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CO-Induced Reductive Elimination of P({-Bu),H from the Platinum(ll) Dinuclear Derivative
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Triplatinum(l,1,11) Derivatives
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Carbon monoxide (1 atm) quantitatively converts the Pt(ll) dinuclear derivatijje-Pt-Bu),]2(H)[P(t-Bu).H]2

(2) into the new PgPt! triangulo cluster Rfu-P(-Bu)2]3(H)(CO), (2). The 44€e specie2 was characterized by
IR and multinuclear NMR spectroscopy and by a single-crystal X-ray diffraction study. CorBpteformed
through the slow CO-induced reductive elimination ofB(),H from 1, affording the intermediate mononuclear
Pt(0) carbonyl derivative Pt{RBu).H]>(CO), (4), which equilibrates with the carbonyl-bridged triangulo derivative
P[P (t-Bu)H]3(u-CO); (5); these are the main products under high pressures of CO. Two alternative mechanisms
were examined for the subsequent formation of comgletke first being the rapid condensation of complex
with unreactedl while the second assumBsas the direct precursor @ Although the first mechanism cannot
be conclusively rejected, the second seems the most appropriate, since under high pressures corGRéx

2 was shown to equilibrate with. In the presence of an excess of other phosphines, the carbonylation of
yields quantitatively the mononuclear monocarbonyl derivatives RB}¢RFO) (Rs = Phg, Ets, t-BuyH).

Introduction new neutral 44etriangulo cluster Rfu-P¢-Bu)y]3(H)(CO) (2).
. . . . The key step of the conversion tfinto 2 is the CO-induced

Since the pioneering work by Chatt and Chifia large reductive elimination of R{Bu),H from 1, affording an equi-
number of planar platinum triangulo clusters of general formula |i5rium mixture of the mononuclear Pt(0) carbony! derivative
Pty(u-L)5(L")s have been reported® Most of thenf have an  pyp¢-Bu),H],(CO), (4) and the carbonyl-bridged triangulo
electron count of 42 and CO, RNC, or ,_%é‘s bridging I!gands; derivative PYP(t-Bu),H]s(u-CO) (5), which are the main
the terminally bonded ‘Lcan be phosphines or, again, CO or products under high pressures of CO. Two different mecha-
RNC molecules. Though less common, a certain number of hisms for the subsequent formationofvill be presented and
44e" species are known which can be anionic, such ag{Pt  giscussed. The alternative (depending on experimental condi-
CO)(COXJ? ® and [Py(u-X)(u-SO)o(L)3] ~,* cationic, such as  iong) formation of mononuclear or trinuclear derivatives with
[Pta(u-X)(u-PRo)2(L)s] " (X = CI, Br, SR, PR;® X = H (with dinuclear palladium complexes as starting material has been
NEV (number of valence electrons) 42)%) or neutral, such as recently reported by some of 8s.
[Pta(u-S)(u-PRy)z(L)3]° and [P§§“'PR2)3(L)2(Ph)]'7 Complex 2, which to our knowledge is only the second

We report here the reaction of Jt-P-Bu)al2(H)2[P(t- example of a Pt trinuclear derivative bearing both hydride and
Bu),H]2 (1)8 with CO, representing a convenient access to the carbonyl ligands (the first being [®t-dppmy(us-H)(us-
CO)1M)10 equilibrates with5 under high pressures of CO/H
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W. M. J. Chem. Soc., Dalton Tran4986 73—80. (c) Moor, A.;
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(6) Bellon, P. L.; Ceriotti, A.; Demartin, F.; Longoni, G.; Heaton, B. T.  elemental analysis, IR and multinuclear NMR spectroscopy and
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Figure 1. Portion of thetH NMR spectrum (GDs, 293 K) of complex
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a doublet of triplets at 95.2 ppm, due 4@, = 252.8 Hz,
partially overlapping the central triplet of isotopom&r

By using the values ofJpypi, andiJpyp, = Jpypy, Obtained
by 195Pt NMR spectra, and the values & and Jpp; Obtained
as described above, the weaker subspectra due to isotopomers
E—H could be reproduced with good accuracy.

The!®PH{1H} spectrum of exhibits the two expected signals
at —5611 (Pt, Pt) and —6893 (Pt) ppm. The signal for the
two equivalent Rtand P$ nuclei consists of a central doublet
of doublets of doublets, due to isotopom&andC, with one
small @Jpyp, = 2Jpyp, = 116 Hz) and two largelfpyp, = Jpyp,
= 2063.7 Hz andJpyp, = YJpyp, = 2540.8 Hz) couplings. Pt
Pt coupling constants were obtained by the analysis of the
weaker subspectra. The equivalent isotoporfeasnid G give
a dddd resonance, the additional coupling béirge, = Jpypt,

2, showing the hydride signal. Enlargements of the central resonances= 780 Hz. The value ofJpypy, (650 Hz) was obtained by the

are shown in the insets: (a) experimental; (b) simulated.

simulation of the subspectrum due to isotoporier
The Pt signal at—6893 ppm is well-reproduced by the set

Strong carbonyl stretchings were observed in the solid-state of constants obtained as described above. Experimental and

