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Two palladium complexes with P-N—-P ligands
[PA{(SPPh,).N},){Pd(S,S)} and [Pd{(SePPhN},]
{Pd(Se,Se)} were prepared and investigated as
novel polladium catalysts for oxidative carbony-
lation of phenol using carbon monoxide and
oxygen along with a redox catalyst (forin situ
regeneration of palladium) and ammonium ha-
lide. The efficiency of these new catalysts was
compared with that of a PdCl,-based catalyst
system. In order to obtain the maximum effi-
ciency, the effects of various parameters such as
concentration of redox catalyst and ammonium
halide, the effect of solvent, the influence of a
quinone-type redox catalyst in addition to inor-
ganic redox catalyst, and the effect of tempera-
ture were studied. Under the reaction conditions
employed, the Pd(S,S) catalyst was found to
perform better than PdCl,-based catalyst system,
whereas the Pd(Se,Se) catalyst had extremely low
efficiency. Copyright © 2000 John Wiley & Sons,
Ltd.
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INTRODUCTION

Polycarbonates are highly useful as engineering
thermoplastics, owing to their good thermal and
mechanical properties. For their synthesis, a
transesterification process using diphenols and
diphenyl carbonate (DPC) has been given more
recognition lately than interfacial polycondensation
because of its advantages, such as the absence of
toxic phosgene, solvent and salt formation. How-
ever, the most common method employed for DPC
synthesis is based on the reaction of phenol with
phosgene in the presence of bases. Therefore, it is
of the utmost importance to find a phosgene-free
synthesis route for DPC synthesis. Direct synthesis
of DPC by oxidative carbonylation of phenol in the
presence of a palladium-based catalyst system
using CO and @ (Egn [1]) seems to be a good
alternative, but in the reactions reported units now
the efficiency of catalyst is too low for such
processes to be commercially viabié?
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Recently we demonstrated the successful usage
of a PdC})—Ce(OAck—his(triphenylphosphoranyli-
dene) ammonium bromide (PPNBr) - based catalyst
system for DPC synthesis in yields as high as 76%,
and for direct synthesis of polyarylcarbonates in
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[R2P(E)—N—(E)P3] (E=0, S,Se;R=Ph,0OPh)
are versatile P-N—-P-typeligands with a strong
tendencyto form inorganic (carbon-free)chelate
rings!’ For many}/earsafter their introductionby
Schmidpetelet al.”® dichalcogenoimiddiphosphi-
natesreceivedonly scantattention butrecentl he
interestin their complexeshavebeenrenewed"®
Although known for severalyears, diselenoimido-
dipho é)hmatewas only recently beenusedas a
ligand~“ In this work we prepared two
[Pd{PhZP(E)—N—(E)Pth}z] complexes with

—N-Pligandswhere E was either S [Pd(S,S)]or
Se [Pd(Se,Se)], and tested their activity for
oxidative carbonylationof phenol.

EXPERIMENTAL

Materials

All chemicalswere commercialproductsandwere
usedwithout any further purification. The starting
materials PbPNHPPh, PhP(S)NHP(S)Ph and
PhP(Se)NHP(Se) F&hwere preparedaccordlngto
the literature methods’>=>* The sqlvents were
distilled and stored in, activated 3 A molecular
sieves before use. 3A molecular sieves were
activatedby heatingat 350°C under nitrogenfor
10h.

Instrumentation

EIementalanaIyS|SNasperformeobn aFisoin'seA
1108 instrument. The 3P NMR spectra were
recordedin CH,Cl, on a Bruker Avance DRX
500 instrument using HzPO, (85%) as external
reference. The oxidative carbonylation reaction
products were identified and quantified by gas
chromatographysinga Hewlett-PackarddP 6890
seriesGC system(TC-1 column).

Synthesis of Pd(S,S) and Pd(Se,Se)

Though the synthesisof [Pd{(SPPh)}N},] and
[Pd{(SePPlg)zN}ﬂ is already reported in the
literature®? in the presentvork we useda modified
methodreportedbelow.

