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Palladium(II) and rhodium(III) ions, or palla-
dium(II) complexes (Pd-L) with bidentate N-
donor ligands such as 2,2'-bipyridyl (bipy) and
1,10-phenanthroline (phen), intercalated in the
layers of zirconium hydrogenphosphate,in a or
g phases (a- or g-ZrP), catalyze both single
and double methoxo-carbonylation of phenyl-
acetylene. The monocarbonylation products,
PhC(COOCH3)=CH2 (1) and its regio isomer
PhCH=CH(COOCH3) (2) are obtained when
phenylacetylenereacts, in methanol, under CO
pressure (1–4MPa), at temperatures of 80–
130°C. When the reaction is carried out under
oxidative conditions using a CO/O2 mixture,
double-carbonylation products are obtained as
well as monofunctionalized phenylacetylene.
The double-carbonylation product PhC
(COOCH3)=CH(COOCH3) (3) and the corre-
sponding anhydride PhCCO(O)=CHCO (4)
are obtained when the process is carried out
with a CO/O2 mixture under pressure(2–4MPa;
pO2 = 0.8MPa) at 60–100°C, using methanol or
acetonitrile as solvent. When the reaction is
carried out in the presenceof tertiary amines
such as NEt3 or NPh3, under mild pressure
conditions (0.4–0.7MPa) at 60–90°C, the triple
bond remains unchanged and the monocar-
boxylate PhC�CCOOCH3 (5) is isolated. Com-
pound 5 is also prepared in a neutral medium
when g-Zr–Rh3� is usedas catalyst. Copyright
# 2000John Wiley & Sons,Ltd.
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1 INTRODUCTION

Thecarbonylationof terminalandinternalalkynes
to afford mono-anddi-carbonylationproductshas
long been known.1 Some palladium-basedhom-
ogeneoussystemshave beendescribedin recent
years and mechanisticaspectshave been eluci-
dated.2–6 Conversely, heterogeneouscatalysts,
which offer someadvantagessuch as separation
andrecycling,havescarcelybeenstudied.7

We have investigatedzirconium and titanium
phosphates,botha andg- phases(a- or g-ZrP;a- or
g-TiP),asameansfor heterogenizinghomogeneous
catalystsby intercalation.8–10

Our studieshaveshownthat not only doesthe
insertion of transition-metal ions or complexes,
usually employedin homogeneouscatalysis,not
alter their activity but in somecasesevenenhances
it.9 Thusthenewheterogenizedsystemsshowatthe
sametime all theadvantagesof bothhomogeneous
andheterogeneouscatalysts.In a way, theycanbe
consideredas models of heterogeneouscatalysts
working underhomogeneousconditions.Eventual
leachingof the metal ions from the matrix causes
catalystdeactivationand may representthe main
hindrance to their practical application. As an
example,a-ZrP–Pd-L (L = bipy, phen) catalyzes
theoxidativecarbonylationof aniline,but,because
of leaching, its activity decreaseswhen it is
recoveredand re-used.8 In contrast,rhodium(III)-
basedsystems,suchasa-andg-ZrP–Rh(III) andg-
ZrP–Rh(III)-L (L = bipy; phen) under the same
conditions,behaveasstablecatalysts.9–10

In this paperwe describethe catalytic activity
andthe behaviourafter recyclingof a- andg-ZrP–
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Pd(II), a- and g-ZrP–Pd(II)-L and g-ZrP–Rh(III)
towards the carbonylation of phenylacetylene.
Preliminary results have been presented pre-
viously.11

2 EXPERIMENTAL

a- and g-Pd(II)–zirconium phosphate(a- and g-
ZrP–Pd) and g-Rh(III)–zirconium phosphate(g-
ZrP–Rh)were preparedby contactingthe respec-
tive metastableethanolicform of the exchangera-
Zr(HPO4)2(EtOH)2 andg-Zr(PO4)(H2PO4)(EtOH)2
with a Pd(II) or Rh(III) solution.a- andg- [Pd(II)-
ligands]–zirconiumphosphate(a- andg-ZrP–Pd-L)
were preparedby contactingthe a- and g -ZrP-
ligand intercalationcompoundswith palladium(II)
Pd(II)] solution. Details of the preparationand
characterizationof compoundshavebeenalready
reported.10,12,13

