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Kinetic Investigation of Homogeneous H—D; Equilibration Catalyzed by Pt—Au Cluster
Compounds. Characterization of the Cluster [(H)Pt(AuPPh)g](NO3)»

Leon I. Rubinstein and Louis H. Pignolet*
Department of Chemistry, University of Minnesota, Minneapolis, Minnesota 55455

Receied Naember 29, 199%

The new Pt+Au hydrido cluster compound [(H)Pt(AuPBs(NO3). (3) has been synthesized and characterized
by NMR, FABMS, and single-crystal X-ray diffraction [triclini®1, a = 17.0452(1) Ab = 17.4045(2) Ac =
55.2353(1) A,a = 89.891(1), B = 85.287(1), y = 75.173(1}, V = 15784.0(2) R, Z = 4 (two molecules in
asymmetric unit), residudt = 0.089 for 45 929 observed reflections and 3367 variables, Boadiation]. The
Pt(AuP) core geometry is a distorted icosahedron with three vertices vacant. FAaPAu—Au, and Au-P
distances are within the normal ranges observed in otheA®fclusters. This cluster is a catalyst fop+D>
equilibration in homogeneous solution phase and has been used in a general mechanistic study of this reaction
catalyzed by PtAu clusters. We previously proposed that a key step in the mechanism for catajytlo,H
equilibration is the dissociation of a PRigand to give a cluster with an open Au site for bonding ofdt D..

This was based on qualitative observations thatsRRHibited the rate of HD production with [Pt(AuPB¥-

(NO3)2 (1) as catalyst. In order to test this hypothesis, phosphine inhibition (on the rate of HD production) and
phosphine ligand exchange kinetic experiments were carried out with [(H)PRAUPPhR)7](NO3), (2) and3.

In this paper we show that the rate constant for phosphine dissociation determined from jlehitftion rate

study of H—D- equilibration with cluster2 is nearly identical to the rate constant for dissociative phosphine
ligand exchange. The slower rate fos+D; equilibration observed witB compared witt2 (5.5 x 1073 vs7.7

x 1072 turnover s?) is explained by its smaller rate constant for phosphine dissociationq{2.85 vs 2.9 x

104 s™1). The fact that cluster® and3 show similar kinetic behaviors suggests that the Ribsociation step

in the catalytic H—D; equilibration is general for 18-electron hydridofAuPPh clusters.

Introduction [(H)2Pt(AuPPR)g](NO3)2,1011 [(H)Pt(AuPPR)g]NO3,512 [(H)-
Pt(AuPPh)s(AgNO3)]NO3,6 and [(H)Pt(AuPPEg(CuCl),]NOs.”

his discovery also led in the study of PAu clusters as
ydrogen activation catalysts. [Pt(AuRRH(NO3), (1) and
related clusters are excellent catalysts for-B, equilibration
(H2 + D2 == 2HD) in homogeneous solution phase and in the
solid state!?11.13 They were also found to catalyze,(Q)—
H,0(l) isotope exchange in homogeneous pyridine solution.
These catalysis reactions have proven useful as probes of
structure-reactivity relations for a number of heterometallic
clusterst® The H—D, equilibration reaction has also been
useful to probe the nature of PAu clusters on silica and
alumina support$* Considerable effort is being devoted to

A large number of phosphine-stabilized %u cluster
compounds have been prepared and characterized during th
past decad&:® The most extensively studied cluster of this
type is [Pt(AuPPEg](NO3), (1).1® This Pt-centered cluster has
16 valence electrons, (B(P?)4, in its metal frame according
to the electron-counting formalism for M-centered, high-
nuclearity clusters advanced by Ming@s.Clusterl reacts with
2-electron-donor substrates L, for example CO and RNC, to
give 18-electron, (§2(P7)8, adducts [(L)Pt(AuPPg](NO3),.13
The recent discovery thatreacts with molecular hydrog&ht!
led to the preparation of many new hydrido clusters such as

® Abstract published if\dvance ACS Abstract$yovember 1, 1996. studying the mechanism of these; Hctivation reactions.
(1) Pignolet, L. H.; Aubart, M. A;; Craighead, L. K.; Gould, R. A. T.;  Hydrogen activation is of fundamental importance in the area
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and (H,D} refers to the three isotopic possibilities,HD,, and

HD. The first step of this mechanism was directly observed
by H and 3P NMR and is not rate limiting. Step 2 was
implicated by the inhibition in the rate of HD production by
added PPhligand, but a quantitative kinetic analysis was not
possible because of cluster instability in the presence,crid
PPh. A key feature of this mechanism is the formation of the
M*(H,D) 4 species. It was suggested that the open Au site was
necessary to bind the incoming [igand, thus avoiding a 20-
electron intermediat&!® This species would rapidly scramble

H and D, producing HD by a back-elimination reaction as shown
in eq I. Because very little is known about the reversible
reaction of B with metal cluster compounds, it was considered
important to further study the mechanism of this—HD,
equilibration catalysis. In this paper we report the quantitative
study of PPRhinhibition of the kinetics of H—D, equilibration

for [(H)(PPh)Pt(AuPPR)7](NO3)2 (2), the quantitative ligand
exchange kinetics & with tri-p-tolylphosphine, R§CsH4CHs)s,

and analogous semiquantitative results for the new cluster [(H)-
Pt(AuPPR)g](NO3), (3). The results of this study provide a
more quantitative and improved understanding of the mechanism
of catalytic Hh—D, equilibration.

Results and Discussion

To clarify the mechanism of HD, equilibration catalyzed
by 1, a kinetic study of phosphine inhibition using another
cluster compound was necessary. It was found that [(H{PPh
Pt(AuPPR)7](NO3), (2) would be a good subject for this study.
Unlike 1, this cluster is stable in the presence of excess;PPh
and H. Cluster2 is also a good kD, equilibration catalyst
(comparable in rate tt), and the mechanism of the reaction is
assumed to be simildf. The fact thaR is already an 18-electron
hydride also makes the first step of hydrogen addition unneces-
sary, thereby simplifying the reaction kinetics. The mechanism
shown in Scheme 1 is proposed for,+D, equilibration
catalyzed by2. There is no distinction made or implied between
the various bonding modes (terminal, bridging 8y possible
for hydrogen and deuterium in this mechanism.

