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Abstract: The simultaneous or sequential codeposition of two different metal vapors into a liquid film of a poly(methylphen-
ylsiloxane) has been designed to yield organometallic polymers containing both mononuclear and cluster metal sites. These 
bimetallic polymers are formed at close to room temperature and are amenable to characterization by a number of different 
types of spectroscopy. 

Introduction 

The majority of bimetallic cluster catalysts in operating 
systems today are of the highly dispersed supported hetero
geneous variety and, by their very nature, are usually poorly 
defined and therefore difficult to understand at an atomic 
level,' although electron microscopy,2 Mossbauer,3 and 
EXAFS4 methods are clarifying some critical structural and 
electronic features at the active metal sites. 

In this paper, we consider a possible useful approach to the 
design of a new kind of bimetallic cluster system of a well-
defined type, comprising a few metal atoms at the active sites. 
Based on a number of experimental and theoretical results 
concerning very small metal clusters, such a nuclearity regime 
is anticipated to display rather unique catalytic behavior.5 

Liquid polymers with suitable functional groups, capable 
of acting as solvating or complexing sites, offer an attractive 
medium in which to generate and immobilize low nuclearity, 
unimetallic, and bimetallic clusters under homogeneous re
action conditions. We have discovered that a combination of 
metal vapor-liquid polymer synthetic techniques can be suc
cessfully employed to control the competing processes of metal 
atom diffusion, aggregation, and anchoring, significantly, at 
close to room temperature. The method permits a unique route 
into the generation of polymer-stabilized, unimetallic few-atom 
clusters.6 

The method can be extended to encompass a range of bi
metallic combinations, the Ti/Cr system being used in this 
paper to illustrate the approach to polymer-supported bime
tallic species. One might envisage such unimetallic or bime
tallic polymers being incorporated into, for example, a fluid 
bed reactor for catalyzing a variety of chemical processes. 

Experimental Section 

The technique is basically an extension of the oil matrix method 
developed by Blyholder7 to produce large metal particles suspended 
in an inert paraffin oil. Such suspensions were subsequently used to 
investigate the chemisorption of small molecules on the metal particle 
surfaces by various forms of spectroscopy. 

In our method, a thin film (~10 - 6 m) of a polymeric fluid, con
taining reactive functional groups, is applied to a quartz optical plate 
cooled to 0 to —30 0C by means of an Air Products Displex refriger
ation system. An evaporation source, equipped with quartz crystal 
mierobalance for continuous measurement of the metal deposition 
rate, is used to deposit metal vapor into the liquid film, typically at 
a rate of approximately 0.2 /xmol h_ l . 

By means of ultraviolet-visible spectroscopy, the formation of 
products under various experimental conditions, such as metal de
position rate, metal loading, functional group loading, and reaction 
temperature, may be quantitatively monitored. 

Results and Discussion 

In an earlier report,8 one of us (C.G.F.) demonstrated that 

Ti, V, Cr, and Mo vapors can be deposited into a liquid poly-
(methylphenylsiloxane), Dow Corning 510, containing a 
Me:Ph ratio of 17:1. The reactions were carried out in a rotary 
reactor in the temperature range 0 to —20 0 C to yield liquid 
organometallic polymers in which two phenyl groups were 
coordinated to the metal to give an anchored bis(arene) com
plex. 

In a rotary reactor,9 the thin film of the polymeric liquid 
which interacts with the metal vapor is continually being re
plenished at both a macroscopic level, as a result of mixing with 
the reservoir in the bottom of the flask, and at a microscopic 
level, owing to the mobility of the polymer chains. It is likely 
that the motion of the chains on a microscopic scale is very fast 
compared with the bulk motion of the fluid and, with this 
proposal in mind, we considered that a thin film of fluid ad
hering to an optical window might provide a useful spectro
scopic probe of the microscopic details of metal vapor-liquid 
polymer interactions. In this way one would hope to be able to 
identify reaction intermediates, as well as products, with the 
idea of relating the spectroscopic observations to those 
emerging from the macroscale synthesis. 

