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Are Heterogeneous Catalysts Precursors to Supporting Informationy. The product was isolated by crystal-
Homogeneous Catalysts? lization from the reaction stream after removal of the carbon by
filtration and typically contained 200 ppm of Pd as determined
by ICP-AES analysis.

Analysis of the reaction mixture after filtration of the carbon
demonstrated 125 ppm of Pd in the process stream, i.e. 25% of
the initial catalyst charge. The addition of mercury limited the

Dega(r)tmgnt %fogcr)ocF(;SE Rese’\?rch,‘]Mercko%c%cg,olggb reaction to two turnovers providing circumstantial evidence
. BOX » nahway, New Jersey : regarding the phase of the active cataljst.To unambiguously
Receied August 17, 2001 a_lssign the role of a homogeneous catalyst we envisaged applica-
Revised Manuscript Receéd August 29, 2001  tion of athree-phase test , ,
Advances in the design of solid supports and the accompanying

Homogeneous and heterogeneous catalysts offer their owndevelopments in analysis have been driven by the combinatorial
distinct advantagesHeterogeneous catalysts have an advantage revolution and a wide range of supports are now available. Since
that at the end of reaction the catalyst can be removed by simplethe carbonylation reaction is performed under basic conditions
filtration. In principle the product is un-contaminated with a we chose to use a Novasyn TGR resin allowing the attachment
transition metal or ligand and allows the catalyst to be recycled of the substrate with an amide bond. The design features involving
into the next reactioA.While the distinction between homoge- the use of an aryl iodide in addition to the presence of a para-
neous and heterogeneous catalysis seems well-defined, in manglectron-withdrawing group used as attachment ensure that the
cases there may be leaching of the transition metal into solution. oxidative addition with a homogeneous catalyst would be
In these instances the question that always remains is whetherextremely facile.
the catalytic activity resides with the leached metal. In other
situations, it is unclear whether a€lease and captufeof the o
transition metal catalyst has occurred. We report a simple O—@/‘N&OOM"’ HK"OOM‘*
unambiguous test to determine the presence of a homogeneous
catalyst and demonstrate its application in three prototypical “”Oo“'e “HOO""e
reactions. Not only does this method clarify the phase of the 3 D)t 4
catalytically active species it also allows additional mechanistic |
information to be obtained regarding the system.

Our initial studies were prompted by the carbonylatior od
give the carbomethoxycyclopentenofgeq 1). Although this Control experiments with resBunder our standard conditions

(1 mol % Pd/C, 60C, 80 psig CQ1 M DMA, 2 equiv of ByN,
1) 5 equiv of MeOH, 10 h) resulted in quantitative recoverysof
F _ PalC Q/O P following cleavage with TFA, i.e. there was no catalytically active
CO MeOH / species present in solution. However, addition of resio the
CO;Me carbonylation reaction in the presenceldéd to a 95% vyield of
1 2 2 and a quantitative formation of est@following TFA cleavage
of the resin-bound product. lodobenzene was equally effective
transformation worked quite well with the conventional homo- at generating a homogeneous catalyst and was itself converted
geneous catalyst Pd(PfICl,,° a heterogeneous catalyst was to methylbenzoate in 97% yield.
sought for this reaction to simplify product isolation. In many of
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our programs, the fate of the catalyst is especially important during o
processing since the acceptable level of transition metal residuals | OMe
is highly regulated in pharmaceutical products. Pd/C has been OY©/ o)
used for a number of palladium-catalyzed reactibh#fter
. . . . - NH, NH,
parallel catalyst screening, the optimal conditions were identified
at small scalé.Using these conditions at 1 mol scale (1 mol % 8 6
Pd/C, 60°C, 80 psig CO1 M DMA, 2 equiv ByN, 5 equiv ) o )
MeOH, 10 h) led to the formation & in 98—99% yield’ There The requirement for the organohalide in the generation of an
was no trace of reduction, dimerization, or amide formétimd active catalyst suggests that upon oxidative addition, desorption

mass balance was accounted for by two low-level impurities (see Of the Pd(Il) species, e.g. P#Pd-I, occurs which enters a
conventional solution phase catalytic cycle generating a soluble
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metal-catalyzed processes and we use palladium in particular to illustrate thecompounds were confirmed by comparison (LCMS) with authentic samples.
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Pd(0) catalyst® Carbon monoxide is not required for the o

generation of the active homogeneous catalyst. The homogeneous (=3 Hh

catalyst can be prepared by aging the reaction mixture under PPhy

nitrogen followed by filtration of the carbon prior to the fa-ci

introduction of CO. The homogeneous catalyst prepared in this 10 ~

manner has a minimum turnover number (ton) of 850 and turnover the presence of res® (0.5 mol %) and 10 (3 mol %) led to the
frequency (tof) of 250/h for the conversion bfto 2.1 clean formation of biphenyl. The biphenylamiti&was obtained

