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A Structural and Spectroscopic Characterization of [Pt3(PPh;)s(n-

PPh;)2(1-H)][BF,]-2CH.CI; t
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The previously reported cationic cluster [Pt;(PPh3),}* has been shown to be [Ptz(PPh3)3(-PPhy)2(-H)]t by

X-ray structural analysis and 3P n.m.r. studies.

The presence of a bridging hydride ligand could not be detected

in the X-ray structural determination nor by direct 'H n.m.r. studies, but was unambiguously established by 31P and

31P-{'H} n.m.r. measurements at 145.8 MHz.

SEVERAL triangular neutral and cationic transition-metal
cluster compounds stabilized by phosphine ligands are
now known.!® Our interest in this class of compounds
led us to reinvestigate a platinum cluster reported some
years ago 7 and tentatively formulated as [Pt,(PPh,),]}*
on the basis of analytical data.

The compound has been synthesized as previously
reported;? an X-ray structural determination on a
golden-yellow needle grown from dichloromethane,
combined with 3!P n.m.r. measurements, shows that this
compound must be reformulated as [Pty(PPhg)y(u-P-
Phy),(u-H)][BF,}2CH,Cl, (1).

EXPERIMENTAL

The compound [Pty(PPhy)s(u-PPh,),(un-H)][BF,]:2CH,Cl,
was prepared by u.v. irradiation of an ethanolic solution of
[Pt(PPhy),(C,0,)] under a hydrogen atmosphere, followed by
precipitation with Na[BF,] in water and crystallization
from dichloromethane and n-heptane, as previously reported
for [Pt;(PPhy),][(BF,] 7 (Found: C, 49.2; H, 3.5; Pt, 29.8.
Calc. for C4H,,BCl,F,P,Pt;: C, 48.0; H, 3.5; Pt, 29.3%,).
The compound shows i.r. absorptions (Nujol mull) at 3 050w,
1590w, 1570w, 1480m, 1 435s, 1310w, 1275w, 1 225w,
1185w, 1160w, 1100s, 1060s, 1030(sh), 1 000mw, 740s,
730m, and 690s cm™.

Attempts were made to collect 'H n.m.r. spectra on a
Fourier-transform JEOL PS-100 spectrometer using 5-mm
n.m.r. tubes containing ca. 0.1 mol dm™ solutions but,
after typically 50 000 scans, nothing was observed in the
high-field region. Phosphorus-31 n.m.r. spectra were
measured on a Bruker WH360 spectrometer at 145.8 MHz
using 10-mm n.m.r. tubes. A sweepwidth of 45 kHz was
used with 32K computer points (digital resolution 2.8 Hz).
The spectra were referenced to external H;PO, (0.05 mol
dm™) in D,0.

Crystal Data.—CgH,(BCl,F,P,Pt,, M = 2000.2, Tri-
clinic, space group PI (C}, no. 2), a = 20.799(6), b =
15.029(5), ¢ = 13.822(4) A, « = 111.08(2), 8 = 73.89(3),
y = 102.87(3)°, U = 3836.5 A2, D, = 1.73 g cm™ (by
flotation), Z =2, D,=1.730 g cm™ F(000) = 1936,
u(Mo-K,) 60.4 cm™.

The cell parameters were obtained from least-squares
refinement of 40 reflections accurately measured with
graphite-monochromatized Mo-K, radiation (A = 0.710 73
A). The crystal was an oblique prism (0.21 x 0.13 x 0.46

t 1,2;1,3-Bis(u-diphenylphosphido)-2, 3-u-hydrido-cyclo-
tris[(triphenylphosphine)platinum]  tetrafluoroborate-dichloro-
methane (1/2).

mm) which was covered with a thin layer of polymeric
acrylonitrile to avoid rapid decomposition by evaporation of
the clathrated solvent.

Intensity data were collected on a BASIC diffractomer,?
in the range 6 3—25° Solution and refinement of the
structure were based upon a set of 6 627 reflections (out of
8 094 independent measurements) having I/a(I) > 3, which
were corrected for Lorentz polarization and absorption
effects.