Scheme 1.Proposed Mechanism for,HD,
Equilibration Catalyzed bg

[(H)(PPRYPL(AUPPE) (NO,), -
[(H)(PPh)Pt(AuPPR);AU](NO,), + PPh (1a)

[(H)(PPh)Pt{AUPPR),AUI(NO,), + D, ~>
[(H)(D)(PPR)PYAUPPR);AU](NO,), (1b)

fast

[(H)(D)(PPR)PHAUPPR)cAU](NO;), —
[(D)(HD)(PPRy)P(AUPPR);AU](NO,), (1c)

[(D)(HD)(PPR)PHAUPPR)AUI(NO,),
[(D)(PPhy)Pt(AuPPR);AuU](NO,), + HD (1d)

Steps 1a and 1b of the mechanism involve dissociation of
PPh and binding of B, respectively. It is not possible from
this kinetic analysis alone to determine if a RiRgand bonded
to Au or Pt dissociates in step 1a. Indirect evidence suggests,
however, that the phosphine dissociates from a Au atade(

infra). Steps 1c and 1d of the catalytic process are assumed to

be fast and have no influence on the rate of the reaction. We
expect intramolecular scrambling of H and D in step 1c and
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elimination of HD in step 1d to be fast. The last assumption is
based on the fact that the trihydride intermediates are not
observable by spectroscopic techniques. This assumption will
be further justified by consideration of the kinetic results below.
Another assumption which we think is justified for this
mechanism is the steady-state approximation for the species
[(H)(PPH)Pt(AuPPR)s(AU)](NO3),. This is based on the un-
observability of this species by spectroscopy indicating that its
concentration is small and constant during the course of the
reaction. This analysis provides a good background to study
the kinetics of H—D, equilibration in the presence of added
phosphine. It is, however, useful to first present the results of
a ligand exchange rate study in order to provide justification
for some of the above mechanistic assumptions.

Kinetics of Ligand Exchange with [(H)(PPhs)Pt(AuPPhg)-]-
(NO3)2 (2). Since a key step in the mechanism of-HD,
equilibration involves phosphine dissociation (step la), the
kinetics of phosphine ligand exchange fowas studied. This
would permit an independent determination of the valu&;of
defined in step 1a of Scheme 1. A ligand exchange reaction
(Scheme 2) was chosen because the first step of dissociative
ligand exchange, step 2a, is the same as step 1a. The ligand
exchange reaction shown in Scheme 2 is assumed to be
dissociative because of steric crowding around the metal core
and the known chemistry of PAu clusterst In Scheme 2k
represents the rate constant for the dissociation of ong PPh
ligand from an Au atom (vide infra) and B P{-CsH4CHyz)s.

It is assumed that the rates of dissociation of 4d PR are
equal (i.e., the values & in steps 2a and 2b are the same).
We believe this assumption is valid because, in a solutidh of
with added PRwhere the total moles of RRnd PPbare equal,
the equilibrium concentration of free RRquals 50% of its
initial value. In addition, the structural parameters (distances
and angles in the metal core) of the related cluster [Pt(A)dRX
(NOs3)2 where X = Ph andp-CgH4sCHs are the same within
experimental error, showing that tlpeCHs substitution does
not cause significant structural chandes.

Scheme 2.Proposed Mechanism for Ligand Exchange
with 2

[(H)(PPRYPL(AUPPE),I(NO),
[(H)(PPh)Pt(AuPPR)s(AU)](NO,), + PPh (2a)

[(H)(PPhy)Pt(AuPPR)4(AU)I(NO,), + PRS%
[(H)(PPR)PYAUPPR)§(AUPRy)I(NO;), (2b)

Using this assumption and treating the species [(H)§PPh
Pt(AuPPR)s(Au)](NOs), as a steady-state intermediate, one can
derive the rate expressions for the reactions in Scheme 2. This
type of ligand exchange process has been extensively studied
by otherst® The rate law for this general process with the above
assumptions has been described in the literdfidré and given
explicitly in ref 16a. It is shown in eq Il. In this expression
[PPhy]. is the concentration of free P&t equilibrium, equaling
50% ofCiig in our experimentCig is the total concentration of

(15) Krogstad, D. A.; Pignolet, L. H. Results to be published.

(16) (a) Helm, L.; Elding, L. I.; Merbach, A. Bnorg. Chem 1985 24,
1719. (b) Espenson, J. Khemical Kinetics and Reaction Mecha-
nisms McGraw-Hill: New York, 1981; pp 56-55. (c) Frost, A. A,;
Pearson, R. Kinetics and Mechanisp2nd ed.; Wiley: New York,
1961; pp 192-193. (d) Wilkins, R. GKinetics and Mechanisms of
Reactions of Transition Metal Complex@sd ed.; VCH: New York,
1991; pp 38-61.
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ln{l - ([Ppmt/[PPmm)} = _klt(clig + nCcIuste)/nCIig (”) 0.0

free phosphineCeusteris the total concentration of cluster, and y = -5.7x10"5x+ 0.012
n is the number of exchangeable phosphines and equals 7 for

this case. Hence, plotting{lit — ([PPh]/[PPh].)} vs tshould 2 R =09
yield a straight line with slope= —ki(Cig + 7Cclusted/7Ciig. £ 054

Figure 1 shows this plot from data determined ¥y NMR &_"

integrations of signals due to free RRind Pp-CsH4CH3); as =

a function of time for2. This experiment was carried out with é’

acetonitrile as solvent and is described in the Experimental g

Section. The slope determined from this ploti8.37 x 107 x

s71, giving a value ok; = 2.9 x 10~ s™1 after substitution of £ -1.07

the known concentrations. Because ligand exchange kinetics
for 2 were unaffected by the presence of adtimosphere, the
above experiments were carried out in air.