A further illustration is prOVided by an inVeStigation of the Heck in 85% y|e|d fo"owing TEA C|eavage of the resin. The reaction
reaction. Recently, indirect methods have implicated the involve- stream contained 2.5 ppm Pd by ICP-AES analysis. Perhaps the
ment of a homogeneous catalyst involving Pd/alumina, Pd/C, or most unsatisfactory shortcoming of the test is that the method
polystyrene-supported palladiutfin the case of Pd/C it has been  offers unambiguous evidence for the existence of an intermediate
suggested that a homogeneous mechanism may be in operatiopyt only inferences can be drawn concerning its structure. In this
but is redeposited on the supp8&rtieck reaction of bromoace-  particular example further studies will be required to elucidate if
tophenon& andn-butylacrylate (NBA) promoted by Pd/alumina gl of the reactivity is associated with the homogeneous catalyst.
(2 mol %) proceeded to give cinnamaian 98% yield (eq 2).  However, the resin may serve as a convenient catalyst precursor
lodobenzene and the iodoamisleoupled with similar efficiency.  for “releasé and acts as a scavenger for palladium at the end of

reaction—capture’.?!

o
X 2% Pd/Alumina oS O
_ -
R@ NaOAc, DMA, NBA R o 1

7 X =Br, R=COMe 8 R=COMe NH,

5X=1I, R=CONH, 9 R = CONH; "

Performing the Heck reaction in the presence of r&died to In conclusion, we have unequivocally demonstrated in two

quantitative formation of cinnamagfollowing TFA cleavage.  reactions involving palladium on heterogeneous supports that the

Control experiments indicated that in the absence of the aryl halide reaction proceeds via a homogeneous catalyst. In the case of the

low conversions of3 were observed and the rate of reaction Suzuki-Miyaura coupling with a polymeric phosphine we have

increased with the sodium acetate chargeJ2quiv). Conversion demonstrated the existence of a competent homogeneous catalyst.

and rate of reaction a8 were greatly enhanced by the presence These examples clearly challenge the assumption that all hetero-

of both aryl halide7 and sodium acetate, i.e. they act coopera- geneous catalysts operate in a well-defined regimen. The use of

tively. Surface oxidative addition occurs and desorption of the polymer supports that allow for designed, sequential, and multistep

palladium(ll) species is presumably accelerated by the formation organic synthesis is a rapidly expanding arér@ur observations

of ArPdBr(OAc)Y” or ArPd(OAc),'® which are free to enter a ~ emphasize that caution needs to be exercised in planning multistep

conventional solution-phase reactdiOur results firmly establish ~ synthesis involving transition metal resins since this endeavor

the involvement of a homogeneous catalyst. relies upon the effective isolation of the reactive centers. The
Finally, a demonstration of the utility of this approach in a three-phase testhould find renewed application in a wide range

system that has direct implications for library generation involved Of reactions involving supported catalysts.

the use of phosphine complexes. Polymer-supported phosphines )

have now been used in a growing number of transformations and __ Acknowledgment. We would like to thank Professor Barry Trost for
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complex 10, prepared from triphenylphosphine-NovaGel and

palladiumz-allyl chloride dimer, has successfully been applied  sypporting Information Available: Experimental procedures and
to Suzuki-Miyaura cross-coupling and arylation of allylic  characterization data for all new compounds, conversion vs CO uptake

acetates® data as a function of pressure and temperature, a comparison of Pd/C vs
Performing the SuzukiMiyaura coupling reaction of iodo-  Pd(PPB).Cl, as a function of temperature, and data to support the
benzene and phenylboronic acid (1.5 M KOH, 20 h,°25 in calculation of ton and tof (PDF). This material is available free of charge

via the Internet at http://pubs.acs.org.
(13) PhCl was unreactive even at higher temperatures. Similarly the chloro

analogue ofl was unreactive. These observations provide additional circum- JA016877V

stantial evidence that the desorption mechanism is driven by surface oxidative

or electron transfer. (21) In the generally accepted mechanism, an 18-electron palladium(0)

(14) The catalyst was prepared by using 10 equiv of brorhide 5 wt % complex Pdl, must undergo a ligand loss to Pdk prior to generation of
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