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The platinum(I) dinuclear carbonyl [Pt2(µ-PtBu2)2(PtBu2H)-
(CO)] (4) reacts with carbon monoxide (80 atm) to give the
dicarbonyl complex [Pt(µ-PtBu2)(CO)]2 (9), which is thermally
and air stable if protected from moisture. Wet solvents con-
vert 9 into the known trinuclear hydride Pt3(µ-PtBu2)3(CO)2-
(H) (10), which is also formed by treating 9 with molecular
hydrogen (180 atm). The reaction of 4 or 9 with phosphanes
[PR3 = PMe3, PPh3, PCy3, PCy2H] results in the formation of
the corresponding derivatives [Pt2(µ-PtBu2)2(PtBu2H)(PR3)]
[11, R = Me; 12, R = Ph; 13, R = Cy; 14, R3 = Cy2H], [Pt2(µ-
PtBu2)2(CO)(PR3)] [15, R = Me; 16, R = Ph; 17, R = Cy] or
[Pt(µ-PtBu2)(PR3)]2 [18, R = Me; 19, R = Ph; 20, R = Cy] in
good yields. Complex 19 is protonated at platinum by
CF3SO3H yielding the hydride [Pt2(µ-PtBu2)2(H)(PPh3)2]-

Introduction

Terminal phosphides are generally protonated at the
phosphorus atom.[1a–1g] By contrast, with a few excep-
tions,[1h] one metal centre (or the metal–metal bond) is the
stronger basic site in bridging metal phosphides.[1h,2] In our
previous papers we showed that the palladium bis(phos-
phido)-bridged dinuclear derivative Pd2(µ-PtBu2)2-
(PtBu2H)2 (1)[3a] (Scheme 1) is protonated at one bridging
phosphorus to afford the Pd–H–P agostic palladium(I) de-
rivative [Pd2(µ-PtBu2)(µ-PtBu2H)(PtBu2H)2]CF3SO3

(2).[3b,3c] We also reported that the bridging secondary
phosphane may be easily displaced from 2, thus signifi-
cantly reducing the steric hindrance around the metal–
metal bond and allowing the formation of monophosphido-
bridged systems where the Pd centres cooperate in the coor-
dination of new ligands.[3d–3f] The platinum analogue of 1,
and its monocarbonyl derivative, 3[4a] and 4[4b] in Scheme 1,
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CF3SO3 (21). The protonation of asymmetrically substituted
12 forms rapidly the kinetic hydride [(tBu2HP)Pt(µ-PtBu2)2-
Pt(H)(PPh3)]CF3SO3 (22a), which then isomerises slowly to
the more stable isomer [(Ph3P)Pt(µ-PtBu2)2Pt(H)(PtBu2H)]-
CF3SO3 (22b). Dicarbonyl 9 is instead protonated at the phos-
phorus atom of a bridging phosphide; the unstable product
of this reaction can be intercepted by adding CO to give the
monophosphido-bridged [Pt2(µ-PtBu2)(PtBu2H)(CO)3]CF3-
SO3 (24) as a mixture of two isomers. The X-ray crystal and
molecular structures of 9, of a 2:1 mixture of 9 and 10, and of
complexes 18, 19 and 21 are also reported.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2008)

are instead protonated at one metal centre, to afford the
PtII hydrides [Pt2(µ-PtBu2)2(H)(L)(L�)]CF3SO3 (5–
6a,b).[4a,4c]

As theoretically predicted,[4c] in the presence of new li-
gands the platinum-bonded hydride of these derivatives may
be transferred to the adjacent bridging phosphorus.[4d]

When this occurs (cation 6b+), the overall reactivity of the
dinuclear palladium or platinum cations is similar, despite
the different site of proton attack. In some cases, however
(cations 5+ and 6a+), the platinum cations fail to give the
hydride-transfer reaction, and therefore, is much less reac-
tive.[4d]

Moreover, we recently found that the protonation of the
bis(ethylene) derivative Pt2(µ-PtBu2)2(η2-CH2=CH2)2, (7)
affords the secondary phosphane-bridged cation [Pt2(µ-
PtBu2)(µ-PtBu2H)(η2-CH2=CH2)2]+ (8).[4e]

With the aim to investigate how ligands L, L� influence
the site of protonation of the bis(phosphido)-bridged plati-
num derivatives and the reactivity of the resulting cations,
we prepared a series of new [Pt2(µ-PtBu2)2(L)(L�)] com-
plexes. The results of this study are discussed herein.

Results and Discussion

An orange toluene solution of complex 4[4b] was pressur-
ised (80 atm) in an autoclave under a CO atmosphere. After
stirring for 12 h at 25 °C and workup, [Pt(µ-PtBu2)(CO)]2
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Scheme 1.

(9) was isolated as an orange microcrystalline solid. Com-
plex 9 is thermally stable and is not oxidised by dry oxygen,
either in the solid state or in solution, but it is easily con-
verted by moisture into the known[5] trinuclear hydride
Pt3(µ-PtBu2)3(CO)2(H) (10; see below). Therefore, 9 can be
obtained in good yields only under strictly anhydrous con-
ditions; moreover, the addition of a molar excess of dry
oxygen is essential to drive the equilibrium [Equation (1)]
towards the formation of complex 9, by oxidising the sec-
ondary phosphane to O=PtBu2H.