Kinetics of PPhs Inhibition of H ,—D, Equilibration
Catalyzed by 2. The rate law shown in Scheme 3 was derived -1.5
from the mechanism in Scheme 1. In this rate law [(H]D)
equals the total concentration of both hydrogen and deuterium
and d[HD]J/d is the observed rate of HD production. An
important assumption made in the rate law derivation is that Time (s)
recycling of the catalytically active species [(H,D)(RPRh Figure 1. Plot of I{1 — ([PPh]/[PPhi)} vs tfor 2 according to the
Pt(AuPPR)eAU](NO3), (step 1d) will not have an effect on the rate law for ligand exchange shown in eq II.
overall rate of the reaction. This assumption simplifies the

0.0E+00
5.0E+037]
1.0E+047
1.5E+047
2.0E+04

kinetic analysis and is justified by the results presented bélow. 8.0E+04
= 4, 7
Scheme 3.Rate Law Derived from the Mechanism y = 43510% + 7700
Shown in Scheme 1 6.0E+04- R = 1.00
d[HDY/dt = kypd(H,D),] (3a) 3
U a2
= v
°S " k_,[PPh] + k,[(H,D),]
2.0E+04-
1 K4 [(H,D),]
— = [PPh] + ——+— (3c)
T UL T
To evaluate this rate law, different amounts of PRlere 0'0E+%'g 3 = 2 o
added to the catalyst with use of nitrobenzene as solvent and & = B = &
rates of HD production measured (see Experimental Section). 2 - 2 i S
According to the rate expression derived in Scheme 3, the [PPh3] (M)

dependence of Bdps on the concentration of added tri-  gigyre 2. Plot of Lkus for H,~D; equilibrationus concentration of

phenylphosphine should be linear (eq 3c). The plot of these added PPifor 2 as catalyst according to the rate law shown in Scheme
data is shown in Figure 2 and is in good agreement with the 3.

rate expression. The intercept of théi{ vs [PPh] plot is . . .
77 % 1%3 s and is equal to [(ﬂ,Q)/kl[Z] from[eqn ]32_ The determined from the D, equilibration rate study (3.% 10~

value fork;, the rate constant for phosphine dissociation from s™%). This agreement validates the assumptions made &bove
[(H)(PPhy)Pt(AUPPR)7|(NO5),, can be calculated from the value and provides strong support for the ligand dissociation step in

of the intercept, the known solubility of Hn nitrobenzene (9.7  the catalytic H—D. equilibration mechanism shown in Scheme
x 1074 M at 30°C atP = 760 Torr)13 and the concentration 1. Some comment is needed on the fact that different solvents

of 2 ([2] = 3.9 x 104 M). The value determined fd from (nitrobenzene and acetonitrile) were used in these two kinetic
this analysis is 3.3 1074 sL, studies. This was necessary for experimental reasons and should
The value ofk, determined independently from the ligand not cause significant differences in the ratésin a previous

exchange experiment (29 104 s™1) is very close to the value kinetic Study it was shown that the rates of-HD, equilibration
are approximately the same for these two solvents, after

(17) If recycling of the catalyst is included (step 1d) in the rate law COrrection fOIj differences in i'|59|Ubi|!tY-13 .
derivation, the denominator of expression 3b will include an additional Rate Studies of B—D, Equilibration and Ligand Ex-

ﬁ(rm[ lgg?;]cgn;a['(r}f [t)*;f]f rate c[&n*?tmzhaefefﬂ'gws[:(ggr@ B)I((éké[é}/ change with [(H)Pt(AuPPhg)g](NO3), (3). The above rate

—1] 2) )2l — K-2 - - H H

PHAUPPR)sAU](NO3)>. This will add a second term-{k_o[M*]/ measurements and analysis whprovided support for the
kiko[2]}, to the intercept in the kiys vs [PPh] plot of eq 3c. The

intercept in eq 3c therefore becomid¢H,D),)/ki[2]} — {k-o[M*]/ (18) Nitrobenzene was used in the+D; equilibration rate studies because
kiko[2]}. It is shown in the analysis of all the rate data (ligand of its low vapor pressure, which permitted accurate (K @essure
exchange and D, equilibration) that this additional component determination and mass spectroscopic analysis of the reactor head
does not have a significant effect on the value of the intercept and space. Volatile solvents caused difficulty in these measurements.
therefore can be ignored. This is based on the observation thigt the Acetonitrile was used in the ligand exchange studies because of
values determined from ligand exchange ané-B; equilibration rate increased cluster solubility and imprové@ NMR resolution. It was

studies, with the exclusion of step 1d, were in close agreement. not feasible to use nitrobenzene in the ligand exchange studies.
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Figure 3. Plot of I{1 — ([PPh]/[PPh].)} vs tfor 3 according to the
rate law for ligand exchange shown in eq Il.

mechanism of kD, equilibration shown in Scheme 1. A key

feature of this mechanism involves phosphine dissociation to

Rubinstein and Pignolet

results that argue against this however. First, we have examined
a number of smaller clusters that would result from such a
dissociation and in all cases the rate gftD, equilibration is
similar to or slower than that with the larger cluster. For
example, [(H)(PP¥Pt(AuPPh)s](NO3) has a turnover fre-
guency of 2.1x 1072 s~ compared with 7.7 1072 s7! for
[(H)(PPHh)Pt(AuPPR)7(NO3)..13 In addition, it is known that
PPh reacts with AuPP4t to give the more stable [Au(PBH|*
cation. This species does not catalyze—1®, equilibration.
Thus, if AUPPR" dissociated fronl—3, the addition of PPh
would be expected to produce [Au(Pi~ and increase cluster
fragmentation. In the added PPimhibition experiments, no
[Au(PPh),]* was observed by NMR and the rate of+D;
equilibration was slowed and not enhanced, in agreement with
the rate law derived from the mechanism in Scheme 1.

Synthesis and Characterization of [(H)Pt(AuPPR)gJ(NO3),
(3). Cluster3 was prepared by reaction of PPhith [(H)Pt-
(AuPPR)s(AuPy)](NOs), in methanol solution (Py= pyridine).
This simple ligand substitution was unexpected because an
earlier report claimed that Pt could not be surrounded by more
than eight AuPPhgroups!® This was based on steric argu-
ments. The precursor cluster [(H)Pt(AuBRMAUPY)](NOs).
was previously prepared by Kappen ef alnd is an excellent
starting point for the synthesis of new clusters.

Compound3 was characterized by elemental analysis, fast-

give a species with an open Au site (step 1a). Although the atom bombardment mass spectroscopy (FABMS),andH
kinetic analysis assumed phosphine dissociation from Au, itis NMR spectroscopy, and single-crystal X-ray crystallography.

possible that PRhdissociation from the Pt atom iR is
kinetically important. The availability of a new hydrido cluster,
[(H)Pt(AuPPHR)g](NO3), (3), that does not contain a PAgand

A summary of the crystal data f&sis presented in Table 1. A
thermal ellipsoid representation of the cluster core, selected
positional and thermal parameters, and selected distances and

bonded to Pt permitted additional rate studies to address thiSang|eS are shown in Figures 4 and 5 and Tables 2 and 3.

question. The preparation and characterization 3ofare
described in the next section.

