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We have studied the various aspects of the homogeneous acetoxylation of ethylene to vinyl acetate by palladium
acetate using ultraviolewvisible (UV/vis), Raman, and infrared spectroscopic methods. Vibrational assignments

for the Raman and the infrared spectra of crystalline palladium acetate have been made. Density functional
theoretical calculations were used to help with our assignments. Raman spectroscopy demonstrated that Pd acetate
solvated in glacial acetic acid maintains a trimeric structure, similar to that of the crystal. Upon addition of potassium
acetate in concentrations between 0.10 and 0.20 M, the palladium acetate trimers decompose to dimers. It remains,
however, an open question whether monomers, or perhaps dimers that are fully coordinated by acetate ligands,
form with increasing potassium acetate concentration. In the presence of ethylene, dimeric species appear to form
by decomposition of the trimers, and it is the dimers which are the catalytically active and selective species in the
formation of vinyl acetate. During reaction with ethylene, palladium(ll) in palladium acetate is reduced to palladium
black, and the hydrocarbon products vinyl acetate and acetaldehyde are formed. Monomeric palladium acetate
species are apparently not formed by this reaction.

I. Introduction as Pd acetate in glacial acetic acid under oxidizing condifions,

_ _ _ i a homogeneous route to vinyl acetate is still possible, at least

Vinyl acetate (VAc) is an important monomer in the polymer a5 3 side reaction to the heterogeneous process. We therefore

industry. A great deal of research has been concentrated on thejecided to study the homogeneous chemistry of the formation
development of a process to produce vinyl acetate via the of vinyl acetate in the presence of Pd acetate using UV/Vis,
selective acetoxylation of ethyleAéDue to the success of the  Raman and infrared spectroscopic methods.
homogeneous Wacker process for the synthesis of acetaldehyde, Splvated Pd acetate can exist in at least three different forms,
research first concentrated on the development of an analogouselated to each other by equilibria that can be controlled through
process to produce vinyl acetate. Vinyl acetate is formed by the addition of alkali metal acetaté8.The equilibria are
reaction of ethylene with Pd acetate in acetic acid solution, described by reactions 1 and 2.
accompanied by the reduction of Pd to Pd black, as reported

first by the groups of Moiseev and SmRItA gas-phase 2Pd(OAC), + BMOAC = 3M, + [sz(OAc)6]2’ 1)
heterogeneous process developed by Hoéchst Bayet

proved more favorable. Presently, vinyl acetate is produced on M, + [PdZ(OAc)6]2_ + 2MOAc = 2M, + [Pd(OAc)4]2_
a large scale by a related heterogeneous prdceks.catalyst (2)
used most is a silica-supported PAu alloy with potassium
acetate added in large excéSsHowever, questions exist Inreactions 1 and 2, M represents an alkali metal. The Pd trimers
concerning the active phase of the catalyst. Since Pd solvatesare completely converted to dimers when the solution contains
0.5 M lithium or 0.2 M sodium acetate. At higher concentrations
(1) (a) Miller, S. A.Ethylene and Its Industrial Deratives Erest Benn of alkali acetates, some of the dimers are converted to
Limited: London, 1969; p 946 and references therein. (b) Davidson, monomers, but the equilibrium is strongly in favor of the dimers.
a-)r'\élé;_'\lflri]tfhg::érz- ggaisggsvaféoﬂﬁgéﬁmlt- gg;ghdeggtr-eEQgs- Decomposition of Pd acetate trimers involves @2 8ttack by
therein. (c)-UIIman’.s Encyciopegfa of IndustriaI’ChemistSth edition; acetate ions or acetic aC|d_m0_|eCU|eS onan acet‘_"lte b7rg_e.
Elvers, B., Hawkins, S., Ed.; VCH Verlagsgesellschaft mbH: Wein- t0 the nature of the equilibria, the concentration of dimers
heim, 1996; Vol. A27, p 419. (d) Parshall, G. W.; Ittel, S. D.  depends on the Pd and the acetate concentrations. An important

Homogeneous Catalysis. The Application and Chemistry of Catalysis P
by Soluble Transition Metal Complexeénd edition; John Wiley & point is that there are generally two types of acetate groups,

Sons: New York, 1997; p 137.