X-ray photoelectronspectrawere taken with a
Esca 3MK II spectrophotometer(Vacuum Gen-
erator Ltd) employing Al Ka1,2 excitation
(1486.6eV) at a residual pressureof 10ÿ9 Pa.
Thebindingenergywascalibratedby mecroof the
4f7/2 gold signal at 83.7eV and samplecharging
was correctedby referencingto the C 1s line of
contaminating carbon taken at 285.0eV. The
accuracyof the binding energieswas estimated
to �0.1eV. The spectrawere usually recordedin
the fixed analyser transmission (fat) mode at
20eV.

Quantitativeanalysesof reactionproductswere
carriedoutwith aVarianGC3300usingaVA-5ms,
i.d. 0.53mm,15-mcolumn.GC–MSanalyseswere
performedusing a Hewlett-Packard5995 instru-
ment.IR spectrawererecordedon a Perkin-Elmer
883spectrophotometer.

1H-NMR spectrawererecordedon a VarianXL
200 spectrometerand the chemical shifts are
expressedin d units with Me4Si as internal
standard.

All reactions were performed in a 55.6-ml
stainless-steelautoclave.The catalyst,co-catalyst
and reagentswere introducedin a Pyrex test-tube
placedinsidetheautoclavein orderto preventany
contactwith themetal.After reactiontheautoclave
wascooled,the reactionsolutionwasanalysedas
describedbelow and thereafterthe solid catalyst
wasfiltered off, washedwith methanolor CH3CN
andre-used.

2.1 Phenylacetylene carbonylation

2.1.1 Reductivecarbonylation
In a typical experimentthe autoclavewascharged
with the catalyst (40mg of a-ZrH1.64Pd0.18
(PO4)2�2.5H2O; Pd, 5.52%), methanol (7 ml),
phenylacetylene(0.5ml, 4.54mmol) and co-cata-
lyst, if needed.The autoclavewas sealed,the air
was evacuatedand CO was admitted up to 2–
4 MPa. After reactionfor 10h at the temperature
indicated in Table 2 (below), the autoclavewas
cooledandthecontentswereanalysed(GLC, GC–
MS, IR and NMR). The quantities of Phenyl-
acetylene that had reacted and carbonylated
products(1� 2) that has formed were estimated
by GLC, usingtolueneasaninternalstandard.The
filteredreactionsolutions,whichdisplayanIR band
(s, br) centredat 1727cmÿ1 [n(CO)], were con-
centratedby evaporation,thenwaterwasaddedand
the carbonylatedproducts were extracted with
ether.The ethereallayer was dried over MgSO4,,
then concentrated,and products 1 and 2 were
separatedby column chromatography(silica gel,
80cm long, 2 cm i.d.) with a 1:4 CH2Cl2 hexane
mixture. Compound 1 was eluted first. It was
identifiedby comparisonwith anauthenticMerck–
Aldrich sampleand by 1H NMR, IR and mass
spectra.The approximatemolar ratio 1/2 wasalso
determinedby comparingtheintensityof then(CO)
bands of the separatecompoundsdiluted with
hexaneto 10ml.

The solution coming from reactions in acid
mediumwasneutralizedbeforeextraction.

Compound1: 1H NMR in CDCl3 (d): 7.31(m, Ph),
5.97, 6.31 (d, each,=CH2), 4.05 (s, CH3). IR,
n(CO): 1728cmÿ1 MS (m/z): 162 [M�].

Compound2: 1H NMR in CDCl3 (d): 7.51 (d,
=CH), 7.31(m, Ph),6.05(d,=CH), 4.05(s,CH3).
IR, n(CO): 1728cmÿ1. MS (m/z): 162 [M�].

2.2 Oxidative carbonylation to
afford double-carbonylation
products

2.2.1 Reaction in methanol
The autoclavewas chargedas above,then filled
with the CO/O2 mixture at the total pressure
indicatedin Table2 (below)andleft to reactunder
the conditions reported therein. After reaction,
unreactedphenylacetyleneand the products3 and
4 were estimatedby GLC. The IR spectraof the
solutiondisplaybandsat 1768(w), 1730–1735(s,
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br), 1635(br, w) and1588cmÿ1 (w). Compounds3
and 4 were separatedby column cromatography
usinga CH2Cl2 hexanemixture.Compounds4 was
eluted first. No other carbonylatedproductswere
separated.