[PA{(SPPhXN}]

A solution of Pd(OAc) (0.112g; 0.5mmol) in
methanol(40 mmol) wasaddedto a clearsolution
of PhP(S)NHP(S)Ph (0.449g; 1mmol) and
KOtBu (0.112g; 1 mmol) in methanol(50 mmol)

Copyright© 2000JohnWiley & Sons,Ltd.

andthesewerestirredtogetherfor 2 h. The product
(orangecrystals)was recrystallizedfrom CH.Cl..
Yield 0.371g, 74% (after recrystallization) Ele-
mentalanalysis:Found:C, 57.24;H, 3.84;N, 2.42.
Calcdfor Cﬁ8H4ON2P4PdS; C, 57, 45;H, 4. 00 N,
2.80%.3'P{*H} NMR: §=37.8.IR data(cm%):
v(P.N) =1207m,1174m,804s;v(P=S)=565vs.

[Pd{(SePPh),N} ]

A solution of Pd(OAc) (0.112g; 0.5mmol) in
methanol(40 mmol) wasaddedto a clearsolution
of PhbP(Se)NHP(S#h (0.543g; 1 mmol) and
KOtBu (0.112g; 1 mmol) in methanol(50 mmol)
andthesewerestirredtogetherfor 2 h. The product
(brown—-red crystals) was recrystallized from
CH,Cl,. Yield 0.423g, 78% (after recrystalliza-
tion). ElementalnalysisFound:C, 48.12;H, 3.04;

N, 2.22.Calcdfor C48H40N2P4PdSa C, 48.40;H,

3.40: N, 2.35%. SIPIIH} NMR: 6= 26.7
(L3P 7se)= 543Hz]. IR data(cm %): v(P,N) =
1172m,1174m,800s;v(P=Se)=537vs.

Oxidative carbonylation of phenol

Palladium complex (0.0125mmol), Ce(OAck
(25mg; 0.075mmol), PPNBr (231mg; 0.375
mmol), and 1g activated 3A molecular sieves
were loadedinto a 50-ml stainlesssteelautoclave
anddriedat 70°C for 2 h undervacuumbeforethe
reaction.

After the drying, addition of 3.011g (32mmol)
phenoland5 ml dichloromethanevasfollowed by
chargingwith 6.0MPaCOand0.3MPaO,, andthe
autoclavewas placedin an oil bath preheatedo
100°C. After thedesiredreactiontime, thereaction
was quenchedimmediately by cooling the auto-
clavein awaterbath.

RESULTS AND DISCUSSION

Theutility of Pd(S,SandPd(Se,Seyomplexesvas
investigatedas novel catalystsfor the oxidative
carbonylation of phenol to diphenyl carbonate.
Othercomponentof the catalystsystemincluded
PPNBr and Ce(OAcx as an inorganic redox
catalystfor in-situ regeneratiorof reducedpalla-
dium. Shortreactiontimeswereusedwith unexcess
of phenol,in orderto understandhe efficiency of
thesecomplexeglearly.3 A molecularsieveswere
used as dehydratingagentsto remove the water
produced during the reaction and prevent the
hydrolysis of the DPC producedto phenol. The
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Table 1 Efficiency of Pd(S,S)catalystin oxidative carbonylationof phenof

TOF (mol DPC

Runno. Pd.catalyst Redoxcatalyst Solvent HQ (mmol) DPC’ (%) (molPd)yth™?) P (%)
1 PdChL Ce(OAc) CH.ClI, — 4.96 21.3 0.09
2 Pd(S,S) Ce(OAck CH,Cl, — 3.57 15.2 0.07
3 Pd(S,S) Ce(OAc) — — 3.67 15.6 0.07
4 Pd(S,S) Ce(TMHD)? CH,Cl, — 10.8 46.1 0.1

5 Pd(S,S) Ce(trop) CH.Cl, — 8.3 354 0.08
6 Pd(S,S) Mn(TMHD); CH,Cl, — 8.8 375 0.098
7 Pd(S,S) Mn(trop)s CHClI, — 2.97 12.7 0.03
8 Pd(S,S) Co(TMHD)s CH.ClI, — 0.17 0.74 0.02
9 Pd(S,S) Ce(TMHD), CHCl, 0.375 6.6 28.4 0.07

2 Reactionconditions:Pd catalyst(0.012mmol) redoxcatalyst(0.075mmol), PPNBr(0.375mmoal), CH,Cl, (5 ml), 3 A molecular
sneves(l g), phenol(32mmol) CO (6.0MPa), O, (0.3MPa),100°C, 3 h.