(Nujol, KBr) IR spectrum of at 2001 and 1990 cm, together
with weaker absorptions at 2047, 2013, 1958, and 1942'cm

calculated proton-couplet®Pt spectra are reported in Figure
3; the values ofJpyy (1250 Hz) andJpyn = 2Jpyn (58.8 Hz)

The presence of more absorptions than those expected on thguhich were used in the simulation, along with PPt and PtPt

basis of the molecular geometry (see below) is probably due to coupling constants from tHéP{H} and®5P{H} spectra, are
solid-state effects, since the solution (DME) spectrum exhibits in accord with those obtained B4 NMR spectra.

a single absorption at 1994 ch One of the weakest
absorptions observed around 2000 ¢énin the solid-state
spectrum could be due to they, vibration mode. The presence
of a terminal hydride was better evidenced by theNMR
spectrum (GDg, 298 K). This consists of two doublets at 1.36
((Jup = 13.9 Hz) and 1.30 ppndue = 15.3 Hz) for thetert-
butyls and of the complex hydride signal centeree-&t60 ppm
(Figure 1). The central multiplet of the latter signal, arising
from isotopomeA (29%, see Chart 1), appears as a doublet of
triplets due to the coupling with two equivaled;f = 8.4 Hz)
and a third §4p = 18 Hz) P nuclei. 19t satellites from
isotopomers with oné®Pt nucleus were observed: a contact
1Jp coupling of 1250 Hz and a long-rangé value of 58.8
Hz, with the satellites due to this coupling partially overlapping

The 13C{*H} NMR spectrum exhibits broad singlets at 33.9
and 33.2 ppmda. 2:1 integral ratio) for two different types of
methyl carbons and two weak multiplets at 37.7 and 39.8 ppm
for the corresponding quaternary carbons. The carbonyl ligands
give a weak broad resonance at 180.7 ppm.

An apparent discrepancy between the solid-state and solution
structures deserves a brief comment.

X-ray diffraction shows (see next section) that compBx
has two shortda. 2.77 A) and one longcg. 3.6 A) Pt-Pt
distances. Although a strict correlation betwédpp; values
and PtPt bond distances and orders is doubtftdthe solution
NMR data show similar values dflpip; coupling constants:
pypy, = 650 Hz and Jpypy, = Jpyp, = 780 Hz. Moreover,
compared to Pand R, P; makes longer bonds (see next section)

the central multiplet. This pattern suggests the presence of ayith the adjacent Pt metals but the valtlp, = Upp, =

terminally bonded hydride ligandJpg and2Jpy for terminally

2063.7 Hz is of the same order of magnitude as the remaining

bonded hydrides on dinuclear systems are in fact reported in Wppt (Upypy, = Wppy, = 2540.8 Hz anddp,py, = Wpp, = 2036

the ranges 8061400 and 6-300 Hz, respectively.
Two signals were observed in tRéP{1H} NMR spectrum

Hz). Finally, the values ofJpp are similar tJp,p, = 2Jp,p,
152 Hz and?Jp,p, = 164 Hz) suggesting similar-FPt—P angles,

at 216.9 and 95.2 ppm (Figure 2) whose central lines, due to ywhjle in the solid state the PAPt2—P2 angle is ata 17C, ca.

isotopomerA, are a doublet and a tripletl{p = 152 Hz),

30° wider than the P2Pt3—P3 and P3-Pt1-P1 angles. These

respectively. Both resonances are at low fields, and the parameters suggest for the Riangle an arrangement in solution
corresponding proton-coupled spectrum does not show the largeénore symmetrical than that observed in the solid state.
1Jpy value characteristic of secondary phosphines. They are On the other hand, considering tH4P chemical shifts of

therefore in accord with the presence of two equivalent
phosphides (R P,) coupled to a third one @

phosphido ligands are sensitive to-W—M bond anglegP the
large difference between the valuesigP;) = 95.2 andd(Py)

Each signal is flanked by satellites due to the presence of — 5(P») = 216.9 ppm favors the open-structure hypothesis.

isotopomer8—H. Isotopomer® andC (AA'MX spin system,
A, A" =Py, P, M = P3; X = Pt (in B) or Pt (in C)] are

Moreover, one of the reviewers suggested that the relatively
large value 0fJpyp, (253 Hz s 2Jpyp, = 2Jpye, = 152 Hz) can

equivalent and give the more intense satellites (total abundanceye explained by some through-space coupling, which is possible
29.6%). The M part can be analyzed with a first-order it the solid-state structure, with a relatively short PE3
approximation and consists of a doublet of triplets centered at gisiance (3.511(3) As Ptl-P2= 4.641(3) A and Pt3P1=

95.2 ppm; the large doublet splitting correspond$Xge,, =
p,py, = 2063.7 Hz. The A part of the subspectrum is not first
order and consists of 16 lines which flank symmetrically, 8 close

4.634 A), is mantained in solution.
Therefore, the matter is still open; what should be noted,
however, is that this kind of complex probably has a very low

to and 8 distant from, the central doublet at 216.86 ppm. The parier to PPt deformations (see later) and weak interactions

simulation of this part of the spectrum gives the valueSgf:,
= 1Jplpt1 = 2540.8,2\.]|:>2pt1 = 2~J|:>1pt3 = 116, anCIZJPlp2 = 163.6
Hz.