Our initial observations with the metal vapor-fluid matrix 
reactions focused on the quantitative aspects of chromium 
vapor-DC510 interactions. These experiments involved 
monitoring the decay of one of the absorbances due to free 
phenyl groups (214 nm) and the corresponding growth of the 
absorbances due to products, a typical reaction sequence being 
illustrated in Figure 1(1). The evolution of the various products 
can be depicted in graphical form, Figure 1 (II), an analysis of 
which indicates a reaction sequence of the type shown in 
Scheme I. 

Support for the existence of such cluster species is provided 
by the mass spectroscopic observation of ion-molecular re
actions in the (7r-C6H6)Cr(CO)3 system,10 leading to the 
formation of (CeFUhC^+ and (CgHe^C^CO),,4". It has also 
been shown recently that chromium vapor deposited into a 
Q 1H 6 /Ar matrix at 10-12 K shows an optical spectrum indi
cating the presence of a number of arene-metal species.11 

Metal concentration studies have established that these species 
are binuclear in chromium. 

One can envisage the creation of polymer-stabilized few-
atom clusters in this system as arising from phenyl group sol
vation effects or bis(arene) metal cluster complexation. The 
early impression is one of a gradually diminishing metal-arene 
interaction as the cluster nuclearity increases until, at values 
of n greater than 3, metal cluster desolvation occurs to release 
clusters containing of the order of four to six atoms possessing 
bulk-like optical absorptions,12 namely, broad resonances in 
the region 200-300 nm for the chromium system (as shown by 
optical studies using DC200, a polymethylsiloxane). 

The discovery of polymer-stabilized few-atom metal clusters 
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Figure 1. (I) Ultraviolet-visible absorption spectra for the deposition of 
Cr vapor into DC510 at - 2 0 CC. (II) Graphical representation of the 
growth and decay of species labeled A, B, C, and Ph in (I). (Ill) Brief 
exposure of species A to 1 Torr of oxygen giving conversion to species 
A'. 

30 XlCf0Am 

Figure 2. Ultraviolet-visible absorption spectrum for the deposition of Ti 
vapor into DC510 a t - 2 0 0C. 

Table I. Visible Absorption Spectra of Small Immobilized Metal 
Clusters 

argon1J 

(10-12 K) 
DC510 

(Oto-30 0C) 

Ti2 

Cr2 

Cr3 

V, 

430 
546 
624 
460 
477 
494 
587 

560-590 

402 
479 
455 

in the chromium and other systems prompted us to attempt to 
prepare systems containing two different metals. In this report 
we focus our attention on the Ti/Cr vapor-DC510 system. 

A quantitative titanium vapor-DC510 titration curve is il
lustrated in Figure 2 and shows the decrease and leveling off 
of the absorbance due to uncoordinated phenyl groups as ti
tanium vapor is deposited into the fluid. This is accompanied 
by growth of at least two distinct titanium-containing species, 
absorbing at 355 nm (species A) and a broad band around 
560-610 nm (species B). 

The growth behavior and band-shape variation of this latter 
absorption as a function of titanium concentration could in
dicate the presence of more than a single species. By compar
ison with the optical spectra of bis(benzene) metal complexes14 

the intense ultraviolet band at 355 nm and a very weak visible 
band around 504 nm are assigned respectively to the metal to 
iigand charge transfer and ligand field excitations of poly
mer-bound bis(arene)titanium. The other titanium-containing 
species, absorbing in the 560-610-nm region, is assigned to 
small titanium clusters stabilized by the polymer (n probably 
equal to 2). 

Comparison of the optical trends for the postulated poly
mer-supported small metal cluster species with the data for the 
known metal clusters13 in solid argon matrices (Table I) in
dicates that slightly perturbed metal-localized electronic ex
citations are primarily responsible for the new visible absorp
tions in the Cr-, Ti-, and V-DC510 systems. 

Having established the optical characteristics of the indi
vidual Ti and Cr vapor reactions with DC510 one can inves
tigate the bimetallic system by means of the following reac-

Scheme I 
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tions: (1) sequential Ti and Cr vapor deposition, (2) simulta
neous Ti/Cr vapor deposition, (3) saturation of the phenyl 
groups on DC510 with Ti vapor followed by reaction with Cr 
atoms, (4) saturation with Cr vapor followed by reaction with 
Ti atoms. 