® Yield basedon phenol.
¢ TMHD, tetrakis(2,2,6,6-tetramethyl-3,5-heptanedionato).

resultsobtainedverecomparedvith thoseobtained
from PdCb—Ce(OAc);—PPNBr based:atalystsys—
temsreportedearlier by usX*~*® From the results
givenin Tablel (Run2), it is clearthattheturnover
frequency (TOF) of the Pd(S,S) catalyst was
marginally lower than that of the PdCh-based
catalyst system under the reaction conditions
employedand further optimizationis requiredto

obtain the the best efficiency. Besidesdiphenyl

carbonate, phenyl salicylate (PS) and a few

oxidationproductsof phenolwere obtainedin low

yields. The selectivity of diphenyl carbonatewas
foundto be morethan90%. Assumingthatsolvent
might be decreasingthe catalytic efficiency, a

reactionwas performedin the absenceof solvent.
However, as evident from the result reportedin

Table 1 (Run 3), no difference in the TOF of

catalyst could be observed,suggestingthat the

solventdoesnot affecttheactivity of thecatalystin

these reaction conditions. Therefore, all further
reactions were carried out in the presenceof

solvent, as usageof a solventis essentialif we

wish to usethis reactionfor direct polycarbonate
synthesis.

Choosinga suitableinorganicredox catalystis
veryimportantfor in-situregeneratiorf palladium
(0). Thus, various redox catalystswith different
ligandswere investigatedithe resultsare listed in
Table 1, Runs 4-8. Among the different metal
complexes Ce(TMHD), was found to glve the
highestTOF of 46.1mol DPC (mol Pd)y *h™,

From our previouswork we know thatincorpor-
ating hydroquinoneor benzoquinon@asan additive
substantially improved the efficiency of the
PdCL—Ce(OAcy—PPNBr catalyst system:>1¢ In

Copyright© 2000JohnWiley & Sons,Ltd.

the palladium catalysedreactions,benzoquinone
(BQ) is reportedto work as a redox catalystfor
regeneratiorof reducedpalladium.In additionit is
alsoknown that benzoquinonean act asa ligand
andcanpreventtheaggregatiorof palladium(0) by
the formation of Pd-BQ complexeswhich can
easily be oxidized to palladium(ll) complexesby
metallic redox agents®> However, addition of
0.375mmol hydroquinonewith the Pd(S,S)com-
plex led to the reductionof the TOF from 46.1to
28.4mol DPC (mol Pd) *h™* (Table 1, Run 9).
This behaviourindicatesthat a Pd(S, S)complex
which containsa P-N—Pliganddoesnotrequireany
additionalligandfor stabilizingits palladiummetal,
and any additional ligand such as benzoquinone
will make palladium unavailablefor further reac-
tion.

Althoughall the reportson oxidative carbonyla-
tion of phenolconfirm the needfor anammonium
halide for the reactionto progressefficiently, the
role of this componentof catalystsystemis not
clear. Furthermorejt hasbeenconfirmedfrom all
thesereportsthat amongthe various ammonium
halides, only ammoniumbromidesare useful for
this reaction.Ammoniumbromideis not a catalyst
for the reaction,nor canit helpin regeneratiorof
palladium. Recently, Vavasoriand Toniolo® have
suggestedthat ammonium bromide works as a
stabilizerandpreventaindesirablgoalladiummetal
formation.If ammoniumbromideis actuallyacting
asasurfactantthenits concentratiornn thereaction
shouldbe aboveits critical micelle concentration.
Wethereforqoerformedsomeexperlmentsrwth the
PPNBr/Pdratio (mol mol™) varyingfrom 30to 80,
to find asuitableconcentratiorof PPNBr.As shown

Appl. Organometal Chem.14, 629-633(2000)
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Table 2 Optimizationof PPNBr/Pdand Ce/Pdratiosfor oxidative carbonylationof phenof