The first-order subspectrum ¢RIX spin system) due to
isotopomeD (14.8%) consists of a doublet of doublets at 216.9
ppm, which gives the valutlp,p, = 1Jp,p, = 2022.5 Hz, and

could be responsible for remarkable skeletal rearrangements.
For this reason the influence of solutsolvent interactions
should be ruled out, since NMR spectral parameters were

(11) Pregosin, P. SAnnu. Rep. NMR Spectrost986 17, 285-349.
(12) Pregosin, P. SCoord. Chem. Re 1982 44, 247-291.
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Figure 2. 3P{*H} NMR spectrum (GDs, 293 K) of complex2: (upper trace) experimental; (lower trace) simulated.

Chart 1

AA'MXX' F AA'MXY
7.56% 7.56%

H AA'MXX'Y
3.86%

independent of the solvent {Bs, CDCl, acetoneds); some respectively, (2) the Pt1Pt3 separations at 3.6135(6) and
differences between the solution and the solid-state structures;3.6249 (6) A, respectively, and (3) the PBt3—C3 angles at
if definitely proved, should preferably be ascribed to crystal- 105.9(5) and 108.4(8) respectively.

packing forces. Different M—M distances in chemically identical, but crys-
Structural Study of Pt{u-P(t-Bu)z]s(H)(CO)2 (2). The tallographically non equivalent, molecules have been previously
crystals of2 contain a triangular “Bt unit with two short Pt- reported (especially when the separationscar@ A or longer).

Pt distances and a long-PPt contact; each side of this unitis  For example, in the two crystallographically independent cations
symmetrically bridged by ai-P(-Bu),” group. There aretwo  found in the complex [(PRNPh)Pt{-H)(u-PPh)Pt (PPh),]-
independent molecules in the asymmetric unit. (BPhy),'3 the Pt-Pt distances are 2.889(1) and 2.912(2) A,
A selection of bond distances and angles for the two respectively, while in [(€Hs)(H)W(u-H)Pt(Ph)(PEf),]* the
molecules (A and B) is given in Table 1; an ORTEP view of two M-M distances are 3.501(1) and 3.4401(1) A, respectitfely.
molecule A is shown in Figure 4.
The most significant differences between molecules A and (13) jans, J.: Ngeli, R.; Venanzi, L. M.; Albinati, AJ. Organomet. Chem.
B are (1) the Pt2Pt3 distances at 2.7165(6) and 2.7196(6) A, 1983 247, C37-C41.
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Figure 3. Proton-coupled®®Pt NMR spectrum (€Ds, 293 K) of complex2: (upper trace) experimental; (lower trace) simulated. The table shows
the chemical shifts and coupling parameters used in the simulation of the spectra shown in Figiires 1

Table 1. Selected Bond Distances (A) and Bond Angles (deg) for
Pg[u-P(t-Bu)zls(H)(CO) (2)

molecule A molecule B
Pt1-Pt2 2.7247(6) 2.7246(6)
Pt2—Pt3 2.7165(6) 2.7196(6)
Pt1-Pt3 3.6135(6) 3.6249(6)
Pt1-P1 2.275(3) 2.281(3)
Pt1-P3 2.336(3) 2.335(3)
Pt2—-P1 2.271(2) 2.273(3)
Pt2—P2 2.268(3) 2.277(3)
Pt3—P2 2.274(3) 2.272(3)
Pt3—-P3 2.335(3) 2.331(3)
Pt1-C1 1.82(1) 1.87(2)
Pt3-C3 1.84(1) 1.81(1)
Pt1-Pt2—Pt3 83.23(2) 83.49(2)
Pt2—Pt1-P3 87.52(1) 87.17(7)
Pt2—Pt3—-P3 87.73(7) 87.37(7)
Pt1-P3- Pt3 101.3(1) 102.0(2)
Pt1-P1- Pt2 73.65(9) 73.49(9)
Pt2—P2— Pt3 73.46(9) 73.43(9)
P1- Pt2—-P2 169.6(1) 169.8(1)
P1-Ptl— P3 140.6(1) 140.7(1)
P2—-Pt3—- P3 140.9(1) 140.3(1)
Pt2—-Pt1-C1 164.6(4) 164.8(4)
Pt2—Pt3—-C3 166.3(5) 164.0(4)
P3- Pt1-C1 107.9(5) 108.0(4)
P3- Pt3-C3 105.9(5) 108.4(4)
Pt1-C1-01 177(2) 179(1)
Pt3—C3-03 176(2) 176(1)

Moreover, the complex [Biu-PPh)s(Ph)(PPh)2] (3), which is
isoelectronic with2 and has an analogous %Rt-PRy)3” core,

also shows this effect, the skeletal isomerism being induced in
3 by the presence of a clathrated solvent moleéul/hen
complex3 is crystallized from a toluene-pentane mixture, the
solid-state structureis similar to that found in2, with short
(2.758(3) A) and long (3.586(2) A) PPt separations, but when
crystallization occurs from a Ci€l/pentane mixture, the

(14) Albinati, A.; N&eli, R.; Togni, A.; Venanzi, L. MJ. Organomet.
Chem.1983 330, 85-100.