(2) (a) Moiseev, I. |.; Vargatftic, M. N.; Syrkin, Ya. KDokl. Akad. Nauk (6) (a) Brown, R. G.; Davidson, J. M.; Triggs, 8m. Chem. Soc., Di
SSSRL96Q 133 377. (b)Angew. Cheml959 71(5), 176. (c) Smidt, Petrol. Chem. Preprl969 14, B23. (b) Hausman, E. A.; Grass, J.
J.; Hafner, W.; Jira, R.; Sedimeier, J.; Sieber, R'itiRger, R.; Kojer, R.; Pond, G. R. Fr. Patent 1,403,398, 1965.
H. Angew. Chem1962 74(3), 93. (7) Henry, P. M.; Pandey, R. N\Homogeneous Catalysis, IRdvances

(3) World Pet. Congr. Proc1968 5, 41. in Chemistry Series 132; American Chemical Society: Washington,

(4) (a) Eur. Chem. New4967, 11(272), 40. (b)Chem. Ind.1968 1559. DC, 1973; p 33 and references therein.

(5) Bissot, T. C. U.S. Patent 4,048,096, 1977. (8) Pandey, R. N.; Henry, P. MCan. J. Chem1974 52, 1241.
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Figure 1. Coordination modes of acetate.
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Figure 2. Various palladium acetate species at increased unsaturation.

bridging and terminal (see Figure 1). In the Pd trimer or
monomer, either bridging or terminal acetates are present,
respectively. In the Pd dimer, both bridging and terminal acetates
are present (see Figure 2).

Different Pd acetate species have different catalytic activities
for the acetoxylation of ethylene to vinyl acetate. The activity
increases in proportion to the Pd acetate and alkali metal acetat
concentrations, up to concentrations of the latter for which all
the trimers are converted to dimérsAt higher concentrations,
the reaction rate is inversely proportional to the alkali metal
acetate concentratidnThus, adding alkali metal acetate first

creates catalytically active species, but at high concentrations,
the acetate ions function as inhibitors. These results can be

interpreted as follows.

At low alkali metal acetate concentrations, the relatively
inactive Pd trimers are partially converted to active dimers. At
high concentrations, however, less active species also form. Th

less active species could be either Pd monomers or dimers tha

are fully coordinated by acetate ligands. Since ethylene mol-

ecules are expected to coordinate to terminal positions on the

dimer}9 coordination of ethylene to Pd followed by reaction to

form vinyl acetate requires the presence of vacant terminal sites

on the dimers. The maximum activity would then be expected
to occur when the concentration of coordinatively unsaturated

Pd acetate dimers is highest. It is also possible that coordination
of ethylene could convert Pd acetate dimers to monomers, but

this reaction is expected to be significantly slower than the
competing acetoxylation.

Il. Materials and Methods

A. Sample Preparation.Pd(ll) acetate of 99.99% purity was
purchased from Aldrich Chemical Co. The solvents used were
glacial acetic acid (99.8% purity) and deuterated glacial acetic
acidds (99.9 at. % D). Potassium acetate was 98% pure.
Ethylene was>99.7% pure.

€
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The solutions were prepared by equilibrating an excess of
Pd acetate for 12 h in glacial acetic acid at room temperature.
The Pd acetate concentration was determined by ICP to be 0.12
wt % Pd in glacial acetic acid, which corresponds to a saturation
concentration of 3.9 mM of the trimeric species. The solution
color was orange-brown, similar to that of the crystal. This
solution was used to prepare all other solutions. After the
addition of potassium acetate, the solutions were allowed to
equilibrate for an additional 12 h, since long equilibration times
are reported to be essential at room temperatéi samples
were prepared at room temperature, except where noted
otherwise.

B. Spectroscopic MeasurementsUV/vis absorption mea-
surements were performed with a Perkin-Elmer Lambda 9
spectrometer. A quartz cell of 0.1 cm path length was used.
These measurements provide a basis for comparison with the
literature.