The rate of H—D, equilibration was measured f@& with
nitrobenzene as solvent (30, 760 Torr). The turnover
frequency (TOF) was determined to be 551073 s1. This
rate is significantly slower than those determined faand 2
under identical conditions (7.% 1072 and 7.7x 1072 s
respectively):® A guantitative phosphine inhibition study was
not feasible for3 because of its slow rate; however, a similar
inhibition with added PPwas observed qualitatively. A ligand
exchange rate study with rCsH4CHz)3 was carried out with

Although the location of the hydride ligand could not be
determined from the X-ray structure analysis, its presence is
clearly evident in théH NMR spectrum (Figure 6) and from
the diamagnetic nature of the clusteidg infra).

Compound3 is a doubly charged, 18-electron monohydrido
PtAuw cluster. As with most other platinuagold clusters of
this type, the molecule is platinum-centered with the nine
AuPPH groups positioned around Pt in a distorted icosahedral
arrangement. It follows the predicted trend in metal-centered
gold cluster chemistry that 18-electron clusters have a spheroidal
geometry:=® An interesting feature of the crystal structure is

3 using the same experimental conditions and analysis as withthat the cluster crystallized as two different isomers in the

2. The results of this experiment are shown by the plot f1In
— ([PPh]/[PPhg)} vs tin Figure 3. The value df; (defined
in Scheme 2 foR) determined from this plot (2.& 1075 s™1)

asymmetric unit. These isomers (labeled with primed and
unprimed atom symbols) have significant structural differences
in terms of the placement of gold atoms around the platinum

iS an Order Of magn|tude Sma"er than the Value determlned for center. In both molecu'eS, SiX AuPPg-roupS are arranged (o)

2 above (3.3x 10* s™), indicating that3 exchanges tri-
phenylphosphine ligands with |2CsH4CHsz)3 at a much slower
rate. The slower rate of ligand exchange 3otompared t&®
provides evidence in favor of the proposed mechanism fer H
D, equilibration shown in Scheme 1. According to eq 3b, the
rate of HD production is directly proportional to the rate constant
for phosphine dissociatiork;. The ratio ofk; values ki(2)/
ki(8) = 10) is similar to the ratio of rates for HD,
equilibration (TOFR)/TOF@3) = 14).

The above result and the fact thawdoes not have a PRh

that they approximately form one capped pentagonal face of
an icosahedron. This is illustrated most clearly in the bottom
views of Figures 4 and 5, where Au(7) is capping the pentagonal
face. The positioning of the other three AuRBRinits (Au(2),
Au(3), and Au(5)) shows significant variation. This is best seen
in the “top” views of the thermal ellipsoid structures in Figures
4 and 5. Note that the Au(®Au(3) distance is 3.107 A while
the Au(2)—Au(3) distance is 3.988 A. The averagetu
distances are similar for both isomers (2.687(1) and 2.684(1)
A for primed and unprimed molecules, respectively) and are

ligand bound to the Pt atom support the hypothesis that a key comparable to average-PAu distances in the other 18-electron

step in the mechanism for,HD, equilibration involves the
dissociation of a PRHigand from a Au atom. In our original

paper on this subject, evidence was presented that eliminated

Pt—Au clusters (for example, 2.675 A in [(CO)Pt(AuPsRi
(NO3)2,20 2.687 A in [(CO)(PPEPt(AuPPR)g](NO3)2,2* and

irreversible cluster fragmentation as a cause of the homogeneoug19) steggerda, J. J.; Bour, J. J.; van der Velden, J. WRécl Trav.

H,—D, equilibration catalysi$? It is more difficult to eliminate

reversible cluster fragmentation. It is always possible that the

dissociation of a small, undetectable fragment such as AgiPPh

occurs and results in a more active catalyst. There are many

Chim Pays-Basl982 101, 164.
(20) Kanters, R. P. F.; Schlebos, P. P. J.; Bour, J. J.; Bosman, W. P.; Behm,
H. J.; Steggerda, J. lhorg. Chem 1988 27, 4034.
Ito, L. N.; Sweet, J. D.; Mueting, A. M.; Pignolet, L. H.; Schoonder-
gang, M. F. J.; Steggerda, J.ldorg. Chem 1989 28, 3696.

(1)
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Table 1. Crystallographic Data for [(H)Pt(AuPRJg](NO3).+0.5(GHs).0 (3)
Crystal Parameters and Measurement of Intensity Data

empirical formula GsaH141AUgN 05 sPoPt
fw 4489.30
temp 173(2) K
wavelength (Mo Kr) 0.71073
space group P1 (No. 2)
cell params a=17.0452(1) Ab=17.4045(2) Ac = 55.2353(1) A
o= 89.891(1), = 85.287(1}, y = 75.173(1}
cell vol 15784.0(2) A
z 4
calcd density 1.889 Mg n¥
abs coeff 9.357 mmt
max, min trans factors 0.234, 0.096
Refinemerttby Full-Matrix Least-Squares Calculations Bh
data/params 45929/3367
final Rindices | > 20(l)] R1=0.0892, wR2=0.1794

2 Relevant equations: RE S [|Fo| — |Fel|/Y|Fol, WR2 = {S[W(Fo> — FAA/ Y [W(FA)A} Y2 wherew = g/o¥(F?) + (ap)? + bp. P Refinements
are performed wtitiF? (rather tharF), enabling all data to be used, with the result that the experimental information is more fully exploited. Note
that the wR2 index which is minimized during the refinement is for statistical reasons about twice as large as the conRentiexaR1.