As a small amount of Ti vapor is deposited into the fluid 
(M:L < 1:50), one observes the expected 355-nm band of 
polymer-supported bis(arene)titanium (Figure 3). Depositing 
a small amount of Cr vapor, one observes growth of the 318-nm 
absorption of the bis(arene)chromium, but also a depletion of 
the bis(arene)titanium and growth of a new species, labeled 
CrTi in Figures 3 and 4, absorbing at 442 nm. Support for the 
assignment is provided by the observation that the new species 
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Figure 3. (I) The ultraviolet-visible spectra of sequential quantitative Ti 
vapor, Cr vapor depositions into DC510at - 2 0 0C beginning (a) with a 
thin film of pure DC510 followed by addition of (b) Ti, (c) Cr, (d) Ti, 
(c) Cr, (f) Ti, and (g) Cr. The polymer-anchored sites are depicted by 
Cr1 = -(C6H5)2Cr; Ti, = -(C6Hs)2Ti; Cr2 = -(C6Hs)2Cr2; Ti2 

= -(C6Hs)2Ti2; TiCr = -(C6Hs)2TiCr. 

DC 510 - SEQUENT.A, Ti1CrATCM 
DEPOSITIONS 
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Figure 4. Growth-decay graphical representation of a sequential Ti 
vapor-Cr vapor deposition of the type shown in Figure 3. 

absorbs in a region between the proposed polymer-attached 
dichromium (402 nm) and dititanium (560-610 nm) cluster 
species. This is in keeping with the average environment effect 
for metal-localized excitations of similar origin observed in 
heterobinuclear cluster carbonyl complexes as well as CrMo 
in argon.15 

On depositing more Ti vapor into the film (Figure 3, spec
trum d) the polymer-supported bis(arene)titanium grows back 
in but, while the bis(arene)chromium band does not change, 
that due to the CrTi species decays appreciably. The 
growth-decay behavior can be reproduced with further se
quential metal deposition up to the phenyl saturation level 

DC 510 WITH SIMULTANEOUS 
Ti/Cr DEPCS'TIONS 

Cr1 T1 Cr2 CrT, 

200 300 4 0 0 5 0 0 500 nm 

Figure 5. (a-f) Simultaneous Ti vapor-Cr vapor deposition into DC510 
at —20 0C. (g) The preferential air oxidation of the Ti anchored species 
followed by (h) showing the eventual oxidation of the Cr anchored species 
to the -(C6Hs)2Cr+ supported cation. 
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(Figure 4) at which point some of the dichromium species 
begins to be formed (Figure 3, spectra e-g). 

An important difference observed in the simultaneous Ti/Cr 
deposition is the concurrent appearance of all three species, 
as the concentration of metal in the fluid is increased (Figure 
5, spectrum b). As the concentration increases further, one 
observes the growth of bis(arene)chromium but the decay of 
bis(arene)titanium and the CrTi species with eventual growth 
of the dichromium species (Figure 5, spectra c-f). 

A number of aspects of the sequential-simultaneous Ti/Cr 
depositions into DC510 are clarified by the metal atom satu
ration experiments. The gradual deposition of Ti atoms into 
DC510, up to the saturation loading, leads to both polymer-
supported bis(arene)titanium and polymer-stabilized two- or 
three-atom titanium clusters (Figure 6(1), spectrum b). On 
depositing Cr vapor into this Ti-saturated DC510 fluid one 
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observes the decrease of bis(arene)titanium and the cluster 
species with growth of bis(arene)chromium and the CrTi 
species (Figure 6(1), spectra c and d). When more Cr vapor 
is deposited into the fluid, the bis(arene)chromium species 
increases while the CrTi species increases and then decays. This 
is accompanied by depletion of the titanium cluster species but 
eventual formation of the polymer-stabilized dichromium 
species (Figure 6(1), spectra d-g). These growth-decay curves 
are depicted as a function of metal loading in Figure 6(11). An 
important result is the continued consumption of polymer-
supported phenyl groups beyond the titanium saturation 
loading during the deposition of chromium atoms. 