Under the better conditions, 4 was nearly quantitatively
(31P{1H} NMR) converted into 9, which was then isolated
in 80% yield. Complex 9 was also obtained by treating 4
with 1 atm of O2/CO (1:10) for 12 h at 60 °C, although in a
mixture with small (�10%) amounts of unidentified impu-
rities. The structure shown in Equation (1) can easily be as-
signed to complex 9 on the basis of its spectroscopic fea-
tures, and it was confirmed by a crystallographic study (see
below).
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(1)

The 31P{1H} NMR spectrum (C6D6, 293 K) exhibits a
singlet with 195Pt satellites [comprising a 1:8:18:8:1 quintet
with J = 1J(P,Pt)/2][6] at low fields [δ =305.4 ppm, 1J(P,Pt)
= 2493 Hz], and the 195Pt{1H} NMR spectrum gives a trip-
let at δ = –5235 ppm [1J(P,Pt) see above], as expected for
two equivalent P nuclei bridging two equivalent (metal–
metal bonded)[7] platinum centres. 1H and 13C{1H} NMR
spectra (see the Experimental Section) are consistent with
structure 9. A single νCO absorption was found at 1980 cm–1

in the IR spectrum, and the increase in the νCO relative to
4 (1956 cm–1) is due to the substitution of a basic phos-
phane with the π-acceptor CO ligand.

Complex 10, which is formed under wet conditions to-
gether with other unidentified byproducts, was unequivo-
cally identified by its 1H, 31P{1H} and 195Pt{1H} NMR
spectra,[5] and it was also formed in higher yields (�65%)
when a toluene solution of 9 was pressurised under H2

(180 atm) under strictly anhydrous conditions [Equa-
tion (2)]. The carbonyl ligand(s) contained in complexes 4
and 9 can be easily substituted by tertiary phosphanes [PR3

= PMe3, PPh3, PCy3], thus providing easy access to the un-
symmetrically substituted [Pt2(µ-PtBu2)2(PtBu2H)(PR3)]
[11, R = Me; 12, R = Ph; 13, R = Cy; 14, R3 = Cy2H] and
[Pt2(µ-PtBu2)2(CO)(PR3)] [15, R = Me; 16, R = Ph; 17, R
= Cy] or to the symmetrical derivatives [Pt(µ-PtBu2)-
(PR3)]2 [18, R = Me; 19, R = Ph; 20, R = Cy] (Scheme 1).

(2)

The structures of complexes 11–20, isolated in good
yields and purity, were straightforwardly assigned on the
basis of their spectroscopic features (see IR and NMR pa-
rameters in Table 1 and in the Experimental Section).

Single crystals of complexes 18 and 19 were obtained by
recrystallisation from CH2Cl2/DME or from toluene. Crys-
tals of 9 were obtained by recrystallisation from acetone.
During one of the recrystallisation attempts, an acetonitrile
solution of 9 came accidentally in contact with air and sin-
gle crystals containing a 2:1 mixture of 9 and 10 were ob-
tained. There are no unusual packing interactions between
the molecules of the two complexes, and their molecular
geometries are comparable (within 3σ) to those observed in
the crystals of pure 9 (see below) and 10.[5] ORTEP plots
of the structures of 9, 18 and 19 are shown in Figures 1, 2
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Table 1. Selected NMR parameters for complexes 4–13.

11 12 13 14 15 16 17 18 19 20

δ(P1) 283.7, dd 276.4, dd 272.8, dd 285.2, dd 302.3, d 289.3, d 292.6, d 289.1, t 269.5, t 271.8, t
δ(P2) 61.8, dt 64.0, dt 62.2, dt 66.0, dt – – – –25.7, t 40.2, t 42.1, t
δ(P3) –25.2, dt 42.4, dt 49.2, dt 20.3, dt –18.3, t 44.2, t 56.5, t –25.7, t 40.2, t 42.1, t
δ(Pt1) –5432, dt –5534, dt –5572, dt –5543, dt –5297, dt –5394, dt –5415, dt –5421, dt –5459, dt –5550, dt
δ(Pt2) –5587, dt –5527, dt –5523, dt –5592, dt –5168, t –5156, t –5143, t –5421, dt –5459, dt –5550, dt
1J(P1,Pt1) 2515 2565 2618 2560 2552 2615 2666 2560 2567 2603
1J(P1,Pt2) 2624 2578 2609 2590 2438 2416 2378 2560 2567 2603
1J(P2,Pt1) 4759 4696 4743 4773 – – – 4802 5055 4797
1J(P3,Pt2) 4792 5050 4795 4714 4686 4950 4698 4802 5055 4797
2J(P1,P2) 53.6 41.1 42.8 43.2 – – – 52.6 47.0 46.6
2J(P1,P3) 42.8 48.7 44.8 45.4 47.0 42.7 39.5 52.6 47.0 46.6
3J(P2,P3) 73.3 75.8 73.2 71.8 – – – – – –

and 3, whereas significant bond lengths and angles are
given in Table 2. The structures are similar to those of the
few related derivatives [M2(µ-PR2)2(L)(L�)] (M = Ni,[8]

Pd,[3a,9] Pt[4b,4e,10]) structurally characterised, with a planar,
metal–metal bonded Pt2(µ-P)2E2 (E = C or P) core.

Figure 1. Perspective view of the molecular structure of 9. Thermal
ellipsoids are at 30% probability. Primed atoms are obtained by
the symmetry operation: 1 – x, –y, 1 – z.

Neglecting the Pt–Pt bond, each metal exhibits a trigonal
planar coordination. The Pt–Pt distances at 2.5999(8),
2.6053(4) and 2.6126(2) Å for 9, 18 and 19, respectively, are
comparable to those observed in 4 [2.6127(6) Å],[4b] 7
[2.6230(8) Å][4e] and Pt2(µ-PPh2)2(PPh3)2 [2.604(1) Å],[10a]

but shorter than that in platinum metal (2.774 Å).[11] These
separations are in the expected range for PtI–PtI dinuclear
derivatives.[12] Moreover, geometrical features also found in
other [M2(µ-PR2)2(L)(L�)] complexes are the compressed
Pt–Pµ–Pt angles [av. 68.5(4)°], the large Pµ–Pt–Pµ angles (in
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Figure 2. Perspective view of the molecular structure of 18. Ther-
mal ellipsoids are drawn at 30% probability. Primed atoms are ob-
tained by the symmetry operation: –x + 1/2, –y + 1/2, –z + 1/2.