. L . . . Figure 5. Thermal ellipsoid drawings of the primed isomer®fin
Figure 4. Thermal ellipsoid drawings of the unprimed isomeofn the top view, the Au(J—P(7) bond points into the paper behind the

the top view, the Au(7)P(7) bond points into the paper behind the Pt p, o, Th I ellinsoid d ith 50% bability bound-
atom. Thermal ellipsoids are drawn with 50% probability boundaries. ari:s?m. ermal elipsoids are drawn wi o probabiity boun

2.702 A in222. The average PtAu distances in 16-electron  The Au—Au distances show large variation within and between

clusters are somewhat shorter (for example, 2.635 A)it? the two isomers (most notably involving Au(2), Au(3), and

Au(5)) but are comparable to values in otherRt clustersi—

(22) Kanters, R. P. F.; Bour, J. J.; Schlebos, P. P. J.; Bosman, W. P.; Behm, The interactions between adjacent Au atoms inA and Au
gé;gslteggerda' J.J.; lto, L. N.; Pignolet, L. Morg. Chem 1989 28, clusters are rather soft, accounting for this large variation in

(23) Bour, J. J.; Kanters, R. P. F.; Schlebos, P. P. J.; Steggerd®ecl. ~ AU—AU distance'™® The average AuP distances (2.308(6)

Trav. Chim Pays-Basl98§ 107, 211. and 2.315(6) A for the two isomers) are in the range generally




6760 Inorganic Chemistry, Vol. 35, No. 23, 1996 Rubinstein and Pignolet

Table 2. Selected Atomic Coordinates (0*) and Equivalent Table 3. Selected Bond Distances and angles with Estimated
Isotropic Displacement Parameters®(A 10°) for 3 Standard Deviations fa3
atom X y z U Bond Distances (A)
P(1)-Au(l) 2702(1)  PD-Au(l) 2.684(1)
) dsae()  ses(n 1A ey POXAU@ 2679 PO-AR) 28800
Au(2) 2666(1) 2660(1) 1135(1) 31(1) PY(1)~Au(3) 2.668(1)  Pt(D—-Au(3) 2.728(1)
e STt Satels Tasac oy Pt(1)-Au(4) 2669(1)  PHD-Au(d) 2.719(1)
Aﬂ% 29418 42138 1288%1; 29%1% PH(1)-Au(5) 2.726(1)  P(d—Au(S) 2.664(1)
e e i e 2d Pt(1)-Au(6) 2660(1)  PD-Au(6) 2.645(1)
AU Aot a8 s o Pt(1)-Au(7) 2680(1)  PH{D)—Au(?) 2.679(1)
Aue) prese 2062 1o oo Pt(1)-Au(8) 2672(1)  PtD-Au(®) 2.681(1)
Aﬂggg 43168 o 428 930((1)) 29((1)) Pt(1)-Au(9) 2607(1)  P{)-Au() 2.702(1)
T BanalT AT Retan oot Au(l)-Au(d)  3054(1)  Au(D)-Au(d)  2.906(1)
Pt‘l() ) 3011(( 4)) 3999(( 4)) 2160((1)) 30((2)) AuD)-Au6)  2.959(1)  Au(d)-Au(6)  2.981(1)
s s S oot T o Au)-Au(7)  2.939(1)  Au(d-Au(?)  3.180(1)
PESg 3538§ 43 137(( 4)) I 42((13 33((23 AuR-Au(3)  3107(1)  Au@-Au(®)  3.988(1)
e N ooia ey 1o e AU2)-Au(4)  2.994(1)  Au(@-Au®)  2.902(1)
) 1oy 23830 201l ¥ Au2)-Au(s)  2.980(1)  Au(@-Au(5)  2.949(1)
e aoad() 10824 ora) 322) AU2)-AuB)  3.640(1)  Au(d-Au@®)  3.018(1)
P el Ao 2ol 30 Aud)-Au(s)  2.883(1)  Au(d-Au5)  2911(1)
Pg8g 45238 P 4E 43 5578 338 AUB)-Au(B)  2.953(1)  Au(d-Au(6)  2.912(1)
ho) Toostn 18704 11980 ) AU3)-Au(@)  3.766(1)  Au(3—-Au(®)  3.886(1)
PY(1) 2533(1) 2756(1) 6256(1) 19(1) Au@-Au(z) - 3.2851)  Au(A-Au(r)  3.041(1)
Au(l’) 1450(1) 3095(1) 6647(1) 27(1) Au(@)—-Au(®)  2.933(1)  Au(d-Au(8)  2.984(1)
Au(2) 1679(1) 3278(1) 5876(1) 27(1) AuG)-Au(®)  2.856(1)  Au(B—Au(®)  3.069(1)
Au3) 2448(1) 1220(1) 6209(1) 27(1) AU(S-Au(9)  2.978(1)  Au(d—Au(9)  2.944(1)
Au(4) 1638(1) 4239(1) 6295(1) 25(1) Au@)-Au(7) - 3.469(1)  Au(@—Au(r)  3.089(1)
Au(5) 3230(1) 2034(1) 5839(1) 23(1) AU@)-Au(9)  2.905(1)  Au(@—Au(9)  3.020(1)
Au(6) 3025(1) 1852(1) 6628(1) 25(1) Au(7)—-Au(8)  3.064(1)  Au(D-Au(®)  3.233(1)
AU(7") 3122(1) 3592(1) 6570(1) 27(1) AU(-Au(©)  2.998(1)  Au(d—Au(9)  3.011(1)
, AuB)-Au(9)  3.243(1)  Au@®—Au(®)  3.048(1)
Au(8) 3203(1) 3742(1) 5986(1) 26(1) A Sa008 s 39088
Au®) - 4l7e(d) o 2294(1) - 6240(1) - 26(1) Au()-P(2) 2302(6)  Au(3—P(2) 2.204(6)
wOWe e S By aevm mg mene b
e 2o o I O Au(4)—P(4) 2322(6)  Au(§—P(4) 2.331(6)
P(4!) 683(4) 5523(4) 6307( 1) 28( 1) AU(5)—P(5) 2.337(6)  Au@—P(3) 2.304(6)
p§s§ 3841((4)) 127524% 5501%1% 25%1)) Au(6)—-P(6) 2.297(6)  Au(§—P(6) 2.303(6)
P(6 3353(4 1009(4 6947(1 26(1 Au(7)=P(7) 2.322(6)  Au(3—P(7) 2.321(6)
P%?% 3621243 4309%43 6849%13 27%1; Au(8)~P(8) 2.304(6)  Au(§—P(8) 2.320(6)
P(8) 3678(4) 4747(4) 5797(1) 29(1) Au(9)=P(9) 2310(7)  Au(9-P(9) 2.321(7)
P(9) 5587(4) 1832(4) 6222(1) 30(1) Bond Angles (deg)