The Spex Raman spectrometer was equipped with a triple
monochromator and a liquid nitrogen cooled CCD detector.
Excitation was provided by an Ar-ion laser (wavelength 514.5
nm), using a maximum power of #20 mW at the sample.
Where indicated, excitation was provided by an Ar-ion laser-
pumped Ti:sapphire laser (wavelength ranged from 457.9 to
488.0 nm). The spectra were recorded in a°ll&ickscattering
geometry at room temperature. Laser-induced decomposition
of Pd acetate did not take place under these conditions. The
samples were placed in quartz cells with 1 cm path length. The
polycrystalline Pd acetate was measured in a quartz capillary
using a Raman microscope.

For the flow experiments, the reactor was a quartz tube with
a diameter of 1 cm, equipped with capillary tubes to allow gas
to bubble through the solution. The gas flow was regulated so

Shat the solution was saturated with ethylene during the flow

period. The saturation concentration of ethylene in glacial acetic
acid is 0.082 M0 After ethylene flowed through the solution
for some period of time, Pd metal would precipitate since there
was no oxidation step included in our reaction setup. Therefore,
the Raman measurements were made after enough of the Pd
had precipitated to permit a reasonable penetration length for
the laser excitation. In several cases, the solution was analyzed
with GC/MS after the reaction was run.

Infrared spectroscopy measurements were performed with a
Pruker FT-IR spectrometer equipped with a MCT detector,
operated at liquid nitrogen temperature. Measurements were
performed at room temperature. Polycrystalline Pd acetate was
pressed into a pellet with dry FT-IR grade potassium bromide,
which does not affect the spectrum. Measurements were
performed in transmission mode. The spectrum of Pd acetate
in Nujol can be found in the literatufé.We prefer, however,

to refer to our own measurement, as Nujol gives rise to very
strong bands in the regions of interest.

C. Theoretical Calculations.Density functional theoretical
(DFT) calculations for model systems have been performed to
support interpretation of the Raman spectra. The calculations
have been performed with the DGauss progfawersion 4.0).

All molecular structures have been completely geometry
optimized at the GGA level. Optimizations have been performed
spin-unrestricted. We have used the local density approximation
(LDA) in the form given by Voske-Wilk —Nusaif3 with self-
consistently incorporated gradient corrections due to Bécke
and Perdew® The program represents the molecular orbitals

(9) Helden, R. van; Kohl, C. F.; Medema, D.; Verberg, G.; Jonkhoff, T.
Recueil1968 87, 961.
(10) Pandey, R. N.; Henry, P. MCan. J. Chem1975 53, 1833.

(11) Sadtler Standard Spectr&adtler Research Laboratories, Inc.: Phila-
delphia, PA, 1973.
(12) Andzelm, J.; Wimmer, EJ. Chem. Phys1992 96, 1280.
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Figure 3. Palladium acetate trimer structure as used for the evaluation 500 1000 1500 2000 2500 3000
of vibrational wavenumbers. Calculated bond lengths (A) and angles RAMAN shift/ cm!
are given. Figure 4. Raman spectrum of the palladium acetate trimer crystal.
Table 1. Results of Group Theoretical Analysis for the Normal possible cause may be the variation in phase of vibration of the

Mode Vibrations of Pd Acetate, Assumiriy, Point Group different molecules in the unit cell. Because of these effects,

Symmetr . . .
y y 3 5 5 some or all of the vibrational degeneracies of the free molecule
13A¢ + 9A)" + 9A; + ; ; : .
irreducible representations 12A," + 29E + 21E" may be lifted in the' solid §tat’@.0f course, the magnitudes of
— : the frequency splittings will depend on the strength both of the
Raman active vibrations 13A+ 22E +21F crystal fields and of the interactions between molecules, and
infrared active vibrations 12 + 22E

thus may not lead to resolvable bands in the infrared or Raman

as linear combinations of atomic Gaussian-type orbitals. The spectra. Finally, we list the infrared and Raman selection rules

basis sets were of doubequality and included polarization in Table 120 Since the solid state spectrum presente_d in Figure
functions for all non-hydrogen atoms (DZP%)A second set 4 was measqred on a powder Samp'? rather thqn asingle crystal,
of basis functions, the auxiliary basis $étyas used to expand Itis no'g possible to. perform polar|;at|on analyslls.. On thg other
the electron density in a set of single-particle Gaussian-type hand, in the solution data described below, it is possible to

functions. Second derivatives have been evaluated analytically.d_'St'ngUISh be_tween to_taIIy_ symmetric and n(?ntotally symmetric
vibrations using polarization analysis: thg'Anodes should

Ill. Results and Discussion be polarized (G< p < %4 p is the depolarization ratio), whereas
the modes with lower symmetries will be depolarized=(3/,).