Figure 3. Perspective view of the molecular structure of 19. Ther-
mal ellipsoids are drawn at 30% probability.
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Table 2. Selected bond lengths [Å] and angles [°] for 9, 19, 21+ and
18 (the numbering scheme used here is based on the least symmetric
compound 19; for the other compounds the corresponding dis-
tances are listed).

Compound 9 18 19 21+

Pt(1)–Pt(2) 2.5999(8) 2.6053(4) 2.6126(2) 2.6349(3)
Pt(1)–P(1) 2.322(2) 2.309(1) 2.322(1) 2.327(1)
Pt(2)–P(1) 2.318(2) 2.320(1) 2.3061(9)
Pt(1)–P(3) 2.315(1)
Pt(2)–P(3) 2.318(1)
Pt(1)–P(2) 2.214(2) 2.234(1) 2.2600(8)
Pt(1)–C(1) 1.86(1)
Pt(2)–P(4) 2.234(1)
Pt(1)–P(1)–Pt(2) 68.17(6) 68.51(3) 69.33(3)
Pt(1)–P(3)–Pt(2) 68.70(4) 68.65(4)
P(1)–Pt(1)–P(2) 125.1(2) 127.92(5) 133.78(3)
P(1)–Pt(1)–C(1) 122.5(3)
P(3)–Pt(1)–P(2) 123.6(2) 120.57(5) 115.57(4)
P(3)–Pt(1)–C(1) 125.7(3)
P(1)–Pt(2)–P(4) 119.96(5)
P(3)–Pt(2)–P(4) 128.61(5)
P(1)–Pt(1)–P(3) 111.83(6) 111.30(4) 111.42(5) 110.67(3)
P(1)–Pt(2)–P(3) 111.41(5)
P(2)–Pt(1)–Pt(2) 178.1(1) 175.59(4) 171.28(2)
C(1)–Pt(1)–Pt(2) 178.2(3)
P(4)–Pt(2)–Pt(1) 178.1(1) 175.39(3)

the range 111.3–114.4°) and the value of the Pµ–Pt–L angles
(in the range 120.0–128.6°). As usually found in bis(phos-
phido)-bridged derivatives of the group 10 metals, the Pt–
Pµ distances [2.309(2)–2.322(1) Å] are longer than the Pt–Pt

separations [2.214(2)–2.234(1) Å]. The reaction of a CD2Cl2
solution of 19 with an equimolar amount of CF3SO3H re-
sults in the instantaneous and quantitative formation of the
stable diplatinum(II) hydride [Pt2(µ-PtBu2)2(H)(PPh3)2]-
CF3SO3 (21). Analogously, asymmetrically substituted 12 is
protonated rapidly to give [(tBu2HP)Pt(µ-PtBu2)2Pt-
(H)(PPh3)]CF3SO3 (22a). However, this is then quantita-
tively converted (τ1/2 ca. 24 h) into its more stable isomer
[(Ph3P)Pt(µ-PtBu2)2Pt(H)(PtBu2H)]CF3SO3 (22b), the pro-
ton is attached to the platinum centre bonded to the more
basic alkyl phosphane. A similar isomerisation was ob-
served previously when 4 was protonated to give [(tBu2HP)-
Pt(µ-PtBu2)2Pt(H)(CO)]CF3SO3(6a)and[(OC)Pt(µ-PtBu2)2-
Pt(H)(PtBu2H)]CF3SO3 (6b).[4c]

The structures of complexes 21 and 22a,b were inferred
by analysing their 1H, 31P{1H} and 195Pt{1H} NMR spec-
tra (Table 3).

These are very similar to those discussed in detail for
[Pt2(µ-PtBu2)2(H)(PtBu2H)2]CF3SO3 (5)[4b] and their analy-
sis will not be duplicated here. Single crystals of 21 were
obtained by slow evaporation of a CD2Cl2/toluene solution.
The small values of 2J(H1,P3) (�25 Hz) confirm that 21 and
22a,b are true hydrides, that is, that the added proton H1 is
attached only to a metal centre with negligible interaction
with the adjacent P3.[4b]

An ORTEP view of cation 21+ is shown in Figure 4, and
relevant bond lengths and angles are reported in Table 2.
As already found for cations 2+[3b,3c] and 5+,[4a] the dinu-
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Table 3. Selected NMR parameters for complexes 5, 6a,b, 21 and
22a,b.

21 22a 22b 6a 6b 5

δ(P3) 322 329 332 342.5 333.8 329.5
δ(P1) 351 361 339 393.5 369 348.0
δ(P4) 13.8 13.1 39.7 – 30.5 30.3
δ(P2) 42.3 65.9 42.5 62.1 – 57.5
δ(Pt1) –5430 –5020 [a] –5486 –5299 –5586
δ(Pt2) –6055 –5586 [a] –5936 –6163 –6268
δ(H1) –2.5 –2.7 –3.5 –1.5 –2.6 –3.4
2J(P1,P3) 214 211 213 228 153 212
2J(P3,P4) 148 134 116 – 116 132
2J(P2,P3) 67 66 66 42 – 63
2J(P1,P4) 9 6 10 – 8 10
2J(P1,P2) 32 21 31 31 – 21
3J(P2,P4) 44 42 39 – – 37
1J(Pt1,P3) 2756 2890 2722 2472 2855 2888
1J(Pt1,P1) 2327 2161 2472 2595 2202 2090
1J(Pt1,P2) 5116 4696 5160 4672 – 4762
1J(Pt2,P3) 796 737 1023 1273 833 934
1J(Pt2,P1) 1933 1746 1673 961 1484 1643
1J(Pt2,P4) 3651 3636 3025 – 2918 3034
1J(H1,Pt2) 602 604 610 679 683 690
2J(H1,P1) 91 101 98 80 99 109
2J(H1,P3) �23 �22 �24 10 14 14
2J(H1,P4) �23 �22 �24 – 25.5 28.5
1J(Pt1,Pt2) 300 250 [a] 617 390 340

