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Palladium(ll) and rhodium(lll) ions, or palla-
dium(ll) 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 hydrogen phosphate,in « or
y phases(a- or y-ZrP), catalyze both single
and double methoxo-carbonyldion of phenyl-
acetylene. The monocarbonylaion products,
PhC(COOCH3)=CH, (1) and its regio isomer
PhCH=CH(COOCH,) (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/O, 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(Q)=CHCQ (4)
are obtained when the processis carried out
with a CO/O, mixture under pressure(2-4MPa;
pO, =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 NEts; or NPhs, under mild pressure
conditions (0.4-0.7MPa) at 60—90°C, the triple
bond remains unchanged and the monocar-
boxylate PhC=CCOOCHj; (5) is isolated. Com-
pound 5 is also prepared in a neutral medium
when y-Zr-Rh 3" is used as catalyst. Copyright
© 2000John Wiley & Sons,Ltd.
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1 INTRODUCTION

The carbonylationof terminalandinternalalkynes
to afford mono-anddi-carbonylationproductshas
long been known! Some paliadium-basechom-

ogeneoussystemshave beendescribedin recent
years and mechanisticaspectshave been eluci-

dated®® Conversely, heterogeneouscatalysts,
which offer some advantagesuch as separation
andrecycling,havescarcelybeenstudied’

We have investigatedzirconium and titanium
phosphatedyotha andy- phasego- or y-ZrP; a- or
y-TiP), asameandor heterogenizin@omogeneous
catalystsby intercalatior®™*

Our studieshave shownthat not only doesthe
insertion of transition-metalions or complexes,
usually employedin homogeneousatalysis, not
altertheir activity butin somecase®venenhances
it.° Thusthenewheterogenizedystemshowatthe
sametime all the advantagesf bothhomogeneous
andheterogeneousatalystsln a way, they canbe
consideredas models of heterogeneousatalysts
working underhomogeneousonditions.Eventual
leachingof the metalions from the matrix causes
catalystdeactivationand may representhe main
hindrance to their practical application. As an
example, a-ZrP—Pd-L (L = bipy, phen) catalyzes
the oxidative carbonylatiorof aniline,but, because
of leaching, its activity decreaseswhen it is
recoveredand re-used® In contrast,rhodium(lll)-
basedsystemssuchasa-andy-ZrP—Rh(lll) andy-
ZrP—Rh(IIN)-L (L =bipy; phen) under the same
conditions behaveasstablecatalysts°

In this paperwe describethe catalytic activity
andthe behaviourafter recycling of «- andy-ZrP—
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Pd(ll), «- and y-ZrP-Pd(ll)-L and y-ZrP—Rh(lII)

towards the carbonylation of phenylacetylene.
Preliminary results have been presented pre-

viously**

2 EXPERIMENTAL

o- and y-Pd(Il)—zirconium phosphate(o- and -
ZrP—Pd) and y-Rh(lll)-zirconium phosphate(y-
ZrP—Rh)were preparedby contactingthe respec-
tive metastablesthanolicform of the exchanget:-
Zr(HPQy),(EtOH), andy-Zr(POy)(H,POy) (EtOH),
with a Pd(Il) or Rh(lll) solution.a- andy- [Pd(ll)-
ligands]—zirconiunphosphatéoe- andy-ZrP—Pd-L)
were preparedby contactingthe «- and y -ZrP-
ligand intercalationcompoundswith palladium(ll)
Pd(Il)] solution. Details of the preparationand
characterizatiorof compoundshave beenalready
reported:®:1213

X-ray photoelectronspectrawere taken with a
Esca 3MK Il spectrophotometefVacuum Gen-
erator Ltd) employing Al Koy, excitation
(1486.6eV) at a residual pressureof 10 °Pa.
The binding energywascalibratedby mecroof the
4f,,, 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.

Quantitativeanalyseof reactionproductswere
carriedoutwith aVarianGC 3300usingaVA-5ms,
i.d. 0.53mm, 15-mcolumn.GC—MSanalysesvere
performedusing a Hewlett-Packard5995 instru-
ment.IR spectrawererecordedon a Perkin-Elmer
883 spectrophotometer

'H-NMR spectrawererecordedon a Varian XL
200 spectrometerand the chemical shifts are
expressedin J units with MesSi as internal
standard.