3: IR: 1730–1735(s,br) and1635cmÿ1 (br, w). 1H
NMR in CDCl3 d: 7.4 (m, Ph),6.2 (s,=CH), 4.31
(s, CH3), 3.65(s, CH3). MS (m/z): 220 [M�].

4: IR: 1768and1588cmÿ1 (s). Addition of H2SO4
(1 ml, 5 M) followedby reflux in methanolfor 0.5h
causesa decreasein the bands at 1768 and
1588cmÿ1 (w), and the appearanceof new bands
at1730–1735and1635cmÿ1, dueto theconversion
of 4 into 3. MS (m/z) = 74 [M�]

2.2.2 Reaction in CH3CN
The autoclavewas chargedas describedabove
using CH3CN as solvent. GLC analysesand IR
spectralprovideevidencethat the reactionmixture
contains unreactedPhC�CH, compound 4 and
traceamountsof 3.

2.3 Monocarbonylation without
reducing the triple bond

2.3.1 Reactionwith palladium catalyst
Theautoclavewaschargedaccordingto theabove
procedure.NEt3 wasaddedanda lower pressureof
theCO/O2 mixturewasused(Table3,below).GLC
analysesand IR spectraof the reaction solution
revealedthe presenceof unreactedPhC�CH, and
thesingleanddouble-carbonylationproducts5 and
3. Samplesof pure5 werepreparedby methylation
of PhC�CCOOHpurchasedfrom Merck–Aldrich.
Compounds3 and 5 were separatedby column
chromatography.

5: IR: bands at 2231cmÿ1 (vs), ascribed to
n(C�C),14 1718 (vs), 1640cmÿ1 (w), ascribedto
n(CO) MS (m/z): 160 [M�].

2.3.2 Reactionswith the rhodium catalyst
The autoclave was charged with g-ZrH0.86
Rh0.38(PO4)2 (40mg), PhC�CH (0.3ml, 2.72
mmol)andmethanol(7 ml). ThenaCO/O2 mixture
wasadmittedto thedesiredpressureandthesystem
was kept to react under the conditions given in
Table 3 (below). The productswere analysedas
describedabove.

3 RESULTS AND DISCUSSION

a-ZrP–Pd(II), a- and g-ZrP–Pd(II)-L [L = 2,2'-
bipyridyl (bipy), 1,10-phenanthroline(phen)]cata-
lyse the carbonylationof phenylacetylene,under
both reductiveand oxidative conditions,to afford
mono-anddi-carbonylationproducts.

The monocarbonylation product1 and its regio
isomer 2 are synthesizedwhen phenylacetylene
reactswith CO in methanol(Eqn [1]).

Thereactionrequiresa pressureof 2–4MPaof CO
anda temperatureof 80–130°C. The methyl ester
of 2-phenylpropenoicacid 1, which canbe hydro-
genatedto a-arylpropionic acids that are usedas
non-steroidalanti-inflammatorydrugs,is the main
product. The conversionof the alkyne is in the
range70–90%andtheselectivityof 1 with respect
to theregioisomer2 is about80%.Thecompounds
wereisolatedfrom thereactionmixtureby standard
columnchromatographytechniquesandcharacter-
ized by NMR, IR and GC–MS spectroscopy(for
detailsseetheExperimentalsection).

In Table1 aresummarizedthe mostsignificant
results showing how the reaction conditions
influence the yield and selectivity. The catalytic
activity, expressedby turnover frequency(tof) as
moles of phenylacetylenereacted/gof metal per
hour,increaseswith increasingtemperatureandCO
pressure(Table 1, entries 1–6). The increasein
temperature has no significant effect on the
selectivity towards1 or 2, but causesa decrease
in the conversion of phenylacetyleneto the
carbonylatedproductsexpressedasyield of 1� 2
(Table 1, entries 3–6). Evidence that dimer of
phenylacetyleneis themainby-productis givenby
GC–MS.Concerningtheactivity of thecatalyst,the
materialscontaining naked Pd(II) ions are more
effective than the correspondingcompoundscon-
taining Pd(II) complexes (entries 6–9). This
behaviourcanbeexplainedtentativelyon thebasis
of greaterdifficulty for phenylacetyleneto reachthe
metal centrebondedto the intercalatedbidentate
ligand,dueto sterichindrance.
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The influence on the reaction rate of some
Brönstedacids has also been testedand will be
discussedlater.