[a] 195Pt NMR spectroscopic data not available.

clear cation lies on a crystallographic inversion centre, thus
only half of cation 21+ is independent. As a consequence
of the imposed crystallographic symmetry, higher than the
molecular one, the cation has identical coordination spheres
around the two Pt centres due to an averaged disordered
situation obtained by superimposing two different mole-
cules across the centre of symmetry, in apparent contrast
with the solution NMR spectroscopic data. It proved im-
possible to locate the Pt-bonded hydride, but its presence,
unequivocally proved by NMR spectroscopic data, causes
a significant distortion of the bond angles around the metal
centres [P(1)–Pt(1)–P(2) 133.78(3)°, P(2)–Pt(1)–P(1�)
115.57(3)°; see Figure 4]. The values of corresponding
angles in precursor 19 are 120.57(5) and 127.92(5)°, respec-
tively. The Pt–Pt distance [2.6349(3) Å] suggests that the Pt–
Pt bond is retained, in accord with the calculated data in
related cations 5+–6a,b+,[4a,4c] despite the PtII oxidation
state of the two metal centres. Other parameters such as Pt–
Pµ [2.306(1) and 2.327(1) Å], Pt–Pt 2.2600(8) Å and Pt(1)–
P(1)–Pt(1�) [69.33(3)°] are comparable to those observed in
the parent derivatives. Finally, the asymmetry of the Pt–Pµ

bonds is less pronounced than in the agostic palladium cat-
ion 2+ [Pd–Pµ 2.392(1) and 2.327(4) Å], in further accord
with the different M···H interaction.



A. Albinati, P. Leoni, F. Marchetti, L. Marchetti, M. Pasquali, S. RizzatoFULL PAPER

Figure 4. Perspective view of the molecular structure of cation 21+.
Thermal ellipsoids are drawn at 30% probability. Primed atoms are
obtained by the symmetry operation: –x, –y, –z.

Contrary to 12 and 19, complex 9 is protonated at phos-
phorus; the CD2Cl2 solution obtained by treating 9 with an
equimolar amount of CF3SO3H at –60 °C contains unique
product 23 (Scheme 2), which contains one bridging phos-
phide [δ(P1) = 266.2 ppm, d] and one terminally bonded
secondary phosphane [δ(P2) = 51.4 ppm, d; δ(H2) =
5.71 ppm, 1J(H2,P2) = 388 Hz, 2J(H2,Pt1) = 29 Hz] in mut-
ual trans position [2J(P,P) = 200 Hz]. The very large values
of 1J(H2,P2) and 2J(P,P) and the small value of 2J(P2,Pt2)
(34 Hz) certify the absence of a P2–H–Pt2 agostic interac-
tion; moreover, the unusually large coupling between the
bridging phosphorus nucleus and Pt2 (3971 Hz), obtained
by 31P{1H} and 195Pt{1H} NMR spectra, implies a low co-
ordination number for Pt2.[4c] We therefore suggest that 23
has the structure shown in Scheme 2, with an unsaturated
metal centre; similar structural features were assigned to
[Pd2(µ-PtBu2)(PPh3)3]BF4

[3d] in the related chemistry of
palladium. Due to its unsaturation, complex 23 decomposes
rapidly on warming to 20 °C to give a complex mixture of
unidentified products; however, it can be intercepted by op-
erating under a carbon monoxide atmosphere. Under these
conditions, the stable tricarbonyl derivative [Pt2(µ-
PtBu2)(PtBu2H)(CO)3]CF3SO3 (see Experimental Section
for NMR parameters) is quantitatively formed as a mixture
of two isomers 24a,b (Scheme 2). As compared to the re-
lated monophosphido-bridged derivative [Pt2(µ-PtBu2)-

Scheme 2.
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(PtBu2H)2(CO)2]CF3SO3,[4d] for the presence of one less
phosphane and one more carbonyl ligand, complex 24 is
less sterically hindered and has less π-basic metals; there-
fore, it is more inclined to undergo carbonyl substitution
reactions. For these reasons, both unsaturated derivative 23,
which can profitably be employed at low temperatures, and
more stable 24 may be predicted to be useful starting mate-
rials for future reactivity studies.

Conclusions

In this work we describe high-yielding synthetic pro-
cedures for the preparation of a series of bis(phosphido)-
bridged derivatives with a common Pt2(µ-PtBu2)2 core and
a variable terminal ligand (L, L� = CO, secondary alkyl-,
tertiary alkyl- or arylphosphanes) bonded to each platinum
centre. The nature of L, L� influences considerably the path
of the protonation of these complexes. When at least one
of the terminal ligands L is a phosphane, the protonation
occurs selectively at the metal centre.

If L � L�, the proton is attached first to the less-basic
but less-hindered metal centre, but the kinetic Pt2

II hydride
isomerises slowly and quantitatively into its thermodynamic
isomer, where the proton is attached to the metal bearing
the better σ donor. As previously reported,[4c] monocar-
bonyl 4 behaves similarly, but, when the basicity of the
metal centre is further reduced by introducing a second
strong π-acceptor ligand, as in dicarbonyl 9, a phosphorus
atom of one of the bridges becomes the strongest basic cen-
tre of the molecule, and the reaction yields a monophos-
phido-bridged Pt2

I derivative.