All  reactions were performed in a 55.6-ml
stainless-steehutoclave.The catalyst, co-catalyst
and reagentsvereintroducedin a Pyrextest-tube
placedinsidethe autoclavein orderto preventany
contactwith the metal. After reactiontheautoclave
was cooled, the reactionsolution was analysedas
describedbelow and thereafterthe solid catalyst
wasfiltered off, washedwith methanolor CH;CN
andre-used.

Copyright© 2000JohnWiley & Sons,Ltd.

2.1 Phenylacetylene carbonylation

2.1.1 Reductive carbonylation
In atypical experimentthe autoclavewascharged
with the catalyst (40mg of o-ZrH; gl 18
(PQy),-2.5H,0; Pd, 5.52%), methanol (7 ml),
phenylacetylend0.5ml, 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
indicatedin Table 2 (below), the autoclavewas
cooledandthe contentswereanalysed 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, usingtolueneasaninternalstandardThe
filteredreactionsolutionswhichdisplayanIR band
(s, br) centredat 1727cm™* [v(CO)], were con-
centratedy evaporationthenwaterwasaddedand
the carbonylated products were extracted with
ether. The ethereallayer was dried over MgSQ,,
then concentrated,and products 1 and 2 were
separatecby column chromatography(silica gel,
80cm long, 2cm i.d.) with a 1:4 CH,CI, hexane
mixture. Compound1 was eluted first. It was
identifiedby comparisorwith anauthenticMerck—
Aldrich sampleand by *H NMR, IR and mass
spectra.The approximatemolar ratio 1/2 wasalso
determinedy comparingheintensityof the v(CO)
bands of the separatecompoundsdiluted with
hexaneto 10ml.

The solution coming from reactionsin acid
mediumwasneutralizedbeforeextraction.

CompoundL: *H NMR in CDCl; (9): 7.31(m, Ph),
5.97, 6.31 (d, each,=CH,), 4.05 (s, CHy). IR,
v(CO): 1728cm™* MS (m/2: 162[M].

Compound2: *H NMR in CDCl; (9): 7.51 (d,
=CH), 7.31(m, Ph),6.05(d, =CH), 4.05(s, CH).
IR, v(CO): 1728cm 1. MS (m/2: 162[M™].

2.2 Oxidative carbonylation to
afford double-carbonylation
products

2.2.1 Reactionin methanol

The autoclavewas chargedas above, then filled
with the CO/O, mixture at the total pressure
indicatedin Table2 (below)andleft to reactunder
the conditions reported therein. After reaction,
unreactedohenylacetylenendthe products3 and
4 were estimatedby GLC. The IR spectraof the
solutiondisplay bandsat 1768 (w), 1730-1735(s,

Appl. Organometal Chem.14, 581-589(2000)
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br), 1635(br, w) and1588cm * (w). CompoundsS
and 4 were separatecby column cromatography
usinga CH,CI, hexanemixture. Compoundsg} was
elutedfirst. No other carbonylatedproductswere
separated.

3: IR: 1730-1735s, br) and1635cm™* (br, w). H
NMR in CDCl; 6: 7.4 (m, Ph),6.2 (s, =CH), 4.31
(s,CHs), 3.65(s, CH3). MS (m/2: 220[M™].

4: IR: 1768and1588cm * (s). Addition of H,SO,

(12 ml, 5 m) followed by refluxin methanoffor 0.5h

causesa decreasein the bands at 1768 and
1588cm ™! (w), andthe appearancef new bands
at1730-173:mnd1635cm -, dueto theconversion
of 4into 3. MS (W2) =74 [M™]

2.2.2 Reactionin CH3CN

The autoclavewas chargedas describedabove
using CHsCN as solvent. GLC analysesand IR
spectralprovide evidencethat the reactionmixture
contains unreacted PhC=CH, compound4 and
traceamountsof 3.

2.3 Monocarbonylation without
reducing the triple bond

2.3.1 Reactionwith palladium catalyst

The autoclavewas chargedaccordingto the above
procedureNEt; wasaddedanda lower pressuref
theCO/O, mixturewasused(Table3, below).GLC
analysesand IR spectraof the reaction solution
revealedthe presenceof unreactedhC=CH, and
thesingleanddouble-carbonylatioproductss and
3. Samplesf pure5 werepreparecy methylation
of PhC=CCOOH purchasedrom Merck—Aldrich.
Compounds3 and 5 were separatedby column
chromatography.