In the analogous chromium saturation experiment, on 
subsequently depositing Ti atoms there is no change in the 
bis(arene)chromium absorbance, although depletion of the 
cluster species occurs and one observes zero growth of 
bis(arene)titanium. 

DC 510 SATURATED WITH T1 ATMS 

FOLLOWED BY REACTlON WITH 

Cr ATOMS 

Figure 6. (I) Ultraviolet-visible absorption spectra for a Ti atom saturation 
experiment into a thin static film of DC510 at -20 0C followed by reaction 
with Cr atoms. (II) A graphical representation of the growth and decay 
of the different polymer-anchored metal sites depicted in (I). 

A possible explanation of the way in which the metal vapors 
interact with the DC510 under the different conditions is 
shown in Schemes U-IV, bearing in mind that bis(benzene)-
titanium is less thermally stable than bis(benzene)chro-
mium. 

Summarizing, it seems likely that our bimetal Ti/Cr de
positions with DC510 at low metal loadings are leading to 
polymer-supported bis(arene) metal complexes with two dif
ferent mononuclear metal sites attached to the same polymer. 
At high metal loadings, binuclear sites containing polymer-
stabilized Ti2 and Cr2 as well as TiCr clusters are formed. 

The results of this series of experiments indicate that the 
titanium-containing species are kinetically unstable toward 
reaction with Cr atoms; for example, the bis(arene)titanium 
complex appears to yield the TiCr cluster species. Very high 
Ti/Cr loadings probably lead to "naked" (unsolvated) Crx-Ti1. 
bimetallic clusters approaching colloidal dimensions. Unan
swered questions relate to the possible concerted displacement 
of Ti from bis(arene)titanium by Cr atoms to yield the corre-
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sponding Cr complex; a similar question applies to the poly
mer-stabilized titanium cluster elimination by Cr atoms. 
Further experiments are being attempted to try to establish 
these details of the Ti/Cr-DC510 reaction. 
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bis(methylphenylphosphino)-l,2-ethane2 and its arsenic an
alogue3 have been resolved by this method using D(-)-di-
benzoyl hydrogen tartrate as resolving agent and the former 
has been subsequently reduced by polarographic means to the 
optically active di(tertiary phosphine), albeit of uncertain 
optical purity. Another procedure, which obviates the need to 
resolve a ^/tertiary species, involves the oxidative coupling of 
tv carbanions derived from optically active methyl-substituted 
mono(tertiary phosphine) oxides. Thus, ( + )-(^)-ethylmeth-
ylphenylphosphine oxide4 and (+)-o-anisylmethylphenyl-
phosphine oxide5 were dimerized to their respective di(tertiary 
phosphine) oxides and the latter was subsequently reduced by 
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Abstract: The new chelating di(tertiary phosphine) o-phenylenebis(methylphenylphosphine) has been prepared in 68% yield 
from o-dichlorobenzene by reaction with sodium methylphenylphosphide in tetrahydrofuran solution. The racemic and meso 
forms of the ligand, (/?/?,,S\S')-diphosand (/?5)-diphos, respectively, were separated by a combination of direct fractional crys
tallization of the mixture of diastereoisomers, and by selective precipitation of the sparingly soluble complex [Ni(SCN)((/?S)-
diphosh]SCN. The diastereoisomeric di(tertiary phosphines) were subsequently identified by analyzing the 1H NMR spectra 
of their respective substituted 1H-1,3-benzodiphospholenium salts. Optimized conditions are described for the large-scale res
olution of (/?/^;55)-diphos by a method which involves the separation of internally diastereoisomeric palladium complexes 
containing the dissymmetric di(tertiary phosphine) and an optically active ortho-metalated dimethyl(a-methylbenzyl)amine. 
The optically pureenantiomers, [a]o ± 81.5° (CH2CI2), are air-stable, crystalline solids, mp 112-113 0C, whose absolute con
figurations have been determined by X-ray analysis. The optically active di(tertiary phosphines) epimerize rapidly upon heat
ing, although they can be recovered unchanged from concentrated hydrochloric acid solution. Indeed, optically active mono-
protonated phosphonium salts can be isolated from these solutions. 
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