Experimental Section
General Data: The reactions were carried out under a nitrogen at-
mosphere by using standard Schlenk techniques. [Pt2(µ-PtBu2)2-
(PtBu2H)(CO)] (4) was prepared as described previously.[4b] Sol-
vents were dried by conventional methods and distilled under nitro-
gen prior to use. IR spectra (nujol mulls, KBr) were recorded with a
Perkin–Elmer FTIR 1725X spectrophotometer. NMR spectra were
recorded with a Varian Gemini 200 BB instrument (199.98 MHz
for 1H, 80.95 MHz for 31P, 42.76 MHz for 195Pt); chemical shifts
are referenced to the residual resonances of the deuterated solvent
(1H, 13C), 85% H3PO4 (31P) and H2PtCl6 (195Pt). 31P and 195Pt
NMR spectroscopic data given in Tables 2 and 3 are not duplicated
here; in NMR spectra dm stands for double multiplet, vt for virtual
triplet. Elemental analyses were performed with a Carlo Erba
model 1106 instrument.

[Pt(µ-PtBu2)(CO)]2 (9): An orange toluene (15 mL) solution of 4
(350 mg, 0.409 mmol) was transferred into a stainless steel auto-
clave. This was then evacuated and filled with dry O2 (50 mL,
2.2 mmol) and pressurised with CO (80 atm). After stirring for 12 h
at room temperature, the autoclave was depressurised and left un-
der an atmosphere of CO (1 atm). The resulting orange solution
was transferred into a Schlenk tube and the solvent was evapo-
rated, and the residue was suspended in acetone (10 mL). The sus-
pension was filtered, and the air-stable orange solid was washed
with acetone and vacuum dried (241 mg, 80% yield). The 31P{1H}
NMR spectrum of the filtrate exhibited a strong singlet at δ =
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61.0 ppm, assignable to tBu2HP=O. Complex 9 was also obtained
by warming a toluene solution of 4 at 60 °C for 12 h under an
atmosphere of CO (1 atm) containing a stoichiometric amount of
dry O2. In this case, the final solution also contained (31P{1H}
NMR) minor (�10%) amounts of other unidentified products.
C18H36O2P2Pt2 (736.66): calcd. C 29.35, H 4.93; found C 29.23, H
5.06. IR (Nujol): ν̃ = 1980 (νCO) cm–1.

Reaction of 9 with H2 or Water: An orange toluene (3 mL) solution
of 9 (30 mg, 0.041 mmol) was transferred into a stainless steel auto-
clave and pressurised with H2 (180 atm). After stirring for 24 h at
room temperature, the autoclave was depressurised, and the solu-
tion was transferred into a Schlenk tube. A 31P{1H} NMR spec-
trum showed the formation (ca. 65%) of the known [Pt3(µ-PtBu2)3-
(H)(CO)2] (10)[5] with minor amounts of unidentified products. The
same complex was formed, albeit in lower yields, when water was
deliberately added to toluene solutions of complex 9, or when the
solvent was not carefully dried.

Preparation of [Pt2(µ-PtBu2)2(PtBu2H)(PR3)] [11, R = Me; 12, R =
Ph; 13, R = Cy; 14, R3 = Cy2H]

11: PMe3 (11.0 µL, 0.11 mmol) was added to an orange solution
of [Pt2(µ-PtBu2)2(PtBu2H)(CO)] (4; 90 mg, 0.10 mmol) in toluene
(3 mL), and a pale-yellow solid quickly started to precipitate out.
After the addition of n-hexane (10 mL) the suspension was stirred
and left overnight at –30 °C. Complex 11 was isolated as a solid by
filtration, which was then washed with n-hexane and vacuum dried
(81 mg, 90% yield). C27H64P4Pt2 (902.86): calcd. C 35.92, H 7.14;
found C 36.03, H 7.06. 1H NMR (CD2Cl2, 293 K): δ = 6.34 [dm,
1J(H,P) = 317 Hz, 2J(H,Pt) = 34 Hz, 1 H, PH], 1.85 [d, 2J(H,P) =
8.6 Hz, 3J(H,Pt) = 37 Hz, 9 H, PCH3], 1.38 [d, 3J(H,P) = 14 Hz,
18 H, HPCCH3], 1.27 (br. vt, 36 H, µ-PCCH3) ppm.

12: Prepared analogously to 11. Yield: 92%. C42H70P4Pt2 (1089.08):
calcd. C 46.32, H 6.48; found C 46.51, H 6.29. 1H NMR (CD2Cl2,
293 K): δ = 7.76 (m, 6 H, C6H5), 7.30 (m, 9 H, C6H5), 6.41 [d,
1J(H,P) = 320 Hz, 2J(H,Pt) = 37 Hz, 1 H, PH], 1.39 [d, 3J(H,P) =
14 Hz, 18 H, HPCCH3] 1.21 (m, 36 H, µ-PCCH3) ppm.

13: Prepared analogously to 11. Yield: 45%. C42H88P4Pt2 (1107.22):
calcd. C 45.56, H 8.01; found C 45.29, H 8.36. 1H NMR (CD2Cl2,
293 K): δ = 6.31 [dm, 1J(H,P) = 317 Hz, 1 H, PH], 1.94–1.24 (br.
m, 33 H, Cy), 1.37 [d, 3J(H,P) = 14 Hz, 18 H, HPCCH3], 1.28 (m,
36 H, µ-PCCH3) ppm.

14: Prepared analogously to 11. Yield: 89%. C36H78P4Pt2 (1025.08):
calcd. C 42.18, H 7.67; found C 42.30, H 7.81. 1H NMR (CD2Cl2,
293 K): δ = 6.30 [dm, 1J(H,P) = 317 Hz, 1 H, PH], 6.07 [dm,
1J(H,P) = 315 Hz, 1 H, PH], 1.94–1.23 (br. m, 22 H, Cy), 1.37 [d,
3J(H,P) = 14 Hz, 18 H, HPCCH3], 1.28 (br. vt, 36 H, PCCH3)
ppm.