The structure was solved by inspection of the Patterson
map, which allowed the positions of the three platinum
atoms to be assigned; subsequent Fourier syntheses
displayed all the non-hydrogen atoms. Refinement by
full-matrix least squares led finally to R = 0.0345 and
R’ = [Zw(F, — k|F,|)®}wF,%} = 0.0410. All  observ-
ations were assigned with individual weights according to
the equation wp; = 1/[26.2 — 0.271 kF, + 0.0015(kF,)?].

The Pt, Cl, F, and P atoms were treated anisotropically,
and phenyl rings were constrained to Dy, symmetry (C-C
1.392 A); the total number of refined parameters was 313.
The contributions of the scattering amplitudes of all carbon-
bonded hydrogen atoms, in their expected positions, were
included in the computations. Form factors *19 and real
and imaginary dispersion corrections !! were used. A set of
three difference-Fourier syntheses were finally computed to
test whether a signal attributable to the hydridic hydrogen
atom was present; the syntheses were computed at in-
creasing values of limiting (sin20)/A% (0.09, 0.18, and 0.36).

TABLE 1

Positional parameters (x 10%) in
[Pty(PPhy)y(i-PPhy),(u-H)[BF,)-2CH,CI,

Atom x y z
Pt(1) 2 220(0) 1 872(0) —1 094(0)
Pt(2) 1 641(0) 2 563(0) 1 073(0)
Pt(3) 2 409(0) 1 189(0) 425(0)
P(1) 2 519(1) 2 004(2) —2773(2)
P(2) 1037(1) 3410(2) 2 625(2)
P(3) 2 848(1) 390(2) 1 124(2)
P(4) 1 426(1) 2 918(1) —221(1)
P(5) 2 845(1) 708(1) —1301(2)
F(1) 2 218(5) 7 168(8) 3 834(8)
F(2) 2 606(6) 5 929(9) 2 505(10)
F(3) 3 046(7) 7 365(10) 2 516(12)
F(4) 3 247(6) 6 871(13) 3 604(11)
CKi(1) 4 237(4) 5 940(5) —4 990(7)
Cl(2) 4 572(3) 7 916(5) —4725(6)
CI(3) 4 682(3) 5 087(5) 1 560(6)
Cl(4) 3 490(3) 3 976(3) 751(4)
C(1) 4 445(12) 6 799(17 —5621(19)
C(2) 3 923(14) 5129(19) 1293(21)
2 764(10) 6 795(14) 3 182(15)
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A peak was detected in all syntheses, essentially at the mid-
point of vector Pt(2)-Pt(3) with heights 0.50, 0.70, and 0.97
respectively. These peaks, however, must be due to a
residual contribution of metal atoms since they are higher
than expected for a hydrogen atom,!? and the distances from
the platinum atoms (1.3—1.4 A) are not sound for a Pt~H
interaction. Table 1 lists the final atomic co-ordinates for
non-hydrogen atoms. Thermal parameters and a list of
computed and observed structure factors are available as
Supplementary Publication No. SUP 23313 (28 pp.).*

TABLE 2

Selected intramolecular distances (A) and angles (°) in
[Pty(PPhy)g(u-PPhy),(u-H)][BF,]-2CH,Cl,

(@) Within the Pt;P; moiety

Pt(1)-Pt(2) 2.796(1)  Pt(1)-Pt(2)-P(2) 161.4(1)
Pt(1)-Pt(3) 2.795(1)  Pt(3)-Pt(2)-P(2) 136.8(1)
Pt(2)—Pt(‘3 2.638(1)  Pt(1)-Pt(3)~P(3) 158.8(1)