In Table 2, the Raman and the infrared vibrational wave-
numbers for solid Pd acetate are listed along with vibrational
mode assignments based upon the results of our calculations.
Raman and infrared spectra are presented in Figures 4 and 5,
respectively. The vibrational bands are assigned to particular
group vibrations based upon correspondence of the observed
and the predicted wavenumbers. It is worth noting that the Pd

A. Raman and Infrared Spectra of Crystalline Pd Acetate.
The structure of Pd(ll) acetate in the crystalline state has been
determined by X-ray diffractio®® The Pd ions occupy the
corners of a (nearly) equilateral triangle. Each pair of Pd (Il)
ions is bridged by two acetate groups in which the two
equivalent oxygen atoms are directed toward each Pd ion (Figure
3). Thus, it is reasonable to assume as a first approximation

that the Pd acetate "mOIG.Cme" h@Sh point group symmetry. acetate molecule does not possess inversion symmetry (due to
In Ta_ble 1, we list the irreducible representations for the_ the presence of the 3-fold>§) axis), so there is no mutual
vibrational modes expected for Pd acetate based upon th'sexclusion of Raman and infrared active vibrations. Only the
symmetry. . ... doubly degenerate 'Emodes are active in both types of
The Pd acetate molecule _has_ the chemical composition spectroscopy (see Table 1), however, so the observation that
Pa(CH:COOQY);, implying 129 vibrations corresponding to the the 1605 cm?! Raman vibration is also present in infrared data

3N_tﬁ mernal dzgree_ls_; 8{ frleelc:iprr:. tﬁev;ral cc(;r’rlmefntsthare (1604 cnt?) suggests that the symmetry of that vibration is E
worthwhile régarding Table 1. FIrst, the X-ray data 1or e 1, 4qgition; the variation of intensities in the infrared (high)
crystalline form of palladium acetate indicates some deviation and Raman spectra (low) are in agreement with an asymmetric
from perfect Dan symmetry._ Th'.s red_uces_ the degree _Of O—C—0 mode. The situation regarding symmetry is less clear
degeneracy of some of the vibrations listed in Table 1, which for the symmetric ©C—O mode near 1400 cm, which
causes (':o'rrespor?ding effects on the vibratiqngl Spe(.:trum'appears near the strong @bration at 1421 crm, thué making
Second, it is ppssmle that factor group band splittings anse In " more difficult to assign an accurate Raman wavenumber to
the crystal. This may be due to the presence of crystal fields this mode. Furthermore, the Fermi resonance between the

that have the lower symmetry of the molecular site. Another modes, caused by the coupling, obscures the assignment of the
mode based on infrared and Raman intensities. On the other

(13) Vosko, S. H.; Wilk, L.; Nusair, MCan. J. Phys198Q 58, 1200.

(14) Becke, A. D.Phys. Re. A 1988 33, 3098. hand, the 582 cmi vibration appears in both the Raman and

(15) Perdew, J. P.; Wang, Phys. Re. B 1992 32, 13244. the infrared spectra and is thus likely to havesgmmetry.

(16) 169%d2bc7>l(1)t,51\é.(;)Andzelm, J.; Wimmer, E.; Salahub, DG&n. J. Chem. The most striking aspect of the spectrum in Figure 4 is the

7 Andzelm. J.- Russo. N.: Salahub. D.Ghem. Phys. Let1987, 142 strong vibration at 338 cmi. Based upon our calculations, we
169.