Figure 4. ORTEP plot of compleX (molecule A), with the atom-
numbering scheme.

complex is obtained as:-2CH,Cl,,” and a more regular
triangular metal core is found in the solid state, with the Pt
distances being 2.956(3) and 3.074(4) A, respectively. A
theoretical analysi8 has shown that the open and closed forms
of this kind of complex differ in energy by only a few
kilocalories per mole, and that the difference is minimized by
the presence of e-donor ligand opposing the phosphido ligand
which can open.

The different values for the Pt distances found in the two
independent molecules @fsuggest that, as previously reported
for the complexes discussed abdvél4this complex has a very
soft potential for the deformation of the “Ptmoiety. The
differences in the geometries of the two molecules can be
attributed to the packing forces.

The Pt1Pt2 and Pt2Pt3 distances (2.724 A (average) and
2.718 A (average)) are shorter than the sum of the metallic radii
for Pt (2.78 A¥5 and are comparable, for example, to those
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Scheme 1
H
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+2(1) Py
-2 Hp 2§ /\ a

-6 P(t-Bu)oH

2 Pt[P(tBu),H],(CO),

(4)

found in [P(u-CO¥{ P(CsH11)a} 4116 (2.714(1) A) and 2.736-
(1) A}, or to the value of 2.758(3) A in compleX” Shorter
separations are found in the 42ecluster [Pt(u-CO)s-
{P(CsH12)3}3]*7 (2.654 A (average)). The P£Pt3 separation,
atca. 3.6 A, is similar to the corresponding distance3iand
is longer than the sum of the van der Waals rachi.@.5 A) 18
thus ruling out a PtPt interaction.

As expected, there is a significant difference, in comg@ex
between the PtP distances of the bridging phosphido groups;

the PtP3 distances (average 2.334(2) A) are longer than the
Pt—P separations found in the bridges spanning the shorter

metametal separations (PP1= 2.275(4) A (average) and
Pt—P2 = 2.273(4) A (average), respectively). Consequently,

the angle at the phosphorus atom P3 is the largest (average

101.6), and the P1Pt2—P2 angle (169.7(2)(average)) is
larger than the P2Pt1—P3 (140.65(7) (average)) and P2
Pt3—P3 (140.6(4) (average)) angles; a similar trend is also
found in complex3.

The P atoms are approximately coplanar with the platinum

atoms and the CO ligands (the deviations from the™plane
are, in molecule A—0.067(3) A for P1,—0.071(3) A for P2,

Inorganic Chemistry, Vol. 35, No. 21, 1996049

The mechanism proposed in Scheme 1 is of considerable
interest. In the first step the dinuclear nature of the Pt(Il)
complexl is destroyed by the CO-induced intramolecularHP
reductive eliminations. If this were confirmed, complegould
be considered an air- and heat-stable source of the new
mononuclear Pt(0) complex PtiFBu),H]»(CO), (4). Both CO
and P{-Bu),H are replaceable ligands # and a large number
of new derivatives could be prepared by reactingith CO in
the presence of ligands suitable for Pt(0).

Although the utilization of dinuclear complexes as the
precursors of mononuclear ones has frequently simpler alterna-
tives, the above hypothesis was interesting to verify for a better
understanding of the chemistry of complex Therefore1 was
reacted with an excess of PRInder a CO atmosphere. After
workup Pt(PPE3(CO) was isolated (68% yield) and character-
ized by elemental analysis and by comparison of its IR and
NMR spectra with those of a sample prepared by literature
methodsl® Pt(PE$)3(CO) and Pt[P¢Bu),H]3(CO) were also
prepared by analogous reactions. The latter complexes were
not isolated as solids because of their high solubilities but were
identified as the unique reaction products by their solution
spectra (see Experimental Section).

It is worth noting the essential role of carbon monoxide in
promoting the reductive elimination of PBu),H from 1. In
fact, whenl was heated for 3 days at 8C in the presence of
a large excess of PEunder a nitrogen atmosphere, no traces
of Pt(PES), were observed in solution, and only unreacfed
was quantitatively recovered after workup. Thus, the reductive
elimination of P{-Bu),H requires a precoordination of carbon
monoxide to compled (eq 3).