Pt(1)—P(1) 2.299(3)  Pt(2)~Pt| 3)—P(3) 138.9(1)
Pt(2)~P(2) 2.248(2)  Pt(1)-Pt(2)~P(4)  53.4(1)
Pt(3)-P(3) 2.241(4)  Pt(2)-Pt(1)-P(4)  50.4(1)
Pt(1)-P(4) 2.312(3)  Pt(1)-Pt(3)-P(5)  53.1(1)
Pt(2)-P(4) 2.220(3)  Pt(3)-Pt(1)~P(5)  50.3(1)
Pt(1)~P(5) 2.299(3)  Pt(1)-P(4)-Pt(2)  76.2(1)
Pt(3)~P(5) 2.212(2)  Pt(1)-P(5)-Pt(3)  76.6(1)
Pt(2)-Pt(1)~Pt(3)  56.3( P(1)~Pt(1)-P(4)  102.6(1)

) 1)
Pt(1) Pt(2) Pt(3)  61.8(1)  P(1)-Pt(1)~P(5)  101.1(1)
Pt(1)-Pt(3)~ Pt(2) 61.9(1)  P(4)-Pt(1)-P(5)  156.1(1)
Pt(2)~Pt(l) P(l)  151.3(1)  P(2)-Pt(2)— P(4) 108.1(1)
Pt(3)-Pt(1)-P(1)  150.7(1)  P(3)-Pt(3)-P(5)  105.9(1)

(b) Within the ligands

( )-C(111) 1.841(10) P(3)-C(321) 1.819(8)

P(1)-C(121) 1.844(7) P(3)—C(331) 1.836(8)

P(1)~C(131) 1.816(88)  P(4)—C(411) 1.818(8)

P(2)~C(211) 1.828(10) P(4)—C(421) 1.806(7)

P(2)-C(221) 1.828(8)  P(5)-C(511) 1.809(7)

P(2)~ C(231) 1.841(9)  P(5)—C(521) 1.814(6)
)~

P(3)-C(311) 1.832(8)

(
Pt(1)—-P(1)-C(111) 114.8(3)
Pt(1)-P(1)-C(121) 117.6(3) Pt(1)-P(4)—-C(411) 115.3(3)
Pt(l)-P(l)—C(lSl) 111.4(3) Pt(1)—P(4)—C(421) 114.4(3)
Pt(2 )—P(2)—-C(211) 118.0(3) Pt(2)-P(4)—-C(411) 112.7(4)
Pt(2)—P(2)— C(221) 111.1(2) Pt(2)—P(4)—C(421) 122.7(3)
Pt(2)-P(2)—C(231) 113.6(3) Pt(1)—P(5)—C(511) 114.2(4)
Pt(3)-P(3)-C(311) 114.3(3) Pt(1) ~P(a)—C(52l) 121.1(3)
Pt(3)-P(3)—C(321) 109.8(4) Pt(3)— P(5)—-C(511) 117.2(3)
Pt(3)-P(3)—-C(331) 119.4(3) Pt(3)-P(5)—C(521) 114.3(3)
(¢) Within the BF,~ anion
B-F(1) 1.314(22) F(1)-B-F(2) 113.3(16)
B-F(2) 1.330(21) F(2)-B—F(3) 103.2(16)
B-F(3) 1.406(29) F(3)-B—-F(4) 100.7(16)
B-F(4) 1.278(29) F(1)-B-F(4) 115.8(16)
B—F(mean) 1.332(54)
(d) Within the solvent molecules
C(1)—C1(1) 1.722(31) C(2)—Cl(4) 1.767(26)
C(1)—C1(2) 1.706(22) Cli(1)-C(1)-Cl(2) 109.9(15)
C(2)—C1(3) 1.737(35) CI(3)—C(2)-Cl(4) 113.1(18)

RESULTS AND DISCUSSION

X-Ray Crystallographic Analysis.—The crystal struc-
ture of [Pty(PPhy)s(u-PPhy,),(u-H)][BF,J-2CH,Cl, (1)
consists of an ionic packing in space group P1 (Figure 1),
which seems to be predominantly dictated by van der
Waals interactions between the bulky [Pty(PPhy),-
(u-PPhy)y(u-H)]* cations. The cavities between cations