(18) (a) Skapski, A. C.; Smart, M. IChem. Commurl97Q 531, 658. (b) (19) Sherwood, P. M. AVibrational Spectroscopy of Solid€ambridge
Cotton, F. A;; Han, SRev. Chim. Miner.1983 20(4—5), 496. (c) University Press: Cambridge, 1972.
Bancroft, D. P.; Cotton, F. A.; Falvello, L. R.; Schwotzer, W. (20) Herzberg, GMolecular Spectra and Molecular Structure, Il. Infrared
Polyhedron1988 7(8), 615. (d) Lyalina, N. N.; Dargina, S. V.; and Raman Spectra of Polyatomic MolecuMan Nostrand Reinhold

Sobolev, A. N.; Buslaeva, |. iKoord. Khim.1993 19, 57. Co.: New York, 1945.
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Table 2. Comparison of Measured and Calculated Vibrational Wavenumber*jash Bridging Palladium Acetate, and Bi- and Monodentate
Terminal Acetates. Wavenumbers Have Been Calculated for a Trimer Model Structure (See Figure 3) and Two Types of Terminal Acetates
(See Figure 1)

bridging acetate terminal acetate
v bidentate v monodentate
mode/system v(calculated) Av(Raman) v(infrared) (calcd) (calcd) Av(Ramanj

v(Pd—0OAc) out of phase 288 293 299 300
v(Pd—0OAc) in phase 335 338
p(COO0) 535 582 582 418 425
0(CO0) wag 630 640 622 521 637 533
0(COO0) sciss 695 697 692 642 650 677
v(C—CHjy) 964, 1092 954 1020, 1046 900 850
r(C—-0O)° 1287
»(COO) syni¢ 1267, 1332, shoulder of 1332, 1397 1345(?)

1380, 1429, 0(CHs) 1372,

1517 1392, 1430
O(CHg) syn? 1267, 1332, 1421 1332, 1327 1333

1380, 1429 1372,

1392, 1430

0(CHs) asym 1517 1497 1437 1411
v(COO) asyrf 1590 1605 1604 1497
r(C=0)° 1629 1730
v(C—H) sym 2812 2935 2933 2995 2860
v(C—H) asym 3042 3000 3073, 3111 3036, 3092

aMost bands are masked by the solvent bands and the bands listed are visible only at high acetate concestratigly. coupled mode$§.A
= y(COO0)asym— »(COO)sym values are calculated to be 161 €and measured as 184 chfor the bridging acetates, and calculated to be 100
cm ! for the bidentate acetated; = »(C=0) — v(C—O0) is calculated to be 342 crhfor the monodentate acetate.

significant resonant enhancement using 514 nm excitation. The
/J/)’\A apparent lack of resonance enhancement for laser excitation
vIm | asym energies near these high energy _bands in the earlier experiments

CH is consistent with our own studies, which show no evidence
for resonance enhancement when the wavelength of the laser
excitation is varied from 457 nm (Ar-ion laser) to 780 nm (Ti:
sapphire laser). We thus interpret the strength of the 338 cm
band to be a result of a large conventional Raman polarizability
and not due to electronic resonance.

Returning to Table 2, the second strongest Raman band is
the carbor-hydrogen stretch at 2935 crh This band is easily
assigned due to its very high wavenumber, characteristic of
carborr-hydrogen bonds. The remaining features in the spectrum
400 800 1200 1600 2000 2400 2800 3200 of Figure 4 were assigned based upon the results of quantum

Wavenumber/ cm! chemical calculations for the trimer depicted in Figure 3. In
this calculation, we used the palladium acetate structure as found
by X-ray measurements. The calculations yield a—Pd

assign this vibration as a Pd acetate breathing mode, wherebydistance of 3.113.22 A for the acetate-linked palladium ions,
acetate ligands stretch against the Pd ions. It is interesting to""h'dj&'S in very good agreement with the distance of 3:11
note that in acetic acid solution this band appears at 346 cm 3-20 A determined by X-ray diffractiot?. The calculated Pd
(see below), whereas in deuterated acetic dgidelution it oxygen and oxygencarbon bond lengths also agree within 4%
occurs instead at 334 crh This shift of 12 cm® is slightly with the X-ray diffraction values. This reasonably accurate
larger than the shift expected for a vibration in which the acetate M0deling of the trimer structure increases our confidence in
ligands vibrate harmonically against the Pd ions (8.5%ras the vibrational wavenumber predlcthn§ made by the calclula-
calculated for complete deuteration of acetate) but is, in general, ions. We therefore used these predictions to make the vibra-
consistent with our assignment for this vibration, which will tional assignments given in the tables that we now discuss.
be discussed in more detail below. Differences in the wavenumbers of carboxyl symmetric and
The relatively strong intensity of the 338 ciband deserves asymmetric stretch modes are important in the identification of
some discussion. Resonance Raman spectra have been reportd@e coordination mode of acetatésThe magnitude of the
for several compounds containing palladighThe resonance  difference is sensitive to the angle between the oxygen atoms
enhancement was attributed to charge-transfer transitions be°f the ca3rboxy| group, which is a general feature of triatomic
tween Pd ions, or between ligand and metal. In our study, the systemg2 The symmetric carboxyl stretch and methyl bending
lowest lying electronic states are the acetate-to-Pd(1l) charge-Modes are expected to be strongly coupled. We calculated an