PPNBr/Pdratio  Ce/Pdratic® TOF (mol

Runno. (mol mol™%) (mol mol™%) DPC® (%) DPC(mol Pd ) h™?) PS (%)
1 30 6 10.8 46.1 0.1

2 60 6 16.8 71.6 0.15
3 70 6 17.3 73.7 0.12
4 80 6 16.0 68.4 0.13
5 60 4 12.8 545 0.12
6 60 2 11.3 48.2 0.09

@ ReactionconditionsPd catalyst(0.012mmol), CH,Cl, (5 ml), 3 A molecularsieves(1g) phenol(32mmol) CO (6.0MPa), O,
(0 3MPa), 100°C, 3h.

b CeasCe(TMHD),.
¢ Yield basedon phenol.

Table 3 Temperaturalependencef the efficiency of the Pd(S,S)complexfor oxidative carbonylationof phenof

TOF (mol DPC
Runno. Temp.(°C) DPC* (%) (molPd Y h™?1) PS (%)
1 80 12.1 52.0 0.09
2 100 16.8 71.6 0.15
3 120 6.18 26.4 0.10
4 140 2.06 8.82 0.09

2 Reactionconditions:Pd(S,S)0.012mmol), Ce(TMHD), (0.15mmol) PPNBr(0.75mmol), CH,Cl, (5 ml), 3A molecularsieves

(1 g), phenol(32mmol), CO (6.0MPa), 0, (0.3MPa), 3 h.
b Yield basedon phenol.

in Table2 (Runsl-4),the DPCyield aswell asthe
TOF of the catalyst increasedsubstantially on
raisingthe PPNBr/Pdratio from 30 to 60, but with
further increasedsn the PPNBr/Pdratio to 80 no
significantimprovementin catalytic activity could
be observedThusit canbe assumedhat, for the
catalystsystemunderinvestigation,the amountof
PPNBrrequiredto achievethe bestresultsis 60—70
timesof that of the palladium.

In further reactions,the concentrationof the
oxidationcatalyst,Ce(TMHD), (TMHD is defined
in Table 1) was optimized. The Ce(TMHD),/Pd
ratio (mol mol™*) wasvariedfrom 2 to 6, keeping
the PPNBr/Pdratio constantat 60; the results
obtainedaregivenin Table2 (Runs2, 5 and6). On
reducingthe Ce/Pdratio from 6 to 2 the efficiency
of the catalystsystemin termsof TOF Wasreduced
from 71.6 to 48.2mol DPC(mol Pd) *h™%. This
trendshowsthatmoreredoxcatalystis requwedfor
an efficientregeneratiorof palladium.

Furthermorethe temperaturelependencef the
efficiency of the catalystsystemwas studied by
varyingthereactiontemperaturérom 80to 140°C.

Copyright© 2000JohnWiley & Sons,Ltd.

It is evidentfrom the resultsgivenin Table3 that
maximum TOF of 71.6mol DPC(molPd)*h™*
and DPCyield of 16.8%were obtainedat 100°C.
Any further increasein temperatureled to sub-
stantialdecrease the TOF of the catalystaswell
asin theDPCyield, presumablyueto degradation.

After various reaction parametershad been

optimizedwith the Pd(S,S)catalyst,the efficiency
of thePd(Se,Segatalystsystemwasinvestigatedat
optimum temperature using optimum concentra-
tions of Ce(TMHD), and PPNBr. The results
showeda TOF of 0.17molDPC(molPd) *h™*
At presenive havenoexplanatiorfor suchadrastic
differencein the efficiency of thesetwo palladium
complexeswith sameligand but different donor
atoms.

In summary,the Pd(S,S)complexwith P—N—P
ligandsandan S donorwasfoundto be anefficient
catalystfor oxidative carbonylationof phenolto
diphenylcarbonateThe Pd(Se,Sefomplex,onthe
other hand, did not show any activity for this
reaction. Efforts to understandthis substantial
differencein the efficiency of thesetwo similar

Appl. Organometal Chem.14, 629-633(2000)
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complexesandto furtherimprovetheactivity of the
Pd(S,S)complexarecurrentlybeingmade.
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