* For details see Notices to Authors No. 7, [. Chem. Soc.,
Dalton Trans., 1981, Index issue.
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FIGURE 1

C(31)

C(@33n

C(511)

FiGure 2 View of the cation [Pt,(PPhy),(u-PPhy),(p-H)]*
projected onto the plane of the Pt, triangle. The bridging
hydride is not represented and only the first carbon atom of
each phenyl ring is shown

The crystal packing along the g axis

TABLE 3
Planes through selected groups of atoms
(a) Equations of planes in the form v + by +¢cz2+d =0
with deviations (A) of atoms from planes in square brackets
a b c d
Plane 1: Pt(1), Pt(2), Pt(3)
[(P(1) 0.2857(3), P(2) —0.0156(3), P(3) 0.1552(3), P(4)

—0.2635(2), P(5) 0.0156(2), C(411) —1.9271(7), C(421)
0.9275(8), C(511) —1.4815(8), C(521) 1.4814(6)]

14.9262 7.6016 1.5574 —4.5686
Plane 2: Pt(1), Pt(2), P(4)
[C(411) —1.5561(7), C(421) 1.3633(8)]
12.8145 9.3689 0.4333 —4.5520
Plane 3: Pt(1), Pt(3), P(5)
[C(511) —1.5059(8), C(521) 1.4565(6)]
14.8255 7.6823 1.6022 —4.5647
Plane 4: P(4), C(411), C(421)
3.6284 —9.4510 -11.4538 —0.3474
Plane 5: P(5), C(511), C(521)
—17.0670 10.0383 —12.9071 —0.3797
(b) Angles (°) between selected couples of planes
Plane 2 3 4 5
1 8.2 0.5 —87.3 85.7
2 —87.4
3 85.7
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are occupied by the comparatively small [BF,]~ anions
and two crystallographically independent molecules of
CH,Cl,; the latter has a relatively high vapour pressure,
and it has been necessary to lacquer the crystal, before

P(5) MP“)

—)
O PL(3) p 4 PIC2
P(3) g)“) (2) P(2)

F1GURE 3 Projection of the Pt,P; group onto a plane
orthogonal to the Pt, triangle

exposure to air, in order to avoid rapid decay. Figure 2
shows the core of the [Pty(PPhg)s(1-PPhy)y(u-H)]* cation
projected onto the plane of the Pt triangle; the bridging
hydrogen atom is omitted from the Figure since X-ray
analysis could not establish its presence. However, sub-

(b)

€ ZphS_Hydride)

(c)

240 220
5 /pp.m.

FIGURE 4 3P N.m.r. resonance due to the PPh, groups, P%®
(Figure 7), in [Pts(PPhg)s(u-PPh,),(u-H)i*: (a) simulated
$1P-(1H} using the parameters in Table 4, (b) observed ¥P-
{*H}, and (c) observed 3P without 'H decoupling. v, Peaks
broadened due to P coupling to Pt? and/or Pt?
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sequent high-field 3'P n.m.r. studies unambiguously
showed the Pt(2)-Pt(3) edge to be H-bridged.

A collection of the most significant interatomic dis-
tances and angles is given in Table 2. The Pt P, moiety
has Cgy symmetry (Figure 2) with the two-fold axis
aligned with the P(1)-Pt(1) bond. However, there are
strong deviations from planarity as can be seen in Table 3
and Figure 3. These distortions result essentially from
ligand crowding in the proximity of the metal-atom
triangle. It is of interest to compare (1) with previous
structurally characterized compounds containing a tri-
platinum ring, e.g. [Pty(ButNC),(x-ButNC),] (2)13 [Pty
(PButy)y(u-CO);] (3).4 [Pty{P(CoHyy)g)s(i-CO)s] (4,18
[Pt,Ph(PPhy)y(u-PPhy);] (5),) and [Pty(u-Ph)(PPhy),-
(»-PPhy)(p-SO,)] (6).4