Pt(1-Au(l)-P(1) 167.9(2) Pt()—Au(l)—P() 163.8(2)
Pi(1-Au(2)-P(2) 159.0(2) Pt()-Au(2)-P(2) 162.7(2)
Pt(1-Au(3)-P(3) 170.3(2) Pt()—Au(3)—-P(3) 170.5(2)
, Pi(1)-Au(4)—P(4) 1745(2) Pt()—Au(@)—P(4) 169.8(2)
found for PPR-ligated P+Au cluster compounds:® In sum- Pt(1)-Au(5)-P(5) 178.6(2) Pt(})—Au(5)—P(8) 173.4(2)
mary, the structure of3 is not unusual, with geometric Pt(1-Au(6)—P(6) 171.9(2) Pt(J—Au(6)—P(6) 174.5(2)
parameters well within their expected ranges. This indicates E:Ei)):ﬁﬂgg—:zgg i;gggg Etg—ﬁﬂgg_ggg g?g%
that the placement of nine AuPfgroups around Pt does not B : - 'l :
lead to a significant structural distortion as might be expected PLFAUO)-PO) - 174.6(2)  PY-AU@)-PE)  177.2(2)
from increased steric crowding. The observation of two i
different structural isomers is interesting but consistent with the ki _NL“L
soft Au—Au bonding and well-known solution fluxionality e b ST s
found in M—Au clusters of this typé:® S
The results of the X-ray structure determination did not &0 28 2& 24 22 20 18 1.6 pm
suggest where the hydrogen ligand is positioned. Hydrogen Figure 6. *H NMR spectrum of the hydride ligangirecorded at 500
ligands in Pt-Au clusters are believed to bridge-Pau bonds, MHz.
and this is likely to be the case 822 There is no IR evidence
for a terminal P+-H, and theH NMR data are similar to those ~ has not been explained but is typical for-Mu cluster
for other Pt-Au hydrido clusters. ThéH NMR resonance ~ compounds:57.11.24.25
assigned to the hydrogen ligand 3nis shown in Figure 6. It In most phosphine-ligated MAu clusters, the PRHigands
consists of an even multiplet (eight of the expected ten lines are equivalent on the NMR time scale because of rapid skeletal
observed) with'®pt satellites § = 2.25 ppm,3Jy_p = 13.5 rearrangement of the AuPPgroupst™® The 3'P{*H} NMR
Hz, 1Jy_pt = 627 Hz). These valuesd{ 3J—p, 1J4—py) are spectrum of3 at ambient temperature therefore consists of a
comparable to those observed ®(2.26 ppm, 16.6 Hz, 537  singlet ¢ = 50.4 ppm) with the usuaPfPt satellites p_p; =
Hz),2° [(H)Pt(AUPPR)g](NO3) (5.4 ppm, 14.3 Hz, 705 HZ, 403 Hz). These values are typical of other 18-electron hydrido
and [(H)(PPRB)Pt(AuPPh)g](NOs) (0.34 ppm, 18.3 Hz, 687  Pt—Au clusters (for example? (6 = 45.7 ppm,2Jp_p = 414
Hz)24 The unusual downfield shift for these hydrogen ligands Hz)22[(H)Pt(AuPPh)g](NOs) (52.1 ppm, 452 Hz§# and [(H)-
(PPh)Pt(AUPPR)s](NOs) (48.2 ppm, 457 Hz)}* At —90 °C

@ Ueq is defined as one-third of the trace of the orthogonalizgd
tensor.

(24) Bour, J. J.; Schlebos, P. P. J.; Kappen, T. G. M. M.; Bosman, W. P.;
Smits, J. M. M.; Beurskens, P. T.; Steggerda, Jndrg. Chim Acta (25) Alexander, B. D.; Johnson, B. J.; Johnson, S. M.; Casalnuovo, A. L,;
199Q 171, 177. Pignolet, L. H.J. Am Chem Soc 1986 108, 4409.
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some line-broadening is observed in #&{*H} NMR spectrum ppm relative to the internal standard trimethyl phosphate (TMP), with
of 3, but distinct phosphorus environments cannot be resolved. positive shifts downfield.*H NMR spectra were recorded on a Varian
The isomers found in the crystal structure3fre just two of VX-500 spectrometer at 500 MHz with tetramethylsilane (TMS) as
the many possibilities during fast skeletal rearrangement oc- the internal standard. FABMS measurements were carried out with a
curring in solution. It is not surprising that two are trapped in VG Analytical 7070E-HF high-resolution, double-focusing mass spec-

. . trometer equipped with a VG 11/250 data system. FABMS samples
a single crystal. The FABMS & and its mongg-tolylphos- were introduced in arnitrobenzyl alcohol matrix. Solvents were dried

phine) analog, [(H)PYAUPRJBAUP (p-CsHaCHa)3](NOs)o, gave and distilled prior to use. The cluster compounds [PtAWRRENOs),
fragmentation patterns consistent with their formulations. (1), [(H)(PPR)PtAUPPR)7(NO3), (2), and [(H)Pt(AuPPHs(AuPY)]-
(NO3), were prepared as described in the literafdfe? Prepurified
H, obtained from Linde (purity>99.99%) and CP grade.®btained
The synthesis of the first Pt-centered cluster with nine AgPPh from Matheson (purity>99.5%) were passed through liquid-nitrogen
groups directly bonded to the Pt has been achieved. Previously traps to remove b0 and Q impurities. Gas handling and mixing were
clusters with up to eight AuPRIgroups were known. This carried out with electronic mass flow controllers and an RXM-100 high-
new cluster3 is a catalyst for D, equilibration in homo- vacuum gas-handling system (Advanced Scientific Designs). Gas
geneous solution phase and has proved helpful in our studiestransfers were carried out with the use of copper tubing plumbed directly

- - . . .~ 77 7TInto the reaction vessel and gas-handling system. Analysis of gas
on the mechanism of this catalysis reaction. Phosphine inhibi- mixtures was accomplished by using mass spectrometer with a modified

tion and I_igand e_xchange kinetic exper_iments havg provided jpjet system (Leybold Inficon Quadrex 200 residual gas analyzer)
strong evidence in favor of the mechanism shown in Scheme precalibrated for analyzing #HD/D, mixtures. All other chemicals

1. A key step in this mechanism is the dissociation of agPPh were of reagent grade and were used without further purification.