transfer bands near 30 000 chtherefore, we do not expect ~ €nergy difference of 161 cm between the carboxyl stretching
modes, which is in good agreement with repoftednd

Transmission —>

v asym
Co0 5y
—Bcus) Voo

Figure 5. FT-IR spectrum of the palladium acetate trimer crystal.

(21) (a) Clark, R. J. H.; Kurmoo, M.; Mountney, D. N.; Toftlund, Bi.
Chem. Soc., Dalton Tran982 9, 1851. (b) Clark, R. J. H.; Croud, (22) (a) Bellamy, L. J.The Infrared Spectra of Complex Molecuyles
V. B.; Kurmoo, M. Inorg. Chem1984 23(16), 2499. (c) Clark, R. J. Chapman and Hall: London, 1975. (b) Bellamy, L.The Infrared
H.; Croud, V. B.; Kurmoo, MJ. Chem. Soc., Dalton Tran$985 4, Spectra of Complex Molecules, Vol. 2,.adces in Infrared Group
815. FrequenciesChapman and Hall: London, 1980.
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measured differences of 173 and 184 énrespectively. We Pd(OAc);:
used the theoretical wavenumbers that agree most closely with
observed values to calculate the difference, since each vibration
gives rise to two bands. T
As stated above, the very strong band at 338*dsassigned £
to an acetatePd stretch mode. These acetate vibrations can be E
either in or out of phase with each other. When the individual 2
vibrations are in phase, the resulting vibrational mode is fully
symmetric (A' symmetry). This mode is of particular interest
since it will be sensitive to structural changes in the Pd acetate solvent™ di}ner"S&’ - monomer—_000___
species. Furthermore, its intensity is high enough to be seen in T vgo U N [KOAIM)
the dilute solutions we are studying, and this vibration is nqt 1000 1200 1400 1600 1800 2000
overlapped by the much stronger solvent bands in the glacial RAMAN shift/ cm!

acetic acid solution (see e.g. Figure 7a). . ¢ valladi in glacial ic acid

B. Decomposition of Pd Acetate by Potassium Acetate in Figure 7. Raman spectra of palladium acetate in glacial acetic aci

- A p i y X X i on Increasing the potassium acetate concentration. Changes in the

Acetic Acid Solution. Pd acetate dissolved in acetic acid  acetate-palladium and carboxyl stretch bands are shown in the-200
decomposes upon addition of alkali metal acetates, and UV/vis 800 (a) and 10062000 cn1? (b) ranges, respectively.
spectroscopy has been used to study these decomposition o
reactions for the addition of sodium and lithium acefatelere ~ these bands to charge transfers of bridging (404 nm) and
we describe a similar study of the decomposition induced by terminal acetates (about 362 nm). _ o
potassium acetate (KOAc). New structural information on the  In agreement with earlier literatufé,we assign the shifts in
Pd species present was obtained using Raman spectroscopy aripe UVIvis spectra to decomposition of palladium acetate trimers
ab initio calculations. The decomposition of Pd acetate was t© coordinatively unsaturated dimers, and successively to dimers
studied for KOAc concentrations ranging from 0.00 to 2.00 M. that are coordinatively saturated by acetate ligands or to

a. Electronic SpectroscopyPd acetate solvated in glacial monomers, depending on the concentration of alkali metal
acetic acid gives rise to a broad absorption band in the UV/vis acetate. Conversion of trimers to dimers takes place in the
spectrum, with a band maximum near 400 nm. The high concentration range where isosbestic points are observed (up
intensity and energy of this band suggest that it involves ligand- t0 about 0.20 M). At higher concentrations, above 0.50 M
to-metal charge transfer, as is expected to take place from theKOAC, changes in the absorption bands are minor and indicate
acetate ligands to the Pd ions. For comparison, KOAc does not@n equilibrium that does not go to completion. From the UV/
give rise to absorption bands in this spectral range. vis spectra alone it is not clear whether the dimers become