An understanding of the different Pt—-Pt bond lengths

(a)

(b)
T T T T T ]
70 50
6/p.p.m.
FIGURE § %P-{lH} N.m.r. resonance due to the chemically

equivalent PPh, groups, P23 (Figure 7), in [Ptg(PPhy)s(u-
PPh,),(u-H)]+: (a) simulated using the parameters in Table 4
and (b) observed. v, Peaks broadened due to P coupling to
Pt? and/or Pt?

in these triplatinum rings requires consideration of the
number of valence electrons (v.e.) and the steric crowding
brought about by bulky edge-bridging ligands. Un-
crowded species with 42 v.e., such as (2) and (3), exhibit
Pt-Pt bond distances in the range 2.63—2.65 A whereas
addition of a further pair of electrons (4) results in
lengthening of the two edges involving the unique
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platinum (2.725 A). In the highly crowded 44 v.e.
species (5), two Pt-Pt bond distances, to the unique
platinum, are 2.785 A while the third is 3.65 A ; the latter
is definitely non-bonding. Compounds (4) and (5), when
compared with (2) and (3), suggest that the highest occu-
pied molecular orbital (h.o.m.o.) in 44 v.e. Pt; clusters
might be antibonding with respect to the Pt, triangle.
Accordingly, the loss of two valence electrons on going
from (5) to (1) results in ring closure. The PPh,-bridged
Pt-Pt bonds in (1) [Pt(1)-Pt(2) 2.796(1), Pt(1)-Pt(3)

(a)

1675

using long (50 000 scans) collection times in either protio-
or deuterio-solvents. This probably arises because of
the complex spin system and similar low signal-to-noise
31P and 1%5Pt n.m.r. spectra were obtained at 45 and 21.4
MHz respectively. The presence of a bridging hydride
ligand was only unambiguously established by obtaining
31P and 3?P-{*H} n.m.r. spectra at 145.8 MHz.

The observed 3'P-{'H} n.m.r. spectra of (1) clearly
show three kinds of phosphorus resonances due to the
bridging phosphido-groups, P* and P%, and to the two

L b

(b)

r T T T

40

6/ppm.
#P-{tH} N.m.r. resonance due to the unique PPh; group, P! (Figure 7), in [Pty(PPh,); (1-PPhy),(-H)]+.

FIGURE 6

T y T

20

Key as in

Figure 5

2.795(1) A] and in (5) are strictly comparable, whereas the
H-bridged Pt(2)-Pt(3) bond [2.638(1) A] has a length
very similar to that found in the non-crowded 42 v.e.
species (2) and (3). With regard to the length of Pt-P
bonds, differences are noticed which depend more upon
the particular metal atom than upon the type of ligand
involved. So, barely noticeable differences exist among
the three bonds involving Pt(1) [one toward the terminal
P(1) and two toward the bridging P(4) and P(5) atoms],
which range from 2.299(3) to 2.312(3) A. The same is
true for bonds Pt(2,3)-P(2,5), which exhibit lengths in
the range 2.212(2)—2.248(2) The longer distances ob-
served for Pt(1)-P interactions can be due to either
electronic or steric crowding of ligands in the vicinity of
Pt(1).

31P N.M.R. Spectra.—As originally reported,? (1) is
diamagnetic and we have confirmed that it does not give
a high-field hydride resonance in the 100-MHz n.m.r.
spectra over a wide range of temperatures, even when

different types of triphenylphosphines, P? and P3, and
P! (see Figures 4, 5, and 6 respectively and Figure 1).*
The PPh, resonance occurs at considerably higher fre-
quency than the PPhg resonances and a detailed inter-
pretation of the observed spectra requires consideration
of five of the six isotopomers shown in Figure 7; isoto-
pomer F can be neglected in the simulation because of its
low probability and complex spin system, which gives rise
to many lines of low intensity. The spectra have been
simulated using the chemical shifts and coupling con-
stants summarized in Table 4. All these values are close
to those previously reported for [Pd;(PEt,)s;(u-PPhy),-
(u-C1)]* (7) 8 except for 3] (P2-P3) which is twice the cor-
responding value found in (7). This probably results