Preparation of [Pt2(µ-PtBu2)2(CO)(PR3)] [15, R = Me; 16, R = Ph;
17, R = Cy]

15: PMe3 (7.0 µL, 0.068 mmol) was added to an orange toluene
(3 mL) solution of 9 (50 mg, 0.068 mmol). The colour of the solu-
tion faded immediately and the 31P{1H} NMR spectrum showed
the quantitative formation of 15. The solvent was evaporated, and
the residue was suspended in n-hexane (10 mL); the suspension was
then stirred and left overnight at –30 °C. Complex 15 was isolated
as an orange solid by filtration, which was then washed with n-
hexane and vacuum dried (52 mg, 95% yield). C20H45OP3Pt2

(784.66): calcd. C 30.61, H 5.78; found C 29.98, H 6.5.92. IR
(CH2Cl2): ν̃ = 1953 (νCO) cm–1. 1H NMR (CD2Cl2, 293 K): δ =
1.91 [d, 2J(H,P) = 9 Hz, 3J(H,Pt) = 41 Hz, 9 H, PCH3], 1.30–1.18
(m, 36 H, PCCH3) ppm.
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16: Prepared analogously to 15. Yield: 91%. C35H51OP3Pt2

(970.87): calcd. C 43.30, H 5.30; found C 43.24, H 5.06. IR
(CH2Cl2): ν̃ = 1959 (νCO) cm–1. 1H NMR (CD2Cl2, 293 K): δ =
7.74 (m, 6 H, C6H5), 7.37 (m, 9 H, C6H5), 1.21 (m, 36 H, PCCH3)
ppm.

17: Prepared analogously to 15. Yield: 86%. C35H69OP3Pt2

(989.02): calcd. C 42.50, H 7.03; found C 42.81, H 7.16. IR
(CH2Cl2): ν̃ = 1948 (νCO) cm–1. 1H NMR (CD2Cl2, 293 K): δ =
2.16–1.22 (br. m, 33 H, C6H5), 1.31 (m, 36 H, PCCH3) ppm.

Preparation of [Pt(µ-PtBu2)(PR3)]2 [18, R = Me; 19, R = Ph; 20, R
= Cy]

18: PMe3 (14.3 µL, 0.14 mmol) was added to toluene solution
(2 mL) of 9 (50 mg, 0.068 mmol), and a pale-yellow solid quickly
precipitated out. After the addition of n-hexane (10 mL), the sus-
pension was stirred and left overnight at –30 °C. Complex 18 was
isolated as a solid by filtration, which was then washed with n-
hexane and vacuum dried (49 mg, 84% yield). C22H54P4Pt2

(832.73): calcd. C 31.73, H 6.54; found C 32.21, H 6.71. 1H NMR
(CD2Cl2, 293 K): δ = 1.80 [d, 2J(H,P) = 8 Hz, 3J(H,Pt) = 39 Hz,
18 H, PCH3], 1.21 (m, 36 H, PCCH3) ppm.

19: Prepared analogously to 18. Yield: 85%. C52H66P4Pt2 (1205.16):
calcd. C 51.82, H 5.52; found C 51.59, H 5.35. 1H NMR (CD2Cl2,
293 K): δ = 7.76 (m, 6 H, C6H5), 7.31 (m, 9 H, C6H5), 1.06 (br. vt,
36 H, µ-PCCH3) ppm.

20: Prepared analogously to 18. Yield: 83%. C52H102P4Pt2

(1241.14): calcd. C 50.32, H 8.28; found C 50.26, H 8.07. 1H NMR
(CD2Cl2, 293 K): δ = 2.16–1.18 (br. m, 66 H, Cy), 1.32 (m, 36 H,
µ-PCCH3) ppm.

Protonation of 19: CF3SO3H (2.2 µL, 0.025 mmol) was added to an
NMR tube containing a CD2Cl2 (0.3 mL) suspension of 19 (30 mg,
0.025 mmol). The solid dissolved quickly, and the spectra of the
orange solution showed only the resonances assigned to [Pt2(µ-
PtBu2)2(H)(PPh3)2]CF3SO3 (21). 1H NMR (CD2Cl2, 293 K): δ =
7.63 (m, 12 H, C6H5), 7.47 (m, 18 H, C6H5), 1.20 [d, 3J(H,P) =
16 Hz, 18 H, PCCH3], 0.91 [d, 3J(H,P) = 15 Hz, 18 H, PCCH3],
–2.49 [dt, 2J(H,P) = 95, 23 Hz, 1J(H,Pt) = 602 Hz, 1 H, Pt-H] ppm.

Protonation of 12: CF3SO3H (2.7 µL, 0.031 mmol) was added to an
NMR tube containing a CD2Cl2 (0.3 mL) suspension of 12 (34 mg,
0.031 mmol). The solid dissolved quickly, and the spectra of the
orange solution showed only the resonances assigned to [(tBu2HP)
Pt(µ-PtBu2)2Pt(H)(PPh3)]CF3SO3 (22a). This disappeared slowly to
leave, after 2 d, only the resonances of its isomer [(Ph3P)Pt(µ-
PtBu2)2Pt(H)(PtBu2H)]CF3SO3 (22b). Data for 22a: 1H NMR
(CD2Cl2, 293 K): δ = 7.70 (m, 15 H, C6H5), 5.99 [dm, 1J(H,P) =
348 Hz, 1 H, P-H], 1.29 (m, 54 H, PCCH3), –2.67 [dt, 2J(H,P) =
100, 19 Hz, 1J(H,Pt) = 618 Hz, 1 H, Pt-H] ppm. Data for 22b: 1H
NMR (CD2Cl2, 293 K): δ = 7.69 (m, 6 H, C6H5), 7.47 (m, 9 H,
C6H5), 6.00 [dm, 1J(H,P) = 340 Hz, 1 H, P-H], 1.26 (m, 54 H,
PCCH3), –3.50 [dt, 2J(H,P) = 96, 20 Hz, 1J(H,Pt) = 671 Hz, 1 H,
Pt-H] ppm.