,):(’ 2 ¥
L S xs PR3
H” “pt Pt —— 2 Pt(PR3)3(CO) 3)
H/z\\p | Mp7 -4 P(tBu)H
c
L 6 X

The direct proof of the intermediacy of PtfF§u),H],(CO),

and 0.119(3) A for P3; the corresponding values for B are (4) in the formation of comple® was obtained by reacting

—0.034(2),—0.028(3), and 0.027(3) A, respectively). Moreover,

under 100 atm of CO in a toluene suspension, following the

there are no significant conformational differences in the two recommendation of one of the reviewers. After 20 h af@5

molecules.
It proved impossible to locate the hydride ligand, but the

the reactor was depressurized and shown to contain a mixture
of carbonyls and free RBu);H (vco (toluene) at 1979 vs and

coordination geometry around Pt2 is consistent with the expected1938 vs cm! (complex4)'® and 1783 m cm! (P(u-CO)-

terminal hydrido ligand.
Formation of Mononuclear Pt(0) Carbonyls. We have

[P(t-Bu)H]z 51° 31P{1H} NMR (toluene, 298 K) 60.3 (very
broad s5), 41.9 (very broad &), 28.3 ppm (very broad s, free

recently observed, in related palladium systems, that underP(t-Bu),H), which at—70 °C respectively shift to 90.7 (broad

appropriate conditions the dinuclear complex frePCyy)(u-
7°%-C3Hs)(PCy.H)2] can be converted quantitatively into tri-
nuclear derivative$. The reactions with PhEH (E S, Se) were

s with Pt satellitestJpp; ca. 4400,2pp;ca. 500 Hz,5),160 62.1
(broad s), 18.5 ppm (broad s)], which are related by an
equilibrium, as reported for the analogous derivatives with

shown to proceed through the formation of the intermediate tertiary phosphine¥ This solution gives complef quantita-

mononuclear complexetansPd(EPh)(PCy,H),, which, at

tively if warmed fa 3 h at 75°C under 1 atm of CO. Ifitis

controlled stoichiometric ratios of the reagents, condensed with warmed under a nitrogen atmosphere, the solution gives back

their dinuclear precursor to afford the trinuclear derivatives{Pd
(u-PCye)2(u-EPh)(PCyH)2(EP)].
By analogy, one could argue that the formation of the
trinuclear Pt complex2) proceeds as shown in Scheme 1.
The overall stoichiometry of the reaction is shown in eq 2.

314 4CO— 22 + 2H, + 6P¢-Bu),H @)

(15) International Tables for X-ray Crystallograph¥luwer Academic:
Dordrecht, The Netherlands, 1992; Vol. C, Chapter 9.

(16) (a) Albinati, A.; Carturan, G.; Musco, Anorg. Chim. Actal976 16,
L3—L4; (b) Moor, A.; Pregosin, P. S.; Venanzi, L. Nhorg. Chim.
Acta 1981, 48, 153-157.

(17) Albinati, A. Inorg. Chim. Actal977, 22, L31—L32.

(18) Bondi, A.J. Phys. Chem1964 68, 441—-451.

complex 1, demonstrating that all the steps preceding the
reductive elimination of Kl are reversible.

Reaction of 1 with Mononuclear P Derivatives. The
second step of Scheme 1 is the 1/1 condensation of'a Pt
dinuclear and a Pmononuclear derivative producing dAPt'!
triangulo complex, and would deserve attention as a possible

(29) Chini, P.; Longoni, GJ. Chem. Soc. A97Q 1542-1546.

(20) Sen, A.; Halpern, dJnorg. Chem.198Q 19, 1073-1075.

(21) MOLEN: Enraf-Nonius Structure Determination Package; Enraf-
Nonius, Delft, The Netherlands, 1990.

(22) North, A. C. T.; Phillips, D. C.; Mathews, F. ®cta Crystallogr,
Sect. A1968 A24 351.

(23) International Tables for X-ray Crystallographitynoch: Birmingham,
England, 1974; Vol. IV.
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Scheme 2
-6CO
+12CO - 6 P(t-Bu)pH
3. (1) 6 (4)
Na, A +6CO
+6 P(t-Bu),H
H o]
Y
b Ol JP~H  .2c0
A “Pt—pt 2 H,
2 AN /) 2 (2
o \F“t/c\\o
PX
Y~
(5)
Overall: 3(1) + 4CO —— 2(2) + 2 Hy+ 6 P(t-Bu)H

general method for the preparation of new homo- and hetero-

metallic trinuclear systems.

The mononuclear Ptreagent could only function as an
electron-rich metal, which oxidatively adds the-R bond of
one of the phosphines of complé&xo form the third phosphido
ligand necessary to build up thesRt-P(-Bu),]3 core. More-
over, one molecule of should be reductively eliminated and
all the remaining phosphines should be released in solution.
According to this picture the mononuclear reagent can bear
phosphines other than tFBu),H.

To test this assumption, equimolar amounts Ifand
Pt(PPRh),(CO)!° were mixed in toluene and heated to 9;
the reaction was performed under either a CO or an N

Leoni et al.

mononuclear carbonyls (egs 4 and 5), are equally well explained
by the mechanism of Scheme 2. When these reactions are
performed under a CO atmosphere, comfdlig@xovides4, which
gives 5 (and from the latter2), releasing R(Bu)},H. The
secondary phosphine substitutes PR the mononuclear
derivatives, transforming them into the equilibrium mixture of
4 and5 and then again int@.

Taking into account this evidence, the mechanism of Scheme
1 cannot be ruled out conclusively, especially if one considers
that all steps preceding the reductive elimination of molecular
hydrogen are reversible in both schemes. However, the mech-
anism of Scheme 2 seems preferable, since the triangulo
structure is preformed in compléxand its transformation into
2 requires only minor rearrangements. The reliability of this
mechanism has been finally confirmed, showing thlab the
reductive elimination of K can be reversed. Compl&was
dissolved in toluene under 100 atm of a 1/1 C@fHixture.
After 8 h at 25°C the reactor was depressurized and the red
solution was shown to contain a mixture &nd5 (ratio 2/1
by IR and NMR) (eq 6).