When the carbonylationof phenylacetyleneis
carried out at 60–100°C under oxidative condi-
tions,usinga mixture of CO/O2 at a total pressure
of 1–4MPa (p(O2) = 0.2–0.8MPa), the double
carbonylationis accomplished.PhC(COOCH3)=
CH(COOCH3) (3) andthecorrespondinganhydride
PhCCO(O)=CHCO(4) areobtained,dependingon
whether the reaction solvent is methanol or
acetonitrile,respectively(Eqns[2], [3]). The yield
of thereactionin methanolis in therange70–85%
(Table 2), whereasin CH3CN, compound4 is
synthesizedin 75–80%yield. Small amountsof 4
(5–6%) were also obtainedin methanol.In both
casesthe main by-productis the phenylacetylene
dimer. As, in principle, PhC(COOCH3)=CH-
(COOCH3) canbe in cis andtrans forms,attempts
at theirseparationby columnchromatographywere
made.We found that the prevalentstructureis Z,
accordingwith thewell-knowncis characterof CO
insertion reaction.15 The trend of the tof values
showsthat the activity increaseswith increasing
temperature(Table2, entries1–5)andthepressure
of the CO/O2 mixture (entries5–8).The materials
that intercalatethe complexesare less effective
than thosecontainingPd(II) alone (entries5 and
9–11). The effect of some additives, such as
NEt3CH3

�Iÿ HCl and HI, as promotersis also
shown.WhereasNEt3CH3

�Iÿ doesnot show any

promotingeffect (Table 2, entry 14), HCl and HI
improvethe activity. The bestresultsareobtained
with a molar ratio HX/Pd of 2:1 (Table 2, entries
15,16).A higherratiodoesnot improvetheactivity
but causesa lowering of the catalyststability (see
below).

PhC� CH� 2CO� 2CHOH� 1
2

O2 ÿ!
PhC(COOCH3) � CH(COOCH3) �2�

3

When the oxidative carbonylationof phenyla-
cetylene is carried out in the presenceof an
organic basesuch as NEt3 or NPh3, the mono-
carboxylatespecies,PhC�CCOOCH3, (5), leaving
the triple bond unchanged,is obtained(Eqn [4]).
The higherconversionyield (55–70%)is obtained
between60–90°C undermild pressuresof a CO/
O2 mixture(0.4–0.7MPa;p(O2) = 0.2MPa)(Table

Table 1 Reductivecarbonylationof phenylacetylenea

p(CO)

Phenylacetylene
reacted Yield of 1� 2 Yield

of 1 Selectivity
Turnover
frequency,

Entry Catalyst T (°C) (MPa) (mmol) (%) (mmol) (%) (mmol) for 1 (%) tofb

1 A 80 2 1.59 35 1.43 90 1.21 85 0.072
2 A 80 3 2.27 50 2.02 89 1.82 90 0.10
3 A 80 4 2.72 60 2.42 89 2.08 86 0.12
4 A 100 4 3.18 70 2.70 85 2.34 87 0.14
5 A 120 4 3.53 78 2.82 80 2.40 85 0.16
6 A 130 4 4.13 91 2.97 72 2.49 84 0.19
7 B 130 4 4.17 92 2.92 70 2.51 86 0.19
8 C 130 4 3.22 71 2.25 70 1.94 86 0.14
9 D 130 4 2.74 60 1.86 68 1.64 88 0.13