5 IR: bands at 2231cm* (vs), ascribed to
v(C=C)* 1718 (vs), 1640cm * (w), ascribedto
w(CO) MS (m/2: 160[M"*].

2.3.2 Reactionswith the rhodium catalyst
The autoclave was charged with y-ZrHgge
Rhy3dPQy), (40mg), PhC=CH (0.3ml, 2.72
mmol) andmethanol7 ml). Thena CO/O, mixture
wasadmittedto the desiredoressurendthe system
was kept to react under the conditions given in
Table 3 (below). The productswere analysedas
describedabove.

Copyright© 2000JohnWiley & Sons,Ltd.

3 RESULTS AND DISCUSSION

o-ZrP—Pd(ll), o- and y-ZrP-Pd(Il)-L [L =2,2-
bipyridyl (bipy), 1,10-phenanthrolinéphen)]cata-
lyse the carbonylationof phenylacetyleneunder
both reductiveand oxidative conditions,to afford
mono-anddi-carbonylationproducts.

The monocarbonylabn productl andits regio
isomer 2 are synthesizedwhen phenylacetylene
reactswith CO in methanol(Eqn[1]).

PhC=CH +CO+CH,0H —

Ph

COOCH,
1

Thereactionrequiresa pressuref 2—-4MPaof CO
anda temperatureof 80—-130°C. The methyl ester
of 2-phenylpropenoi@cid 1, which canbe hydro-
genatedto «-arylpropionic acids that are usedas
non-steroidaknti-inflammatorydrugs,is the main
product. The conversionof the alkyne is in the
range70-90%andthe selectivity of 1 with respect
to theregioisomer2 is about80%. Thecompounds
wereisolatedfrom thereactionmixture by standard
columnchromatographyechniquesandcharacter-
ized by NMR, IR and GC-MS spectroscopyfor
detailsseethe Experimentalsection).

In Table 1 are summarizedhe mostsignificant
results showing how the reaction conditions
influence the yield and selectivity. The catalytic
activity, expressedy turnoverfrequency(tof) as
moles of phenylacetyleneeacted/gof metal per
hour,increasesvith increasingemperaturandCO
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
carbonylatedproductsexpressedsyield of 1+ 2
(Table 1, entries 3-6). Evidence that dimer of
phenylacetylenés the main by-productis given by
GC-MS.Concerningheactivity of thecatalystthe
materials containing naked Pd(ll) ions are more
effective than the correspondingcompoundscon-
taining Pd(ll) complexes (entries 6-9). This
behaviourcanbe explainedtentativelyon the basis
of greatedifficulty for phenylacetyleno reachthe
metal centrebondedto the intercalatedbidentate
ligand, dueto sterichindrance.

Appl. OrganometalChem.14, 581-589(2000)
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Table 1 Reductivecarbonylationof phenylacetylere

Phenylacetylene

; Yield Turnover
p(CO) reacted Yieldof 1+2 of 1 Selectivity frequency,
Entry Catalyst T(°C) (MPa) (mmol) (%) (mmol) (%) (mmol) for 1 (%) tof°

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 70 251 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 +HCI(1:1) 120 4 4.09 90 3.23 79 291 90 0.18
11 A +HCI(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

2In all theexperiments7 ml of methanolnd0.5ml (4.54mmo|)of phenylacetylenaereused Reactiortime 10 h. CatalystsA = -

ZrH1 6Pt 14POs)2-2.5H,0, (5.52% Pd, 40mg); B

=7-ZrH; 6P th 1dPOy)2-3.2H0 (5.60% Pd, 40mQ); C = a-ZrH; g th 2o bi-

PY)o.41(POs)>-3.2H0 (5.0%Pd, 50mg); D = - ZrH1 sdPh oAphen), 44P0y)>-3.5H,0 (5.22%Pd, 40 mg).

In mol phenylacetyleneeacted(g Pd) *h*

The influence on the reaction rate of some
Bronsted acids has also beentestedand will be
discussedater.