J%‘ o CO, Hy }‘-1 o J7/_
C\Pt/P\Pt/C 100 Atm 97-'<-p\ N

----- Pt ——
PaNCk TNy

—Pt—FR —pt—
K 1 =~ 1 Atm or—hTro

H/E"‘{_
VS

(5)

The reaction was reversed again, to quantitatively giviey

atmosphere. The reaction under CO reached completeness aftqg,arming the mixture fo3 h at 75°C under 1 atm of CO, and

2 h, when3'P{1H} NMR spectra of the clear orange solution
showed the quantitative formation & with complete con-
sumption of compleX; the other unique signals were those of
free P(-Bu),H and PPb (eq 4). The formation of molecular
hydrogen was confirmed by GC analysis of the flask atmo-
sphere.

CcO
toluene, 9C°C

2+ P(t-BuyH + 2PPh + H, (4)

1+ Pt(PPh),(CO),

The reaction performed under nitrogen gave complé86%)
in a mixture with other unidentified products; a precoordination
of CO to complexid could be relevant also in this case.

Since the reaction proceeds more selectively under CO, the

presence of two CO ligands in the mononuclear reagent is
nonessential, as demonstrated by the reaction of eq 5.

Cco
toluene, 90°C
2+ P(t-Bu)H + 3PPh + H, (5)

1+ Pt(PPR)4(CO)

Alternative Mechanism. As described above, under high
pressures of CA gives an equilibrium mixture of Pt[R(
Bu),H]2(CO), (4) and the carbonyl-bridged triangulo derivative
Pts(u-CO)[P(t-Bu),H]3 (5). This suggests an alternative path-
way to the one drawn in Scheme 1 for the transformatiofh of
into 2. The oxidative addition of the PH bonds of the
secondary phosphines terminally bonde® sind the reductive
elimination of 1 equiv of molecular hydrogen could in fact
directly produce (Scheme 2). The overall stoichiometry would
be the same as that of eq 2.

The results of the experiments designed to support the
mechanism of Scheme 1, including the reactiong wiith the

the cycle was repeated three times with full reproducibility.

The interesting equilibrium of eq 6 relates mixed-valenég Pt
Pt' and P%; triangulo derivatives. Formally, this can occur
through oxidative addition of the HH bond, yielding a P
tris(phosphide)trihydride, followed by the reductive elimination
of three P-H bonds, with the two hydrogen atoms of the H
molecule ending up on two phosphorus atoms. As far as we
know, this is an unprecedented mechanism ofHH bond
activation at transition-metal phosphido complexes. Some
examples of H activation assisted by terminally bonded
phosphido ligands have been reported and described as hetero-
lytic splittings induced by the high basicity of pyramidal
phosphide3* New M—H and P-H bonds are formed in this
way, along with secondary phosphines which Magr may
not4b.cremain coordinated to the metal. In some examples a
reaction between Fand phosphido-bridged dinuclear complexes
has been observél. However, the reactions proceed through
H, oxidative addition at a single met&f or at the M—M
bond23b.c with the phosphido group behaving as a spectator
ligand. Alternatively, in some cases; Hdds to a PM bond,
forming new P-H and M—H bonds but disrupting the dinuclear
unity.25ab

(24) (a) Nikonov, G. I.; Lemenovskii, D. A.; Lorberth, Qrganometallics
1994 13 3127-3133. (b) Roddick, D. M.; Santarsiero, B. D.; Bercaw,
J. E.J. Am. Chem. S0d.985 107, 4670-4678. (c) Vaughan, G. A,;
Hillhouse, G. L.; Rheingold, A. LOrganometallics1989 8, 1760
1765.

(25) (a) Baker, R. T.; Glassman, T. E.; Ovenall, D. W.; Calabrese, J. C.
Isr. J. Chem1991, 31, 33—53. (b) Arif, A. M.; Chandler, D. J.; Jones,
R. A. Inorg. Chem1987, 26, 1780-1784. (c) Breen, M. J.; Duttera,
M. R.; Geoffroy, G. L.; Novotnak, G. C.; Roberts, D. A.; Shulman,
P. M.; Steinmetz, G. ROrganometallics1982 1, 1008-1010. (d)
Shulman, P. M.; Burkhardt, E. D.; Lundquist, E. G.; Pilato, R. S;
Geoffroy, G. L.; Rheingold, A. LOrganometallics1987, 6, 101—
109.