10 A � HCl(1:1) 120 4 4.09 90 3.23 79 2.91 90 0.18
11 A � HCl(1:2) 120 4 4.13 91 3.30 80 2.91 88 0.19
12 A � HBF(1:3) 120 4 4.08 90 3.26 80 2.94 90 0.18

a In all theexperiments,7 ml of methanoland0.5ml (4.54mmol)of phenylacetylenewereused.Reactiontime10h.Catalysts:A = a-
ZrH1.64Pd0.18(PO4)2�2.5H2O, (5.52% Pd, 40mg); B = 
-ZrH1.62Pd0.19(PO4)2�3.2H2O (5.60% Pd, 40mg); C = a-ZrH1.60Pd0.20(bi-
py)0.41(PO4)2�3.2H2O (5.0%Pd,50mg); D = 
-ZrH1.56Pd0.22(phen)0.44(PO4)2�3.5H2O (5.22%Pd,40mg).
b In mol phenylacetylenereacted(g Pd)ÿ1 hÿ1.
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3). At higher pressures, a decrease in the
selectivity towards5 and an increasein double-
carbonylation products are obtained (Table 3,
entries 1, 5,6). Interestingly, the use of g-ZrP–
Rh(III) doesnot requireany basefor the synthesis
of 5.

PhC� CH� CH3OH� CO� 1
2

O2 ÿ! PhC

� CCOOCH3� H2O �4�
The literature data show that monocarboxylate

productsof alkyneshavealsobeenpreparedunder
mild condition of temperatureand pressurewith
multicomponentcatalytic systemssuchas Pd(II)–
Cu(II), Pd(II)–Cu(I)–O2 or Pd(II)–KI–I2, working
mainly underhomogeneousconditionsand in the
presenceof a base.16

3.1 Stability of catalysts and
reaction mechanism

Thepracticalapplicationof a catalystrequiresthat
its activity be maintained over time and after
recycling.To checkthe stability of catalysts,they

wereleft to reactundertheconditionsindicatedin
Tables4 and5; thereafterthey wererecoveredby
filtration in air and re-used.This procedurewas
repeated several times. In each reaction the
products were analysedand the tof calculated.
Thetrendin thetof valuesversuscyclesis reported
in Tables 4 and 5 for reductive and oxidative
processesrespectively.The resultsshow that the
catalystsworking underreductiveconditionslowly
losetheir activity. The tof valuesdecreaseby 15–
20% after eachcycle (Table 4, entries1–5). The
deactivationis reachedafter 9–10 cycles for the
catalystscontaining naked palladium ions. Cata-
lysts formed by intercalatedmetal complexesare
more stable and lose their activity more slowly
(Table4, entries6–8).

X-ray photoelectronspectraof materialsbefore
they are to be usedin catalysisshow a signal at
338.5eV for a-ZrP–Pd(II) and at 338.6eV for a-
ZrP–Pd(bipy),attributedto the binding energyof
3d5/2 levelsof thePd(II). Materialsrecoveredafter
the first cycle show a strong signal at 335.4eV,
assignedto the binding energy of Pd(0), and a
weakersignalat338.5eV characteristicof Pd(II).17

Whilst the intensityof the latter decreasesquickly

Table 2 Oxidativecarbonylationof phenylacetylenea

T p(CO�O2)

Phenylacetylene
reacted

Yield of Selectivity Yield Selectivity
Turnover
frequency,

Entry Catalyst (°C) (MPa) (mmol) (%) 3 (mmol) for 3 of 4 for 4 tof

1 A 60 4 2.04 45 1.59 78 0.14 7 0.23
2 A 70 4 2.95 65 2.30 78 0.15 5 0.33
3 A 80 4 3.18 70 2.42 76 0.16 5 0.36
4 A 90 4 3.86 85 2.97 77 0.23 6 0.44
5 A 100 4 4.31 95 3.27 76 0.17 4 0.49
6b A 110 4 4.22 93 2.74 65 0.16 5 0.64
7 A 100 3 3.86 85 2.89 75 0.19 5 0.44
8 A 100 2c 3.41 75 2.66 78 0.13 4 0.38
9 B 100 4 4.32 95 3.41 79 0.13 3 0.48

10 C 100 4 3.04 67 2.34 77 0.15 5 0.38
11 D 100 4 2.99 66 2.21 74 0.12 4 0.36
12d A 100 4 3.72 82 — — 2.86 77 0.42
13d C 100 4 2.54 56 — — 2.03 80 0.32
14b A � NEt3CH3