* At 145.8 MHz, chemical shift anisotropy relaxation ¢
accounts for some peaks in the observed spectrum being broad-
ened; this broadening arises from all phosphorus couplings to
either Pt2 or Pt%. At 45 MHz, these lines become sharp but the

reduced signal-to-noise prevented us from obtaining a complete
spectral analysis at this lower frequency.
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from the Pt-Pt bond (2.638 A) associated with this
coupling being much shorter than the chloro-bridged
Pd-Pd bond (2.89 A) and serves to emphasize the
dependence of 3J(P~P) on the nature of the metal-metal
bond in this kind of compound. It should also be noted

1
P Relative
Isotopomer probability
pé pS
A 8
p? H p3
P
Plo P 5
8 8
p? H P3
p
Plo P5
c 4
p2 H p3
D &4
E 2
p
pé pS
. 1
pl H p?

FiGure 7 JIsotopomers and their relative abundances for
[PtPty_,(PPhy)(u- PPhy)y(u-H)]* (v = 0—3). @ = 1%Pt,
33.89%, abundant

that 2J(P-P) is only significant for P4 and P5. This
results from their approximate frans-disposition [P4Pt-
P5 156.1(1)°] with all other PPtP angles being con-
siderably less than 180° and, as demonstrated recently
for a series of phosphido-bridged binuclear compounds,

J. CHEM. SOC. DALTON TRANS. 1982

this angle is extremely important in determining the
magnitude of 2J(P-P).1?

When the 3P n.m.r. spectrum of (1) was recorded with-
out H decoupling, a further doublet splitting of the
central P45 resonance resulting from isotopomer A be-
came particularly evident [2](H-P*3%) 55 Hz], as shown

TABLE 4

31P N.m.r. data for
[Pty(PPhy)q(u-PPh,)y(u-H)][BF,]-2CH,Cl, *

Type of
phosphorus*  8(®P)  1J(P—Pt) *J(P—Pt) 2J(PP) 3 J(P—P)
p! +299 3518 358  17.6 86
pts +61.9 3040 { 258 o5 0 160
- —120 °*
pus +227.0 {; ggg ‘ 3 260 ca. 0

Chemical shifts are in p.p.m. relative to external 859,
H,;PO, as standard, coupling constantsin Hz (+2.8). 2J(H-P)
of the hydride atom with the 3P of the phosphido-groups
(P4.5) is 66 Hz, while 1J(Pt~-Pt) may be estimated to be
ca. 2000 Hz. ® Numbering follows Figure 7. ¢ Unique
platinum atom, Pt!.

in Figure 4(c). This further splitting is clearly consistent
with the presence of a hydride ligand bridging the
shortest Pt~Pt edge, thus maintaining the Cg, symmetry
of the isotopomers A—E which is necessary for the n.m.r.
simulation. The magnitude of 2J(H-P*5) is also con-
sistent with such a co-ordination site since it has recently
been found for bridging hydrides in [Iry(dppp).H;}*
and [Iry(dppp)sH,}** [dppp = PhyP(CHy)sPPh,] ¥ that
2J(P-Hqyans) is greater than 2J(P-H,;,) with 2] (P-H,sy,)
falling in the range of 60—70 Hz which is close to that
found (65 Hz) in (1).

Although P—C bond cleavage in triphenylphosphine by
transition metals to give a PPh,-bridged metal cluster is
not surprising,! (1) represents, to our knowledge, the
first example of a cationic metal cluster containing both
bridging hydride and phosphide groups.

We thank C.N.R. and S.E.R.C. for supporting this work
and Dr. I. H. Sadler (Edinburgh University) for obtaining
the 3P n.m.r. spectra.

[2/011 Received, bth January, 1982]
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