On addition of potassium acetate to a solution of palladium coordinatively saturated with acetate ligands, or whether
acetate in acetic acid, a number of changes in the spectra arénonomers are formed at high KOAc concentration.
observed (see Figure 6). For concentrations up to about 0.10 Fitting the bands observed in our UV/vis spectra gives some
M, a band maximum at 404 nm is found. Furthermore, isosbestic @dditional information, confirming that the bands are indeed
points at 320 and 425 nm appear; this suggests an equilibriumcomposed of just two peaks. This agrees well with the
between two specie8.At 0.50 M KOAc, the band maximum  expectation that all possible Pd acetate species are composed
shifts to 362 nm. Intermediate concentrations (such as 0.20 M) ©f two kinds of acetate groups, bridging and terminal. The sum
show an absorption band that can be represented by a superposff the integrated areas of the bands remains approximately
tion of the two peaks seen individually at low and high KOAc constant with KOAc concentration; that is, the decrease of the
concentrations. Bands at concentrations of 0.20 M or lower show integrated intensity of the peak at 404 nm is compensated by
an isosbestic point at about 450 nm. Bands at higher concentra-2n increase of the intensity of the peak at 362 nm. At higher

tions also show isosbestic points, though less clearly. We assignKOAC concentrations, the peak at 404 nm still has an integrated
intensity greater than half its value with no KOAc added. We

(23) Infrared and Raman SpectroscoBchrader, B., Ed.; VCH Verlags-
gesellschaft mbH: Weinheim, 1995. (25) (a) Rao, C. N. RUItra-Violet and Visible Spectroscopy. Chemical

(24) Stephenson, T. A.; Morehouse, S. M.; Powell, A. R.; Heffer, J. P; Applications 3rd ed.; Butterworth & Co.: London, 1975. (b) Nowicka-
Wilkinson, G.J. Chem. Socl965 3632. Jankowska, TJ. Inorg. Nucl. Chem1971, 33, 2043.
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thus conclude that at high KOAc concentrations, palladium Table 3. Calculated and Measured Vibrational Wavenumbers for
acetate species with bridging acetate groups, such as dimersthe Acetic Acid Monomer and Dimer

are present. The structure of the dimers is unknown. It is also calculated measured
not certain that monomers are actually formed, since the wavenumber/cmt wavenumber/cmt 2
abSOI’ptIOH da.ta. can be We" deSCI‘Ibed by tWO bandS 0n|y. mode/system monomer dlmer monomer d|mer
H.owever,.lt is clear that on addition of KOAc, more species 2(CO0) 216 255 252
with terminal acetate groups are formed, and that the most 5(CO0) wag 550 582 536
significant increase takes place between 0.20 and 0.50 M KOAc. §(C0OO0) sciss 572 620 654 623
Since our observations are in general agreement with the »(C—CHj) 847 887 846 896
literature for other alkali metal acetatéswe refer to the Pd v(C—Oy 1313 1299 1279 1255, 1410
acetate species formed in our experiments using the nomencla- 0(CHg) sym 1392 1407 1340 1371

. i . . 0(CHs) asym 1437 1453 1401 1431
ture proposed in the literature, which allows ready comparison »(C=0) 1773 1691 1799 1683

with the earlier studies.

: : aMeasured with infrared spectroscoffy! ° Calculated values of
The nature of the alkali metal counterion has a pronounced A = ¥(C=0) — 1(C—O0) are 460 and 392 crh for the monomer and

effect u_pon the extent of decomp_osition of _the palladium acetgte. dimer, respectively, whereas the measured values are 520 and 428 cm
Potassium acetate converts all trimers to dimers at concentrations
between 0.10 and 0.20 M, whereas lithium or sodium acetate Changes are also observed in regions of the spectra corre-