When the carbonylationof phenylacetylends
carried out at 60—-100°C under oxidative condi-
tions, usinga mixture of CO/QO, at a total pressure
of 1-4MPa (p(O,) =0.2-0.8MPa), the double
carbonylationis accomplished PhC(COOCH)=
CH(COOCH) (3) andthecorrespondingnhydride
PhCCO(O3=CHCO(4) areobtaineddependingn
whether The reaction solvent is methanol or
acetonitrile,respectively(Eqns|[2], [3]). Theyield
of the reactionin methanolis in therange70-85%
(Table 2), whereasin CH;CN, compound4 is
synthesizedn 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(COOCH)=CH-
(COOCH;) canbein cis andtransforms, attempts
attheir separatiorby columnchromatographyere
made.We found that the prevalentstructureis Z,
accordingwith theweII knowncis characteiof CO
insertion reaction®> The trend of the tof values
showsthat the activity increaseswith increasing
temperaturéTable2, entries1-5) andthe pressure
of the CO/O, mixture (entries5-8). The materials
that intercalatethe complexesare less effective
than those containing Pd(Il) alone (entries5 and
9-11). The effect of some additives, such as
NEt;CHs "1~ HCI and HI, as promotersis also
shown.WhereasNEt;CH; "1~ doesnot show any

Copyright© 2000JohnWiley & Sons,Ltd.

promoting effect (Table 2, entry 14), HCI and HI
improvethe activity. The bestresultsare obtained
with a molar ratio HX/Pd of 2:1 (Table 2, entries
15,16).A higherratiodoesnotimprovetheactivity
but causesa lowering of the catalyststability (see
below).

PhC= CH + 2CO+ 2CHOH+ 0, —

PhC(COOCH) = CH(COOCH)
3

PhC= CH+2CO+‘O—»>=\

\/4

When the oxidative carbonylationof phenyla-
cetylene is carried out in the presenceof an
organic basesuch as NEt; or NPh;, the mono-
carboxylatespeciesPhC=CCOOCH, (5), leaving
the triple bond unchangedis obtained(Eqn [4]).
The higherconversionyield (55—-70%)is obtained
between60-90°C undermild pressureof a CO/
O, mixture (0.4-0.7MPa; p(O,) =0.2MPa) (Table

2]

Appl. Organometal Chem.14, 581-589(2000)
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Table 2 Oxidative carbonylationof phenylacetylerfe
Phenylacetyere o Tumower
T p(CO+0Oy) Yield of Selectivity Yield Selectivity frequency,
Entry Catalyst (°C) (MPa) (mmol) (%) 3 (mmol) for3 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
6° A 110 4 422 93 274 65 0.16 5 0.64
7 A 100 3 3.86 85 2.89 75 0.19 5 0.44
8 A 100 2° 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
12 A 100 4 372 82 — — 286 77 0.42
13 C 100 4 2.54 56 — — 2.03 80 0.32
1 A+ NEt;CH; "I~ 100 4 3.18 70 2.42 76 0.13 4 0.48
15° A +HCI(1:2) 100 4 3.36 74 2.58 77 0.16 5 0.51
16° A +HI(1:2) 100 4 3.38 74 264 78 0.14 4 0.51
17 A +HI(1:4) 100 4 3.37 74 2.63 78 0.13 4 0.51

2In all the experimentshe catalystsA—-D wereasdescribedn the footnoteto Table 1; 40mg of catalystand0.5ml (4.54mmol)
Ehenylacetylemwere usedwith 7 ml methanolassolvent,unlessstatedtherefore Reactiontime was4 h, exceptwhereindicated.

Reactiontime 3 h.
¢p0,=0.2MPa.
91n CHsCN.

3). At higher pressures,a decreasein the
selectivity towards5 and an increasein double-
carbonylation products are obtained (Table 3,
entries 1, 5,6). Interestingly, the use of y-ZrP-—
Rh(lll) doesnot requireany basefor the synthesis
of 5.

PhC= CH + CH;OH + CO+30, — PhC
= CCOOCH + H;0 4]

The literature data show that monocarboxyla
productsof alkyneshavealsobeenpreparedunder
mild condition of temperatureand pressurewith
multicomponentcatalytic systemssuchas Pd(Il)—
Cu(ll), Pd(I)-Cu(l)-Q or Pd(I1)—KI-I,, working
mainly underhomosqeneousonditionsand in the
presencef a base!