Protonation of 9

Method A: Under a N2 atmosphere, CF3SO3H (3.7 µL, d =
1.69 gmL–1, 0.19 mmol) was added to an NMR tube containing a
CD2Cl2 (0.5 mL) solution of 9 (30 mg, 0.041 mmol) at 213 K. The
solution quickly turned brown, and the NMR spectrum (213 K)
showed only the resonances assigned to complex 23. 31P{1H}
NMR: δ = 266.7 [d, 2J(P,P) = 200 Hz, 1J(P1,Pt2) = 3971 Hz,
1J(P1,Pt1) = 2807 Hz, P1], 51.4 [d, 2J(P,P) = 200 Hz, 1J(P2,Pt1) =
2803 Hz, 2J(P2,Pt2) = 34 Hz, P2] ppm; in the corresponding proton
coupled spectrum the main lines of the latter signal appear as a dd
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[2J(P,P) = 200 Hz, 1J(P,H) = 388 Hz]. 195Pt{1H} NMR: δ = –4604
[dd, 1J(P,Pt) = 3971 Hz, 2J(P,Pt) = 34 Hz, 1J(Pt,Pt) = 2332 Hz, Pt2],
–4940 [t, 1J(P,Pt) = 2807 Hz, 1J(Pt,Pt) = 2332 Hz, Pt1] ppm. 1H
NMR: δ = 5.71 [d, 1J(H,P2) = 388 Hz, 2J(H,Pt1) = 29 Hz, 1 H, P–
H], 1.35 [d, 3J(H,P) = 16 Hz, 18 H, C–H], 1.23 [d, 3J(H,P) = 15 Hz,
18 H, C–H] ppm. When the temperature was raised to 298 K, the
above-mentioned signals disappeared leaving a complex set of reso-
nances due to unidentified decomposition products.

Method B: Under a CO atmosphere, CF3SO3H (3.4 µL,
0.037 mmol) was added to an NMR tube containing a CD2Cl2
(0.5 mL) solution of 9 (27 mg, 0.037 mmol). The colour of the solu-
tion faded immediately, and the spectra of the yellow solution
showed only the resonances of the 3:2 mixture of two isomers of
[Pt2(µ-PtBu2)(PtBu2H)(CO)3]CF3SO3 (24a,b). 1H NMR (293 K): δ
= 5.98 [d, 1J(H,P2) = 357 Hz, 2J(H,Pt1) = 71 Hz, 3J(H,Pt2) = 48 Hz,
P-H, 24b], 5.64 [dd, 1J(H,P2) = 362 Hz, 3J(H,P1) = 6 Hz, 2J(H,Pt1)
= 60 Hz, P2-H, 24a], 1.43 (m, PCCH3) ppm. 31P{1H} NMR: δ =
33.7 [d, 2J(P,P) = 11 Hz, 1J(P2,Pt1) = 2993 Hz, 2J(P2,Pt2) = 285 Hz,
P2, 24b], 48.8 [d, 2J(P,P) = 191 Hz, 1J(P2,Pt1) = 2536 Hz, 2J(P2,Pt2)
= –44 Hz, P2, 24a], 265.3 [d, 2J(P,P) = 11 Hz, 1J(P1,Pt1) = 2944 Hz,
1J(P1,Pt2) = 2640 Hz, P1, 24b], 279.7 [d, 2J(P,P) = 191 Hz, 1J(P1,Pt2)
= 2781 Hz, 1J(P1,Pt1) = 2394 Hz, P1, 24a] ppm; in the correspond-
ing proton coupled spectrum the main lines of the signals at 33.7
(br. d) and 48.8 (dd) ppm are further split by the large value of
[1J(P,H) ca. 360 Hz]. 195Pt{1H} NMR: δ = –5372 [dd, 1J(P,Pt) =
2944, 2993 Hz, 1J(Pt,Pt) = 1850 Hz, Pt1, 24b], –5249 [dd, 1J(P,Pt)
= 2635 Hz, 2J(P,Pt) = 282 Hz, 1J(Pt,Pt) = 1850 Hz, Pt2, 24b], –5150
[dd, 1J(P,Pt) = 2781 Hz, 2J(P,Pt) = –44 Hz, 1J(Pt,Pt) = 2600 Hz,
Pt2, 24a], –5148 [dd, 1J(P,Pt) = 2394, 2536 Hz, 1J(Pt,Pt) = 2600 Hz,
Pt1, 24a]. Identical NMR spectra were observed when CO was
bubbled at 213 K into the solution of complex 23 obtained as de-
scribed in method a.

Table 4. Crystal and structure refinement parameters for compounds 9, 18, 19·(C7H8) and 21.

Compound 9 18 19·(C7H8) 21

Formula C18H36O2P2Pt2 C22H54P4Pt2 C59H74P4Pt2 C53H67F3O3P4Pt2S
M [gmol–1] 736.59 832.71 1297.32 1355.19
Data Collection T [K] 293(2) 293(2) 200(2) 200(2)
Radiation (Mo-Kα) λ [Å] 0.71073 0.71073 0.71073 0.71073
Crystal system Monoclinic Tetragonal Orthorhombic Triclinic
Space group (no.) P21/c (14) P42/n (86) P212121 (19) P1̄ (2)
a [Å] 8.297(1) 13.2585(5) 15.3662(2) 10.8038(2)
b [Å] 13.257(2) 13.2585(5) 18.4927(3) 11.9729(1)
c [Å] 11.601(2) 18.471(1) 19.3189(1) 12.1202(2)
α [°] 90.0 90.0 90.0 70.635(1)
β [°] 106.96(1) 90.0 90.0 79.001(1)
γ [°] 90.0 90.0 90.0 77.229(1)
V [Å3] 1220.5(3) 3247.0(2) 5489.71(1) 1430.69(4)
Z 2 4 4 1
ρcalcd. [g cm–3] 2.004 1.703 1.570 1.572
µ [cm–1] 11.587 8.811 5.244 5.080
θ range [°] 2.39–24.99 2.17–29.34 1.52–27.45 1.95–27.49
Data collected 2872 20159 57017 14584
Independent data 2152 2209 12497 6449
Observed reflections 1548 1697 11324 5950
[|Fo|2 � 2.0σ(|Fo|2)]
Parameters refined 109 99 586 329
Rint