Pt and Triangulo PiPt! Derivatives Inorganic Chemistry, Vol. 35, No. 21, 1996051

Finally, a curious aspect of the equilibrium of eq 6 should Table 2. Experimental Data for the X-ray Diffraction Study af

be n_oted: in the forward direction the rea_ction is a 4e chem formula GeHs:05P5Pt:
(furnished by the Hand CO molecules) reduction. However, mol wt 1077.92
the valence electron number decreases from 42)(io 42 (in T,°C 24
5), instead of increasing to 48. This apparent paradox is due Spg\ce group P2y/c (No. 14)
to the fact that 6 out of 48 electrons are located on threkl P a, 16.596(3)
. X b, A 21.664(6)
bonds which are not counted in the NEV of compkex c A 19.487(7)
Considering that compleX can still add two electrons (for B, deg 91.01(1)
tertiary phosphines the triangulo complexes(lRCO)(PRs)4 v, A 7184(3)
have been reported3;16-26the 44e electron comple can, in z , 8
principle, add a total of 6 electrons, retaining its triangulo Z(Ccar:fff)'gcm 1'1999380
structure and original NEV. A 0.710 69 (graphite monochromated,
. ) Mo Ka)
Experimental Section 6 range, deg 250 <24.0
. . ) . no. of indep data coll 11 090
General Data. All manipulations were carried out under either a no. of obsd rfins ) 7312 (Fol2 > 3.00(/F|?)
nitrogen or a carbon monoxide atmosphere, by using standard Schlenk transmission coeff 0.575 +®.999 07
techniques. High-pressure experiments were performed in an home- Ra 0.0305
made 100 mL stainless steel autoclave[(PP (t-Bu),] o(H)[P(t-Bu).H]» RA/2 0.0438

(1) and Pt(PP¥),(COX!° were prepared by literature methodst-P(
Bu),H and PE$ (Argus Chemicals) were used as purchased. Solvents
were dried by conventional methods and distilled prior to use. IR
spectra (Nujol mulls, KBr) were recorded on a Perkin-Elmer FT-IR
1725X spectrometer. NMR spectra were recorded on a Varian Gemini )
200 BB instrument; frequencies are referred to,S1gH, 13C), 85% temperature and was then depressurized and left under 1 atm of CO. A

HsPO: (31P) and HPtCk (*%5Pt). Simulated spectra were calculated small amount of unreactetl was filtered off, and the solution was
with the program NMR (Version 1.0, 1989). Hydrogen evolution was analyzed by IR and NMR spectroscopy which revealed the presence

detected by gas-chromatographic analyses performed with a DANI 3200°f @ mixture of complexed and5 (ca8/2), free PtBu).H, and traces
instrument equipped with a D-SM 5A column. of complex2. IE (toluene, Cap): vco at 1994 w %); 319719 vs, 1938
Preparation of Pt(PPhg)3(CO). Complex1 (90 mg, 0.092 mmol) \{[sl(complzezgél)k -gngo ?gs m CT; gcct))mplex 52)3 8 ;P{ Hi NM:
was suspended in a toluene (10 mL) solution of £E0O0 mg, 1.14 (Bo u:_a'ne,SlP 14 )-NMR. Ir s Bl, 20'3 Kr'fS Fgo 7 .b r; [regh %
mmol). The colorless suspension was stirred under COd.8@fter UeH]. . {*H} Z(to uene, )'mb -7 [broad s with Pt
4 h the solid had dissolved; the resulting clear yellow solution was satellites,"Jop: €2 4400, “Jpp Ca 500 Hz,5]," 62.1 [broad sd], 18.5
concentrated toa2 mL. After addition of n-hexane (10 mL) Pt(Ph [broad s, free RBu)H]. When this solution was warmedrf@ h to

L : . . 75°C under 1 atm of CO, complex was isolated pure (quantitative
CO) precipitated as a yellow solid and was filtered and vacuum-dried . X . .
5126)-‘? mgp68% yieId).y IR (Nujol, KBr) 1941 cré; lit. 1 1942. 31p- reaction by NMR). When solutions obtained by following the same
{3H} NMR" 6 12.1 (s with satellit‘esl‘]pm: 3536 7Hz)2° procedure were warmedrf8 h to 75°C under a nitrogen atmosphere,

Preparation of Pt(PRs)(CO) (Rs = Ets, (-Bu)H). Complexy ~ COMPlexl precipitated outin high yields.
(200 mg, 0.205 mmol) was suspended in a toluene (20 mL) solution ~ R€action of 2 with CO/H,. An orange solution of compleX (208
of PEg (0.15 mL, 1.02 mmol). The colorless suspension was stirred M9: 0.193 mmol) in toluene (15 mL) was pressurized with 100 atm of
under CO at 75C. After 2 h the solid had dissolved, giving a clear & 1/1 mixture of CO/Hin a stainless steel autoclave and stirred for 8
pink solution. Due to its high solubility it was not isolated but h at 25°C. The reactor was depressurized, and the red solution was

aR = 3(|Fo — (LUKFe)/Z|Fo| and Ry = [EW(Fo — (1KF)%
SulFol?]¥2 wherew = [ 0%(Fo)] ™t ando(Fo) = [03(Fo?) + f* (FA)]¥4

o-

characterized in solution. IR (Nujol, KBr): 1912 c#n lit.1° 1913. analyz_ed by IR and NMR spectroscopy, which revealed the presence
31P{1H} NMR (CeDs, 293 K): & —24.5 [s, uncoordinateBEts], —14.9 of a mixture of2 and5 (ca. 2/1). IR (toluene, Caf}: vco at 1994 vs
[s with satellites 2Jpp = 3488 Hz, PtPEL)s(CO)], 15.0 [s, uncoordi-  (Complex2) and 1783 m cm" (complex5); the *P{*H} NMR of the
natedP(t-Bu)sH]. solution exhibited the signals of complexg$217 and 95 ppm) anl