3.1 Stability of catalysts and
reaction mechanism

The practicalapplicationof a catalystrequiresthat
its activity be maintained over time and after
recycling. To checkthe stability of catalyststhey

Copyright© 2000JohnWiley & Sons,Ltd.

wereleft to reactunderthe conditionsindicatedin

Tables4 and5; thereafterthey wererecoveredoy

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 Tables4 and 5 for reductive and oxidative
processesespectively.The resultsshow that the
catalystswvorking underreductiveconditionslowly

lose their activity. The tof valuesdecreasdy 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 photoelectrorspectraof materialsbefore
they are to be usedin catalysisshow a signal at
338.5eV for a-ZrP—Pd(Il) and at 338.6eV for o-
ZrP—Pd(bipy),attributedto the binding energyof
3ds,, levelsof the Pd(1l). Materialsrecoveredafter
the first cycle show a strong signal at 335.4eV,
assignedto the binding energy of Pd(0), and a
weakersignalat 338.5eV characteristiof Pd(l1).”
Whilst the intensity of the latter decreaseguickly

Appl. OrganometalChem.14, 581-589(2000)
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Table 3 Carbonylationof phenylacetylenavithout reducingthe triple bond?

PhC=CH reacted

Entry Catalyst T (°C) p(CO+ Oy) MPa  (mmol) (%) PhC=CCOOCH? (mmol) Selectivity (%)

1 A 60 0.4 1.22
2 A 60 0.7 1.50
3 A 70 0.7 1.63
4 A 90 0.7 2.18
5 A 60 1.0 1.90
6 A 60 1.2 1.98
7 B 60 0.7 1.55
8 C 60 0.7 1.47
9 E 60 0.7 1.90
10° E 60 0.7 1.85
11° B 60 0.7 151

Yield of
45 0.86 70
55 1.05 70
60 1.04 64
80 1.20 55
70 1.14 60
73 1.12 56
57 1,12 72
54 1.00 68
70 1.35 71
68 1.29 70
55 0.60 40

2 In all the experimentst0 mg of catalyst,7 ml of methanoland0.3ml of phenylacetyleng¢2.72mmol), were used.Unlessstated
otherwise 0.1 mmol of NEt; or NPh; (Base/Pd- 5:1) wereaddedyeactiontimes,2 h. The catalystsA, B andC wereasdescribedn

the footnoteto Table1 E = y-ZrHg gRhg 4(POy)2-3.5H0.
Double-carbonylatioproductswerethe main by-products.
¢ No basewasadded.

anddisappearsfterthe 4-5thcycle, thatrelatedto
Pd(0) disappearsonly when the materials are
exhausted.Thesedata seemto be in agreement
with a carbonylatiormechanisninvolving Pd(0)as
the initial active species.It is noteworthy that
intercalated metal complexes show a greater
stability than Pd(ll) ions. Moreover, when the
carbonylation is carried out under atmopheric
pressurethe catalystsare inactive during the first
4-5h. Thesedataseemto supportthe mechanism
proposed.lt is worth emphasizingthat, if the
materialsarepretreatedvith CO beforetheir usein

Table 4 Catalyststability underreducingcondition$

No. of Turnover
Entry cycles Catalyst frequency tof

0.18
0.14
0.12
0.080

OCoO~NOUOR~,WNE
0o00Orr>>>
o
o
~
Uy

A + HCI (1:3) 0.091
10 A + HCI (1:5) 0.072
11 A + HCI (1:6) 0.052

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

NNNNAEANOOOITWN -
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catalysis they do not showaninductiontime. The
pretreatmenis carriedout by stirring the materials
in a5:2 methanolNEt; mixture at 80 °C underCO
for 1-2h. The XPS spectraof pretreatednaterials
showan analogyto thoserecoveredafter catalytic
cyclesand display the Pd(0) and Pd(ll) signalsat
335.5and 338.6eV, respectively.The intensity of
Pd(ll) decreasess the pretreatmentime is pro-
longedandgoesto zeroin materialspretreatedor
7-8h.

Accordingto the literaturedatathe reductionof
Pd(ll) to Pd(0) occurseither at the expenseof an
alcoholmoleculeor of COin the presencef water

Table 5 Catalyststability underoxidative condition$

Turnover
No. of frequency,
Entry cycles Catalyst 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 4+ HCI(1:2) 0.47
7 5 A + HCI(1:2) 0.44
8 3 A + HCI(1:5) 0.38
9 2 A+ NEt3CH§tI*(1:2) 0.44
10 2 A 4+ NEt;CH; 17 (1:6) 0.33

& Reactionconditions:T = 120°C; p(CO) = 4 MPa; pherylace-
tylene,4.54mmol.