[a] 0.0341 0.0740 0.0372 0.0275
R1 (obs. reflections)[b] 0.0347 0.0255 0.0275 0.0253
wR2 (obs. reflections)[b] 0.0591 0.0590 0.0598 0.0624
GOF[c] 1.006 1.055 1.040 1.090

[a] Rint = Σ|Fo
2 – �Fo

2�|/ΣFo
2. [b] R1 = Σ(|Fo – (1/k)Fc|)/Σ|Fo|; wR2 = [Σw(Fo

2 – (1/k)Fc
2)2/Σw|Fo

2|2]1/2. [c] GOF = [Σw (Fo
2 – (1/k)Fc

2)2/
(no – nv)]1/.
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Crystallography: A red orange crystal of [Pt(µ-PtBu2)(CO)]2 (9) was
mounted on a Bruker P4 diffractometer, at room temperature for
unit cell and space group determination and for the data collection.
Red crystals of [Pt(µ-PtBu2)(PMe3)]2 (18), [Pt(µ-PtBu2)(PPh3)]2
(19) and [Pt2(µ-PtBu2)2(H)(PPh3)2]CF3SO3 (21) were mounted on a
Bruker SMART CCD diffractometer for unit cell and space group
determinations. Crystals of 19 and 21 were cooled to 200 K by
using a cold nitrogen stream for the data collection. Selected crys-
tallographic data are listed in Table 4. Data were corrected for Lo-
rentz and polarisation factors by using the data reduction software
SAINT[13] and empirically for absorption by using the SADABS
program.[14] The structures were solved by Patterson, direct[15] and
Fourier methods and refined by full-matrix least-squares[15] {the
function minimised being Σ[w(Fo

2 – 1/kFc
2)2]}. For all structures,

no extinction correction was deemed necessary. The scattering fac-
tors used, corrected for the real and imaginary parts of the anoma-
lous dispersion, were taken from the literature.[16] All calculations
were carried out by using the PC version of the programs
WINGX[17] SHELX-97[15] and ORTEP.[18]

Structural Study of [Pt(µ-PtBu2)(CO)]2 (9): The space group was un-
ambiguously determined from the systematic absences, whereas the
cell constants were refined by least-squares at the end of the data
collection. Data acquisition was carried out by using a ω/2θ scan
mode and collecting a redundant set of data. Three standard reflec-
tions, every 97, were measured to check the crystal decay: no signifi-
cant variation was observed. The refinement was carried out by full-
matrix least-squares by using anisotropic displacement parameters
for the non-hydrogen atoms and isotropic for the hydrogen atoms
that were included in the refinement using a riding model.

Structural Study of [Pt(µ-PtBu2)(PMe3)]2 (18): The space group was
unambiguously determined from the systematic absences, whereas
the cell constants were refined by least-squares at the end of the data
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collection. The data were collected by using ω scans, in steps of 0.3°.
For each of the collected frames, counting time was 30 s. The least-
squares refinement was carried out by using anisotropic displace-
ment parameters for the P and C atoms of the phosphido-bridged
moiety. The remaining atoms were treated isotropically. The large
values of the displacement parameters of some atoms suggest the
presence of structural disorder. The latter can be due to the higher
crystallographic symmetry imposed on a less symmetric molecule,
thus leading to positional disorder. An attempt to improve the re-
fined model, by treating all atoms anisotropically, did not yield any
significant improvement of the fit; therefore, the model with less pa-
rameters was retained. The contribution of the H atoms, in their
calculated positions [C–H 0.96[Å], B(H) = 1.5� B(Cbonded)(Å2)],
was included in the refinement by using a riding model.

Structural Study of [Pt(µ-PtBu2)(PPh3)]2 (19): The space group was
determined from the systematic absences. Cell constants were re-
fined by least-squares at the end of the data collection. The data
were collected by using ω scans, in steps of 0.3°. For each of the
1800 collected frames, counting time was 20 s. The Fourier differ-
ence maps revealed a clathrated toluene molecule that was included
in the refinement. The least-squares refinement was carried out by
using anisotropic displacement parameters for all non-hydrogen
atoms, whereas the H atoms were included in the refinement as
described above [C–H 0.96(Å), B(H) = aB(Cbonded)(Å2), a = 1.4 for
CH3 groups and 1.2 for the other H atoms].

Structural Study of [Pt2(µ-PtBu2)2(H)(PPh3)2]CF3SO3 (21): The
values of the cell parameters were refined at the end of the data
collection. The data were collected by using ω scans, in steps of
0.3°. For each of the 1800 collected frames, counting time was 20 s.
The space group assignment was confirmed by the successful re-
finement. Due to the crystallographic symmetry the asymmetric
unit is half of the dimer; therefore, the counterion site occupancy
factor (SOF) has to be 0.5. Refinement of the SOFs for the
CF3SO3

– atoms confirmed this assumption. Refining the structure
in the noncentrosymmetric space group P1 (thus almost doubling
the number of refined parameters) did not yield a better fit or mo-
lecular geometry. It proved impossible to locate the hydride ligand
(see the discussion of the structure). As often the case, the triflate
show large amplitude motions for the atoms as a consequence of
disorder that proved impossible to model satisfactorily. The least-
squares refinement and H atoms treatment was carried out as de-
scribed above.

CCDC-656030 (for 9), -684894 (for 9·210), -656031 (for 18),
-656032 (for 19) and -656033 (for 21) contain the supplementary
crystallographic data for this publication. These data can be ob-
tained free of charge from the Cambridge Crystallographic Data
Centre via www.ccdc.cam.ac.uk/data_request/cif.
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