�Iÿ 100 4 3.18 70 2.42 76 0.13 4 0.48
15b A � HCl(1:2) 100 4 3.36 74 2.58 77 0.16 5 0.51
16b A � HI(1:2) 100 4 3.38 74 2.64 78 0.14 4 0.51
17b A � HI(1:4) 100 4 3.37 74 2.63 78 0.13 4 0.51

a In all the experimentsthe catalystsA–D wereasdescribedin the footnoteto Table1; 40mg of catalystand0.5ml (4.54mmol)
phenylacetylenewereusedwith 7 ml methanolassolvent,unlessstatedtherefore.Reactiontime was4 h, exceptwhereindicated.
b Reactiontime 3 h.
c pO2 = 0.2MPa.
d In CH3CN.
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anddisappearsafter the4–5thcycle,that relatedto
Pd(0) disappearsonly when the materials are
exhausted.Thesedata seemto be in agreement
with acarbonylationmechanisminvolving Pd(0)as
the initial active species.It is noteworthy that
intercalated metal complexes show a greater
stability than Pd(II) ions. Moreover, when the
carbonylation is carried out under atmopheric
pressure,the catalystsare inactive during the first
4–5h. Thesedataseemto supportthe mechanism
proposed.It is worth emphasizingthat, if the
materialsarepretreatedwith CObeforetheir usein

catalysis,they do not showan inductiontime. The
pretreatmentis carriedout by stirring thematerials
in a 5:2 methanolNEt3 mixtureat 80°C underCO
for 1–2h. The XPSspectraof pretreatedmaterials
showan analogyto thoserecoveredafter catalytic
cyclesand display the Pd(0)and Pd(II) signalsat
335.5and338.6eV, respectively.The intensityof
Pd(II) decreasesas the pretreatmenttime is pro-
longedandgoesto zeroin materialspretreatedfor
7–8h.

Accordingto the literaturedatathe reductionof
Pd(II) to Pd(0) occurseither at the expenseof an
alcoholmoleculeor of CO in thepresenceof water

Table 3 Carbonylationof phenylacetylenewithout reducingthe triple bonda

PhC�CH reacted
Yield of

Entry Catalyst T (°C) p(CO�O2) MPa (mmol) (%) PhC�CCOOCH3
b (mmol) Selectivity(%)

1 A 60 0.4 1.22 45 0.86 70
2 A 60 0.7 1.50 55 1.05 70
3 A 70 0.7 1.63 60 1.04 64
4 A 90 0.7 2.18 80 1.20 55
5 A 60 1.0 1.90 70 1.14 60
6 A 60 1.2 1.98 73 1.12 56
7 B 60 0.7 1.55 57 1,12 72
8 C 60 0.7 1.47 54 1.00 68
9 E 60 0.7 1.90 70 1.35 71

10c E 60 0.7 1.85 68 1.29 70
11c B 60 0.7 1.51 55 0.60 40

a In all the experiments40mg of catalyst,7 ml of methanoland0.3ml of phenylacetylene(2.72mmol), wereused.Unlessstated
otherwise,0.1mmol of NEt3 or NPh3 (Base/Pd= 5:1)wereadded;reactiontimes,2 h. ThecatalystsA, B andC wereasdescribedin
the footnoteto Table1 E = 
-ZrH0.8Rh0.4(PO4)2�3.5H2O.
b Double-carbonylationproductswerethe main by-products.
c No basewasadded.

Table 4 Catalyststability underreducingconditionsa

Entry
No. of
cycles Catalyst

Turnover
frequency,tof

1 1 A 0.18
2 2 A 0.14
3 3 A 0.12
4 5 A 0.080
5 8 A 0.041
6 2 C 0.13
7 4 C 0.10
8 7 C 0.075
9 2 A � HCl (1:3) 0.091

10 2 A � HCl (1:5) 0.072
11 2 A � HCl (1:6) 0.052

a Reactionconditions:T = 120°C; p(CO)= 4 MPa; phenylace-
tylene, 4.54mmol; reactiontime, 8 h. CatalystsA–C were as
describedin the footnoteto Table1.