Conclusions

ligand from Au to give an open site for bonding of b D>. In Preparations and Characterizations of Compounds. [(H)Pt-
this paper we have shown that the rate constant for phosphing(AuPPhg)g](NO3)2 (3). [(H)Pt(AuPPR)s(AuPY)](NOs), (50 mg, 12
dissociation K; in eq 1a) determined from a PPmhibition umol) was dissolved in 15 mL of methanol. RRB.2 mg, 12umol)

rate study of H—D, equilibration with cluster2 was nearly was added to this solution and the mixture stirred for 1 h. Slow addition

identical to the rate constant for phosphine ligand exchange for Of diethyl ether precipitated the orange product in 85% yiélé. NMR
2 (k; in Scheme 2). In addition, the rate law derived from the f\chDéog?j gggle]f‘;:(f_'g"‘l.ppmd‘."”th Pt satﬁ.'"tl:?f;‘ ;5403 "% H
mechanism in Scheme 1 fits all of the observed kinetic data. (CDsOD) of hydrido ligand: even multiplel = 2.25 ppmJu-p

. . . L = 13.5 Hz,%Jy_pt = 627 Hz. FABMS,m/z. 4453.4 calcd for [(H)-
The slower rate for kD, equilibration observed witl3 is PHAUPPR)S(NOs)» = M]*, unobserved: 4328.4 calcd fdiM —

explained by its slower rate of phosphine ligand dissociation. [yno,),]}+, 4328.6 obsd; 4066.3 calcd foM — [H(NO3):PPh]} *,
Cluster2 contains a PPhligand bonded to Pt, so there is @  4066.4 obsd; 3804.2 calcd oM — [H(NO3)(PPh),]} *, 3804.1 obsd;
possibility that this was the PRligand dissociating in step @  3542.1 calcd fof M — [H(NO3)(PPh)s]} , 3541.6 obsd. Anal. Calcd
of the mechanism. Since clust8rcontains only Au-bonded  for CieH136AUNOgPsPt: C, 43.69; H, 3.08; N, 0.63. Found: C, 42.58;

PPh ligands, the above result also supported-ARPh dis- H, 2.96; N, 0.6_9. Low carbon analysis is frequently found for
sociation in Scheme 1 for clustér compounds of this type.
The fact that cluster and3 show similar kinetic behaviors [(H)Pt(AuPPh3)sAuP(p-CsH4CH3)3)(NO3).. This analog o was

for H,—D, equilibration suggests that the mechanism in Scheme Prepared by the same procedure as 3obut with Pp-CeHiCHs)s
1 is general for 18-electron hydrido-PAuPPHh clusters. The substituted for PPhin the3lsecond step. It was prepared to verify the
related 16-electron clustdrreacts reversibly with bito give FABMS assignment d8. *'P NMR (CDOD): doublet = 50.3 ppm

. . with Pt satellites'Jp—p = 11 Hz,2Jp—p: = 403 Hz assigned to the PPh
the 18-electron dihydrido cluster [(bH(AuPPR)g](NO3).. It ligands (resonances due to thep®H4CHs)s ligand were obscured

IS Interesting tha_t NMR ligand exchange studies W.ltthowgd by the much larger PRIsignals). FABMSmz 4495.4 calcd for [(H)-
no exchange with added CsH4CHs)s under a N or air Pt(AUPPh)s(AUP([p-CsH4CH3)3)[(NOs), = M]*, unobserved; 4370.9
atmosphere but measurable exchange upon the additiop. of H calcd for{M — [H(NO3),]}*, 4369.8 obsd; 4108.8 calcd f¢M —
Although a guantitative kinetic analysis was not possible with [H(NOs),PPh]}*, 4107.7 obsd; 3846.6 calcd fgM — [H(NOs).-
1 because of cluster instability in the presence of added (PPh);}*, 3845.6 obsd; 3584.5 calcd f6M — [H(NO3)2(PPh)3]} ,
phosphine and K we believe the mechanism shown in eq | is 3583.2 obsd; 4066.3 calcd fqM — [H(NOj;)oP(p-CsHsCHz)s]} ™,
consistent with all of the available data. The reversible addition 4065.7 obsd; 3804.2 calcd oM — [H(NO3):PPhP([p-CeHaCH)s]} ™,
of H, to 1 has been shown to be fast and non-rate-limiting for 3803-5+°b5d? 3542.1 caled fofM — [H(NOs)2(PPh)2P (p-CoHa-
H,—D, equilibration!? CHo)3[} 7, 3541.0 obsd.

The results of this study are important.,+D, equilibration H,—D, Equilibration Kinetic Measurements. The details of the
is being used as a probe reaction fop Hctivation with experimental conditions, controls, and calculations for the measurement

- . - . 4 of the turnover frequency were reported previouglyThe identical
heterometallic clusters in solution and on solid suppbts: procedures and data workup were used in this study, so only some of

It is therefore important to understand the details of the ihe procedures and details are described here. For all of the rate

.mechaln.ism.. For example, 16-electron C|l.JSt?.TS suchl. aS  measurements, the reactor was a 30-mL jacketed glass vessel equipped
immobilized intact on a silica support show significant activity with a star-shaped Teflon stir bar, a gas-inlet tube connected to a

(TOF = 220 st at 25°C, 1 atm) for heterogeneous,HD; vacuum/gas-handling system, and a rubber septum for gas sampling.
equilibration catalysis only after pretreatment undep#ldiv. 14 The temperature of the reactor was held at3@.2 °C. Dried and

The 18-electron clustet immobilized on silica is active (TOF  freshly distilled nitrobenzene was used as the solvent for a#[B4

= 170 s at 25°C, 1 atm) without the bipretreatment* The equilibration rate measurements. Sample preparation for thg PPh

results of the mechanistic study in this paper have led to the inhibition rate studies wit2 and3 was performed as follows. A stock
proposal that the support assists in ligand dissociation from 18- solution of PPhdissolved in nitrobenzene (typically 10.0 mg in a 5.0

lect hvd taini lust This hvoothesis i d or 10.0 mL volumetric flask) was freshly prepared. A known amount
electron hydrogen-containing clusters. IS NYPOINESIS IS under cluster, typically 16 mg, was dissolved in a small amount of nitro-

current investigation. benzene in a 10.0 mL volumetric flask. The appropriate volume of
the stock PPhsolution was added by syringe, followed by dilution to
the mark with nitrobenzene. A 6.0 mL volume of this solution was
Physical Measurements and Reagents3!P NMR spectra were placed in the reactor and degassed by pumping for 5 min. Time zero
recorded with a Varian VX-300 spectrometer at 121.4 ME2 NMR for the kinetic run was defined as the time the reactor was charged
spectra were run with proton decoupling, and shifts are reported in with an equimolar mixture of Hand D, at 760 Torr total pressure.