(60.3 ppm). The solution was then warmed for 12 h at@5under
100 atm of the CO/kHmixture, cooled to room temperature, left for 4
h at 25°C under pressure, depressurized, and analyzed as above. The

Preparation of Pt{z-P(t-Bu)s]s(H)(CO), (2). Method a.Complex ratio 2/5 was practically unchanged, suggesting that the equilibrium
1 (300pmg‘ 0.307 m[r’rllol)(was)gu(sp)éndgd i(n)toluene (20 mL).pStirring ratio had bgen reachgq after the.flrst period under pressure.
the suspension fo3 h at 100C under a CO atmosphere yielded an The solution containing the mixture @and5 was then warmed
orange solution, which was then concentrate¢d® mL. Acetone for 3 h to 75°C under 1 atm of CO and cooled to 2&; the IR
(10 mL) was added, and complex slowly precipitated as a red ~ SPectrum of the orange solution exhibited a single CO sFretchmg at
crystalline solid. It was filtered and vacuum-dried (215 mg, 97%). 1994 vs cm” (complex2). The cycle was repeated three times with
Anal. Calcd for GeHssO-PsPt: C, 29.0; H, 5.14. Found: C, 28.9:  full reproducibility.
H, 5.10. See the Results and Discussion for IR and NMR spectra. Crystallography. Crystals of compound®2 were obtained by
Method b. Complex1 (35 mg, 0.036 mmol) was suspended under crystallization from toluene. An Enraf-Nonius CAD4 diffractometer
a CO atmosphere in a solution of Pt(RRCO), (27.8 mg, 0.036 mmol) was used for the unit cell and space group determination and for the

Pt[Pt-Bu),H]s(CO) was prepared by an analogous procedure by
starting with150 mg of complek and a 10-fold excess of PBu).H;
both reactions are practically quantitative, as inferred from the spectra.

in toluene (2 mL). Stirring the suspensiom b h at 90C yielded an data collection. Unit cell dimensions were obtained by a least-squares
orange solution. Th&P{*H} NMR spectrum of the solution showed fit of the 26 values of 25 high-order reflections (98 6 < 18.0).
only the signals of compleg and free PP Selected crystallographic and other relevant data are listed in Table 2

High-Pressure Carbonylation of 1. Complex1 (120 mg, 0.123 ~ and Table S1 (Supporting Information). Data were measured with
mmol) was suspended in toluene (15 mL); the suspension was Variable scan speed to ensure constant statistical precision on the
transferred into a stainless steel autoclave which was then pressurizedollected intensities. Three standard reflections were used to check
with 100 atm of CO. The suspension was stirred overnight at room the stability of the crystal and of the experimental conditions and

measured every 1 h; no significant variation was detected. Data were
(26) (a) Hidai, M.; Kokura, M.; Uchida, YJ. Organomet. Chenl973 corrected fqr Lorentz and polarization factors and for de_cay using the
52, 431-435. (b) Misono, A.; Uchida, Y.; Kudo, KJ. Organomet. data reduction programs of the MOLEN crystallographic package.
Chem.1969 20, P7—P8. (c) Moor, A.; Pregosin, P. S.; Venanzi, L. An empirical absorption correction was also applied [azimuthg) (
M. Inorg. Chim. Acta1982 61, 135-140. scans of 5 reflections having> 86°].22 The standard deviations on
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intensities were calculated in term of statistics alone, while those on  Acknowledgment. The CNR (Rome) and Ministero
F, were calculated as shown in Table 2. The structure was solved by de|l’Universita e della Ricerca Scientifica e Tecnologica

a combination of Patterson and Fourier methods and refined by full- (MURST) are gratefully acknowledged for financial support.
matrix least squares, using anisotropic displacement parameters for all

atoms. The contribution of the hydrogen atoms in their id_ealized Supporting Information Available: Crystallographic and experi-
positions (C-H = 0.95 A, B = 1.5 x B(carbon) &) was taken into  mental data (Table S1), final positional and isotropic equivalent
account but not refined. The function minimized wagiw{|Fo| — displacement parameters (Table S2), calculated positional parameters
(1K|Fel)? with w = [0*(Fo)] *. No extinction correction was deemed  for the hydrogen atoms (Table S3), anisotropic displacement parameters
necessary. The scattering factors used, corrected for the real andraple S4), an extended list of bond distances, bond angles, and torsion
imaginary parts of the anomalous dispersion, were taken from the 5465 (Table S5), and Ortep plots showing the full numbering scheme
literature?®* The relevant parameters for the refinement are listed in for 2A (Figure S1) and2B (Figure S2) (17 pages). Ordering
Table 2. Upon convergence the final Fourier difference map showed information is given on any current masthead page.

no significant peaks. All calculations were carried out by using the
Enraf-Nonius MOLEN crystallographic progrartis. 1C9602308