Table 5 Catalyststability underoxidativeconditionsa

Entry
No. of
cycles Catalyst

Turnover
frequency,

tof

1 1 A 0.49
2 2 A 0.47
3 5 A 0.45
4 3 B 0.43
5 3 C 0.35
6 3 A � HCl(1:2) 0.47
7 5 A � HCl(1:2) 0.44
8 3 A � HCl(1:5) 0.38
9 2 A � NEt3CH�3 Iÿ�1:2� 0.44

10 2 A � NEt3CH�3 Iÿ�1:6� 0.33

a Reactionconditions:T = 120°C; p(CO)= 4 MPa; phenylace-
tylene,4.54mmol.
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(Eqns [5] and [6]).18 The monocarbonylation
processcould probably be initiated by a Pd(0)
speciesthat co-ordinatesphenylacetyleneandCO,
then evolves to the final products through a
mechanismsimilar to that proposedby Zarganan
andAlper4 for anunsupportedsystemwith aPd(0)/
Pd(II) coupleascatalyst(Fig. 1). Theconversionof
the coordinated phenylacetylene[Pd(RC�CH)]
(step 1) into the correspondingalkenyl complex
[Pd(RC=CH2)] (step 2) requiresthe presenceof
eitheran intermediatehydridecomplex3–4

Pd(II)� CH3OHÿ! Pd�0� � 2H� � HCOH �5�
Pd(II)� CO� H2Oÿ! Pd�0� � 2H� � CO2 �6�
or a‘protondonor’.In ourcasethe‘H source’could
be the inorganic matrix ZrH(2ÿx)Pdx(PO4)2 or
ZrPH(2ÿx)PdxLy(PO4)2.

In fact, the protonsgeneratedin the reductive
processof Pd(II) (Eqns [5], [6]) remain in the
inorganic matrix bonded to PO4 groups for the
electroneutralityof the system(Eqn [7]). We have
alreadyascertainedthatRh(III) ionsintercalatedin
ana-ZrP matrix showthesamebehaviour.9

ZrH�2ÿx�Pdx�PO4�2� xCO
� xH2Oÿ! ZrPdx�HPO4�2� xCO2 �7�

Thephosphatesareanimportantsink andsource
of ‘H’. This transfercould occur either by direct
interactionbetweenthe alkyne coordinateand the
‘HPO4’ group, or via a transienthydrido species
which forms throughthe interactionof Pd(0)with
‘HPO4’. Such an interaction could convert the
activePd(0)speciesinto a hydridocomplex,which
canalsobe thegeneratorof thealkenyl complex.

Wehaveinvestigatedtheroleof anexternalacid

on both the formationof the hydridecomplexand
thecatalyticactivity.

Interestingly,we have found a moderatebene-
ficial effect up to an H�/Pd molar ratio of 2:1
(Table 1, entries10–12).Conversely,as the ratio
increases,both the activity and stability decrease
quickly (Table4, entries9–11).A doubleconflict-
ing effect of H� canaccountfor sucha trend.On
onehandtheoxidativeadditionon Pd(0)generates
hydrideandthe alkenyl species;on the otherhand
anexcessof protonstakesPd(II) from thematrixby
H�/Pd(II) ionic exchange,which destroys the
catalyst. This, again, has been proved for rho-
dium(III) and palladium(II) intercalatedin a-ZrP
andg-TiP.8,9,21

The behaviour of materials under oxidative
conditionsis ratherdifferent.Thetof values(Table
5) remains almost constant over the cycles,
indicatingthat thereis no releaseof themetalfrom
the support.XPS spectraof materialsrecoveredat
theendof eachcycleexhibit two signals:onemore
intense, characteristicof Pd(II) with a binding
energyof 338.6eV, and a second,weaker,one at
336.7eV. The shapeof the spectraas well as the
intensityof thesignalsremainalmostconstantover
thecycles,which is in agreementwith thestability
of thecatalysts.

Our results under oxidative conditions are
consistentwith the literaturereportson the double
carbonylationof phenylacetyleneby homogeneous
palladium-basedcatalysts,5,6 suggestingPd(II) as
theactivespecies.

The possible reaction pathway leading to the
formationof final productsis depictedin Fig.2.The
double methoxycarbonylation of phenylacetylene
liberates protons that are taken up by the PO4

Figure 1
Figure 2
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groups.The final step is presumablya reductive
elimination of the double-carbonylationproduct
mainly in Z form15 with formation of a Pd(0)
species intercalated into the matrix [ZrPd0

(HPO4)2]. The re-oxidationof Pd(0) to Pd(II) by
oxygen restoresthe initial active catalyst. The
matrix playsa fundamentalrole asan H sink and
pH regulator.

