS5 - Aul 2.9711(9) Aul0 - Aué 3.051(1)
AuS - Au4 3.0320(9) Aull - P10 2.347(5)
Aub - PS5 2.289(4) AulQ - P11 2.327(5)
Au5 - PloO 2.348(4) Aul0 - P200 2.566(4)
Au3 - Aul - Au2 82.30(2) Aul0 - Aué - Au9 105.57(3)
Au5 - Aul -~ Au2 78.52(2) P6 - Aué - Au9 125.9(1)
Au5 - Aul - Au3 88.57(2) P6 - Aué -~ Aul0 127.5(1)
Pl - Aul - Au2 132.1(1) P200 - Aué - Au9 53.1(1)
Pl - Aul - Au3d 128.9(1) P200 - Aué =~ Aulg 54.9(1)
Pl - Aul - Aub 128.8(1) P200 - Aué - P6 174.8(2)
P100 - Aul - Au2 49.4(1) P7 - Au7 - Au9 124.4(1)
P100 - Aul - Au3 50.4(1) P200 - Au7 - Au9 51.6(1)
P100 - Aul - AuS 50.6(1) P200 - Au7 =~ P7 172.7(2)
P100 - Aul - P1 178.5(2) P8 - Au8 - Au9 130.5(1}
P2 ~ Au2 - Aul 123.9(1) P200 - Au8 - Au9 51.5(1)
P100 - Au2 - Aul 51.2(1) P200 -~ Au8 - PS 175.4(2)
P100 - Au2 - P2 175.0(2) Au7 - Au9 - Aué 83.44(3)
P3 - Au3 - Aul 128.3(1) Au8 - Au9 - Aué6 87.92(3)
P100 - Au3 - Aul 52.1(1) Au8 - Au9 - Au7 78.39(3)
P100 -~ Au3 - P3 169.2(2) P9 - Au9 - Aué 127.4(1)
P41 - Aud - Aud 107.8(1) P9 - Au9 - Au7 130.2(1)
P42 - Au4 -~ Aud 104.2(1) P9 - Au9 - Aug 132.0(1)
P42 - Au4 - P41 139.7(2) P200 - AuS - Aué 51.6(1)
P100 - Aud - Aub 48.8(1) P200 - Au9 ~ Au7 49.2(1)
P100 - Au4 - P41 120.1(1) P200 - Au9 - AuB 49.6(1)
P100 - Aud4 - P42 99.2(1) P200 - Au9 - P9 178.5(2)
Au4 - Au5 - Aul 101.50(3) P10 - AulQ0 - Au6 107.2{(1)
PS5 - Au5 - Aul 131.4(1) P11l - Aul0 - Aué6 48.5(1)
P5 - Au5 - Au4 124.9(1) P11 - Aul0 - P{10}) 139.3(2)
P100 - Au5 - Aul 51.6(1) P200 - Aul0 - Aué 48.5(1)
P100 - AuS5 - Aud 54.7(1) P200 - Aul0 - P10 101.4(2)
P100 - AuS5 - PS5 173.7(2) P200 - Aul0 - P11 119.3(2)
Au2 - P100 - Aul 79.5(1) Au?7 - P200 - Rué 114.8(2)
Au3 - P100 - Aul 77.5(1) AuB - P200 - Aué 122.2(2)
Au3 - P100 - Au2 115.0(2) AuB - P200 - Au7 109.7(2)
Au4 - P100 - Aul 141.3(2) Au9 -~ P200 - Aué 75.2(1)
Au4 - P100 - Au2 136.3(2) Aug9 - P200 - Au7 79.3(1)
Au4 - P100 - Au3 93.9(1) Au9 - P200 - Au8 78.9(1)
Au5 - P100 - Aul 77.9(1) Aul0 - P200 - Aué 76.6(1)
AuS5 - P100 - Au2 108.3(2) Aul0 - P200 - Au? 131.6(2)
Au5 - P100 -~ Au3 124.4(2) Aul0 - P200 - Au8 99.7(2}
Au5 - P100 -~ Au4 76.5(1) Aul0 - P200 - Aud 145.3(2)
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