Appl. Organometal Chem.14, 581-589(2000)



CATALYTIC CARBONYLATION OF PHENYLACETYLENE 587
ZsPd%(HPO,) PRCESH* Z:ePd(PO. PhC=CH + CO
Phqcooj—c;' o H,0 o +CH,0H
CH,0H 0,
Zr(COCPh=CH,) ZePdHPO,)
(PO,)(HPO,) ZiPACONPRC=CH) v ZtPd-C(Ph) = CH COOCH,3
42 (PO,)(HPO,)
2
ZrPd- CPh_CHz
(CONPOJHPO,) PhC(COOCH;)=CHCOOCH; CH,OH + CO
Figure 1

(Eqgns [5] and [6]).*® The monocarbonylation
processcould probably be initiated by a Pd(0)
specieghat co-ordinategphenylacetylenend CO,

then evolves to the final products through a

mechanismsimilar to that proposedby Zarganan
andAlper” for anunsupportedystermwith a Pd(0)/
Pd(Il) coupleascatalyst(Fig. 1). The conversiorof

the coordinated phenylacetylene[Pd(RC=CH)]

(step 1) into the correspondingalkenyl complex
[Pd(RC=CH,)] (step2) requiresthe presenceof

eitheran intermediatehydride complex™

Pd(Il) + CH;OH — Pd(0) + 2H" + HCOH  [5]
Pd(ll) + CO+ H,0 — Pd0) + 2H* + CO, [6]

ora‘protondonor’.In ourcasehe‘H source’could
be the inorganic matrix ZrHg_, Pd(PQy), or
ZrPH;_PdL (POy)s.

In fact, the protonsgeneratedn the reductive
processof Pd(ll) (Egns [5], [6]) remainin the
inorganic matrix bondedto PO, groupsfor the
electroneutralityof the system(Eqgn[7]). We have
alreadyascertainedhat Rh(lll) ionsintercalatedn
an «-ZrP matrix showthe samebehaviour®

ZI’H(Z,X)Pd((PO4)2 + xCO
+xH20 — ZIPA(HPQy), + XCO,  [7]

The phosphateareanimportantsink andsource
of ‘H’. This transfercould occur either by direct
interactionbetweenthe alkyne coordinateand the
‘HPO,4’ group, or via a transienthydrido species
which forms throughthe interactionof Pd(0)with
‘HPO,’. Such an interaction could convert the
active Pd(0)speciesnto a hydrido complex,which
canalsobe the generatoiof the alkenyl complex.

We haveinvestigatedherole of anexternalacid

Copyright© 2000JohnWiley & Sons,Ltd.

Figure 2

on both the formation of the hydride complexand
the catalyticactivity.

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
increasespoth the activity and stability decrease
quickly (Table4, entries9—-11).A doubleconflict-
ing effect of H" canaccountfor sucha trend.On
onehandthe oxidativeadditionon Pd(0)generates
hydride andthe alkenyl speciespn the otherhand
anexces®f protonstakesPd(ll) from thematrix by
H*/Pd(Il) ionic exchange,which destroys the
catalyst. This, again, has been proved for rho-
dium(lll) andPaIIadium(Il) intercalatedin «-ZrP
andy-TiP 2

The behaviour of materials under oxidative
conditionsis ratherdifferent. The tof values(Table
5) remains almost constant over the cycles,
indicatingthatthereis noreleaseof the metalfrom
the support.XPS spectraof materialsrecoveredat
theendof eachcycle exhibit two signals:onemore
intense, characteristicof Pd(ll) with a binding
energyof 338.6eV, and a secondweaker,one at
336.7eV. The shapeof the spectraas well asthe
intensityof the signalsremainalmostconstanbver
the cycles,which is in agreemenwith the stability
of the catalysts.

Our results under oxidative conditions are
consistentith the literaturereportson the double
carbonylationof phenylacesylenday homogeneous
palladium- based:atalyst? suggestingPd(ll) as
the active species.

The possible reaction pathway leading to the
formationof final productds depictedn Fig. 2. The
double methoxycarbonylidon of phenylacetylene
liberates protons that are taken up by the PO,

Appl. Organometal Chem.14, 581-589(2000)
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PdC1(COOCHs;)(bipy)

PhC=CH +

\ Pd(COOCH,),(bipy)

No carbonylation
products

Schemel

groups. The final stepis presumablya reductive
elimination of the double-carbonylationproduct
mainly in Z form™ with formation of a Pd(0
species intercalated into the matrix [ZrP
(HPQy),]. The re-oxidationof Pd(0)to Pd(ll) by
oxygen restoresthe initial active catalyst. The
matrix plays a fundamentakole asan H sink and
pH regulator.