Experimental Section
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The relative amounts of 5D, and HD in the head space of the reaction calculated from reflections harvested from three sets ef3Dframes.
vessel were determined periodically by mass spectroscopy. RateThese initial sets of frames were oriented such that orthogonal wedges
constants for HD productiork,) were determined by plotting the  of reciprocal space were surveyed. This produced orientation matrices
equation IR[HD]¢/([HD]e — [HD])} = kobd, where [HD} and [HD} determined from 56300 reflections. Final cell constants were
are the mole fractions of HD at equilibrium and at titpeespectively. calculated from a set not exceeding 8192 strong reflections. Final cell
A typical plot for one of the PRhinhibition experiments is shown as  constants reported in this manner are about 1 order of magnitude better
Figure S1 of the Supporting Information. The rate of HD production in precision than those reported from four-circle diffractometers. The
in (mol of HD)/s is defined a&.n{ mol of (H, + D, + HD)} where data collection technique used for this specimen is generally known as
the mol of (H; + D, + HD) in the reactor is 1.3k 1073, The turnover a hemisphere collection. Here a randomly oriented region of reciprocal
rate is defined as the rate of HD production divided by the moles of space is surveyed to the extent of 1.3 hemispheres to a resolution of
cluster in the reactor and has the units of (mol of HD produced) (mol 0.87 A. Three major swaths of frames are collected with Ds36ps

of clustery! s1.13 The rate data for the PRInhibition study with in w. This collection strategy provides a high degree of redundancy.
cluster2 are shown in Figure 1 as aklsvs[PPh] plot. The turnover The redundant data provide gogdnput for an empirical absorption
rates for2 are precise ta:5% as determined from repetitive rulfs. correction (see Table 1).

The actual data used in this analysis are shown in Table S6 of the  Structure Solution and Refinement. The space groupl (No. 2)
Supporting Information. In the case 8fthe error is larger (estimated  was determined on the basis of systematic absences and intensity

to be £15%) because of the presence of a small amourit @ an statistics. A successful direct-methods solution was calculated, which
impurity. The error in the rate constaat(defined in eq 1a) is estimated  provided most non-hydrogen atoms from thenap. Several full-matrix
to be +£15% by propagating the various errors in the analysis. least-squares/difference Fourier cycles were performed, which located
Ligand Exchange Kinetic Measurements. The ligand exchange  the remainder of the non-hydrogen atoms. All non-hydrogen atoms
reaction of1 with P(p-CeH4CHz)s was studied in CBCN solution at were refined with anisotropic displacement parameters. All hydrogen
ambient temperature under an atmosphere of air and under anatoms were placed in ideal positions and refined as riding atoms with
atmosphere of K For both experiments, 10 mg (2.8nol) of 1 was individual isotropic displacement parameters. The targeted complex
placed in an NMR tube to which was added 1.0 mL of a;CR was found, but it crystallized as two distinct isomers, labeled as primed

solution that contained 1.5 mg (54mol) of P@-CsHsCHs)s. The and unprimed. Four nitrates (two 50% occupied) and one diethyl ether
solution for the experiment run under; lvas freeze-pump-thawed  were located in addition to the two cluster dications. The enormous
several times and charged with 1 atm of, ldnd the tube was sealed  number of atoms forced us to create a “big” version of SHELXL-93
with use of a J. Young valve®!P NMR spectra were taken every hour (3400 parameters) on the Cray-2 in order to complete full-matrix least-
for the first 4 h and then after 1 day. For the sample under air, no squares refinements. Several of the carbon atoms were found to be
changes were observed, indicating that ligand exchange did not occur.non-positive definite toward the end of the process and were restrained
For the sample under idecomposition into AuPRBh, Au(PPh),*, to be positive definite with the ISOR command. The nitrates were all
and unidentified compounds occurred after several hours. Ligand restrained with common NO bond lengths and idealized trigonal
exchange studies withwere carried out with a similar procedure but  planar geometry. The isotropic displacement parameters of these
with 2.5 umol of 2 and 17.5umol of P{p-CsH4CHs)s and only under nitrates are high, as expected. Tables31contain crystal and
an air atmosphere3P NMR spectra were taken every 30 min with  refinement information, selected atomic coordinates and equivalent
NMR delays @ = 2.5 s) selected to minimize integration error. isotropic displacement parameters, and selected distances and angles.
Integrals of peaks corresponding to fre@6H4CHs)s (0 = —10 ppm) Complete information is given in Tables S$4 as Supporting
and PPk (0 = —8 ppm) were monitored. Ligand exchange studies Information. Thermal ellipsoid representations of the cluster cores of
with 3 were conducted similarly but with 1.12mol of 3 and 10.1 both isomers are shown in Figures 4 and 5 and for the entire molecules
umol of Pp-CsHaCHz)z in 1 mL of CD;CN. The rate data determined  in Figures S2 and S3 of the Supporting Information.
from these experiments are shown in thfin— ([PPh]/[PPhy]..)} vs
t plots in Figures 1 and 3 and in Table S7 of the Supporting Information. ~ Acknowledgment. This work was supported by grants from
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performed by using SGI INDY R4400-SC and CRAY-2 computers and gy nnorting Information Available: Tables of data collection and

the SHELXTL V5.0 suite of program. refinement details, all atom parameters, bond lengths, bond angles, and

_ Data Collection. A crystal of the compound attached to a glass  apisotropic thermal parameters and thermal ellipsoid drawings of the
fiber was mounted on a Siemens SMART CCD area detector system complete molecule fo8, a sample kD, equilibration rate plot, and

for data collection at 173(2) K. An initial set of cell constants were (51165 of kinetic data (36 pages). Ordering information is given on
any current masthead page.
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