An alternative mechanismcould be proposed
basedon Pd(II) ability to stabilizemethoxocarbo-
nyl ligand (—COOCH3) formedby direct interac-
tion of methanolwith thecoordinatedCO. In order
to ascertainwhethertheinsertionof —COOCH3 in
the Pd–carbonbond of the linked alkyne may be
operativein our process,we carriedout stoichio-
metric reactions between phenylacetyleneand
some mono- and dimethoxo-carbonylcomplexes
of Pd stabilized by the bipyridine ligand19b

(Scheme1). We haveneverobservedthecarbony-
lation of phenylacetylene;this rulesout thetransfer
of themethoxocarbonylasa possibleprocess.

Anotheraspectwhich we haveexaminedis the
re-oxidationof Pd(0). This can be accomplished
eitherby direct oxidationof Pd(0)by O2, with the
intermediationof ahydroperoxospecies20 (Scheme
2) or, asrecentlyfoundby usandothergroups,6,21

via interactionwith moleculariodineformedin situ
by iodideoxidationby O2 (Scheme3).

In order to shedlight on this process,we have
investigatedthe influence of promoterssuch as

HCl, HI and NR4
�Iÿ on the performanceof

catalysts.The results show that when a mineral
acid is addedin anH�/Pdmolar ratio of 2), thetof
valuesincreaseslightly (Table 2, entries15, 16),
whereasthe selectivity and stability remain con-
stant(Table5, entries6, 7). At a highermolarratio
the mostevidentresult is a steadylowering of the
catalyst stability and activity (Table 5, entry 8),
whichcanbeexplainedby consideringtheeffectof
protonsas promotersof the releaseof the metal
from thesupport(H�/Pd2� exchange).

Conversely,while theadditionof NEt3(CH3)
�Iÿ

doesnot showany influenceon the activity of the
catalyst,asthe Iÿ/Pd molar ratio increases,the tof
valuesover severalcycles decreasein a remark-
able way (Table 5, entries 9–10). This negative
effect of iodine has been also observedin the
oxidative carbonylation of amines catalysedby
rhodium intercalatedin titanium phosphate.21 In
our case,such an effect can be ascribedto the
ability of iodide to form the PdI4

2ÿ speciesin
solution.

Thesedata seemto support the view that the
Pd(0) oxidation proceeds via a hydroperoxo
species.Thesignalat336.9eV foundin thespectra
of materialsrecoveredfrom catalyticcyclescould
beascribedto aPd–(O2) or Pd–O2H species.A very
similar signal has been found in the oxidative
carbonylationof anilineby ZRP–Pdcompounds;it
hasbeenassignedto a Pdoxygenatespecies.17

The last topic to elucidateis the formation of
compound5. Thepresenceof abaseis necessaryin
thecaseof palladium-dopedmaterials,whereas5 is
formed in neutralmediumwith rhodium systems.
The literature reports16 suggest that the base
promotes the formation of the anion PhC�Cÿ,
which links to palladiumand then evolvesto the
final product through steps very close to those
discussed above for the double-carbonylation
processes(Fig. 3).

An intriguing question is why with rhodium
compounds the addition of the base is not
necessary.

Scheme1

Pd� �O2� 2H� ÿ! Pd-OOH� H� ÿ! Pd(II)� H2O� 1
2

O2

Scheme2

2Iÿ � 2H� � 1
2

O2 ÿ! I2� H2Oÿ! I2
Pd(0)ÿÿ! Pd(II)� 2Iÿ

Scheme3
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Startingfrom the observationthat ZrP in the g-
phasecontainstwo differentphosphategroups,one
PO4 and the other H2PO4, in contrastwith the a-
phasewhich containstwo equal‘HPO4’

22 groups,
we cansuggestthat a key role could be playedby
PO4 groups,which are in higher concentrationin
theg- phase.Supportfor this view comesfrom the
finding that when a palladium material in the g-
phasewas used in a catalytic test without the
additionof a base(Table3, entry10), compound5
wasformed,evenif with a lowerselectivitythanin
thepresenceof a base.
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