An alternative mechanismcould be proposed
basedon Pd(ll) ability to stabilize methoxocarbo-
nyl ligand (—COOCH;) formedby directinterac-
tion of methanolwith the coordinatedCO. In order
to ascertainvhethertheinsertionof —COOCH; in
the Pd—carborbond of the linked alkyne may be
operativein our processwe carried out stoichio-
metric reactions between phenylacetyleneand
some mono- and dimethoxo-carbonylcomplexes
of Pd stabilized by the bipyridine ligand-
(Schemel). We haveneverobservedhe carbony-
lation of phenylacetylenethis rulesoutthetransfer
of the methoxocarbonyasa possibleprocess.

Anotheraspectwhich we haveexaminedis the
re-oxidation of Pd(0). This can be accomplished
eitherby direct oxidation of Pd(0)by O,, with the
intermediatiorof ahydroperoxcspecies” (Scheme
2) or, asrecentlyfound by us andothergroups®%*
via interactionwith moleculariodineformedin situ
by iodide oxidationby O, (Schemes).

In orderto shedlight on this processwe have
investigatedthe influence of promoterssuch as

HCI, HI and NR,'I~ on the performance of
catalysts.The results show that when a mineral
acidis addedin anH*/Pdmolarratio of 2), the tof
valuesincreaseslightly (Table 2, entries15, 16),
whereasthe selectivity and stability remain con-
stant(Table5, entries6, 7). At ahighermolarratio
the mostevidentresultis a steadylowering of the
catalyst stability and activity (Table 5, entry 8),
which canbeexplainedby consideringheeffectof
protonsas promotersof the releaseof the metal
from the support(H"/Pf" exchange).

Converselywhile the additionof NEtz(CHz) "1~
doesnot showany influenceon the activity of the
catalyst,asthe |~ /Pd molar ratio increasesthe tof
valuesover severalcycles decreaseén a remark-
able way (Table 5, entries 9-10). This negative
effect of iodine has been also observedin the
oxidative carbonylationof amines catalysedby
rhodium intercalatedin titanium phosphaté?! In
our case,such an effect can be ascribedto the
ability of iodide to form the Pdl,*~ speciesin
solution.

Thesedata seemto supportthe view that the
Pd(0) oxidation proceedsvia a hydroperoxo
speciesThesignalat 336.9eV foundin the spectra
of materialsrecoveredrom catalytic cyclescould
beascribedo aPd—(Q) or Pd—GQH speciesA very
similar signal has been found in the oxidative
carbonylationof aniline by ZRP—Pdcompoundsit
hasbeenassignedo a Pd oxygenatespecies.’

The last topic to elucidateis the formation of
compound. The presencef abaseis necessarin
the caseof palladium-dopednaterialswhereas is
formedin neutralmediumwith rhodium systems.
The literature reportd® suggestthat the base
promotesthe formation of the anion PhC=C",
which links to palladiumand then evolvesto the
final product through stepsvery close to those
discussed above for the double-carbonylatin
processesFig. 3).

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

P& + Op + 2H" — Pd-O0OH+ H* — Pd(ll) + H,0 + 3O,

Scheme2

Pd(0)

217 +2H" +50, — I + HyO — I, — Pd(ll) + 21~

Scheme3

Copyright© 2000JohnWiley & Sons,Ltd.
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ZiPdI(PO,), PhC=CH
H,0
0,
ZtPd%HPO,),
ZrPd(C=CHPh)
(PO, XHPO,)
PhC=CCOOCH; CH;0H+ CO

Figure 3

Startingfrom the observatiorthat ZrP in the y-
phasecontaingtwo differentphosphateroups,one
PO, andthe other H,PQy, in contrastwith the a-
phasewhich containstwo equal‘HPO,' 2 groups,
we cansuggesthat a key role could be playedby
PO, groups,which arein higher concentrationin
the y- phase Supportfor this view comesfrom the
finding that when a palladium materialin the y-
phasewas usedin a catalytic test without the
additionof a base(Table 3, entry 10), compounds
wasformed,evenif with alower selectivitythanin
the presenceof a base.
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