converts palladium acetate _trimers to (_jimers at concentrationsspondmg to carboxyl stretch and deformation modes (see Figure
of 0.5 and 0‘.2 M, resp_ectlvelﬂi? Alkah. me_tal acetates are 7). Several new bands and shoulders appear at potassium acetate
thermodynamically prgdlcted to dl_ssouate in solufihiow- concentrations between 0.50 and 1.00 M. New bands show up
ever, the concentration of alkali metal acetate needed t0 o 533 and 677 et in this concentration range. Furthermore
completely convert all palladium acetate trimers to dimers is 5 hey shoulder appears on the carborygen stretching band
proportional to the solvation energy of the alkali metal cation. ¢ha acetic acid dimer at 1345 ¢ A much more pronounced
Th.e grgater thg solyatlon energy, the more the equilibrium is band at 1730 crt appears in the same KOAc concentration
shifted in the dlregtlon of decomposed palladlum acetate. Of range. The new bands appear concurrently with the band at 300
these three alkali metal acetates, potassium acetate MOSLy-1 ang therefore originate from the same palladium acetate
efficiently decomposes palladium acetate. ~ species. Even at much lower KOAc concentrations, beginning

b. Raman Spectroscopy Palladium acetate in acetic acid 4t apout 0.20 M, traces of the new bands are visible. At
solution gives rise to a band at 346 ch(see Figure 7a). The  concentrations between about 0.50 and 1.00 M they become
band at 346 cmt is a_ssu_gned to the in-phase palladitacetate ~ more pronounced. The band at 1730érhas been assigned
stretch mode, and is likely to be the same band observed intg g carbonyl stretch mode of ester-like bound acéawe
Figure 4 at 338 cm'. Polarization analysis shows that this band  5ssign all these bands to terminal acetates, belonging either to
is polarized p = 0), indicating that the palladiuacetate  gimeric or to monomeric palladium acetate species. These
stretch mode has Asymmetry and thus is totally symmetric.  assignments are partially based on our theoretical studies (see
This is the only readily observable band of the solvated eyt section).

palladium acetate complex. Surprisingly, in deuterated glacial |, summary, trimeric PdOAc species decompose on addition
acetic acid the €H stretch band of Pd acetate is not observed, ;¢ koac. Up to 0.10 M KOAc, trimeric PdOAc species are
presumably due to exchange of the acetate ligands with the ;oqent. Between 0.10 and 0.20 M KOAc, these species convert
solvent during the long required equilibration time. Such ;5 gifferent form of PdOAc. Above 0.20 M, new species that
exc_flange is indicated by a shift of the 346 ¢nband to 334 1 ain terminal acetate ligands are formed, as can be seen from
cm. At elevated temperatures, the band at 346 omaintains 6 carhoxyl deformation and stretching bands. These bands are
the same energy and its intensity increases, reflecting preservayqak petween 0.20 and 1.00 M KOAc. Above 1.00 M. a third
tion of the trimer structure and increased solubility. For example, inq of palladium acetate species is present WhiCh, has an
at 373 K itis increased by nearly a factor of 3. _acetate-palladium stretching band at 300 cin The carboxyl
changes take place. These changes are not due to the KOACihese high KOAc concentrations. The observed spectroscopic
since at high concentrations bands that would be gxpected forchanges suggest that the trimers first decompose to dimers, and
KOAc?" are not observed. In the acetate-palladium stretch then successively to monomers, at concentrations of-@1ZD
region, distinct changes occur. The band at 346'aiisappears | and 0.50-1.00 M KOAc, respectively. At intermediate

at KOAc concentrations above 0.20 M. At higher KOAc ¢oncentrations the dimeric species are coordinatively unsaturated
concentrations, between 0.50 and 1.00 M, a new weak bandpy acetate ligands. Our data are also consistent with a situation

shows up at 300 crit. In agreement with the UV/vis measure- iy which Pd acetate dimers are the only decomposition products

trimeric species being completely converted to dimeric or cgncentrations of KOAC.
monomeric PdOAc species within the small KOAc concentra- ¢ Thegretical Calculation of Vibrational Wavenumbers.
tion range of 0.16-0.20 M. At KOAc concentrations above 0.50 14 orm a basis of comparison for the terminal acetate ligands,

M the new Raman band at 300 chappears. We assign this  yha yibrational wavenumbers of acetic acid monomers and

new band to an acetatpalladium stretching vibration of  gimers have been evaluated (see Table 3). All calculated
terminal acetate groups. This assignment is based upon oulyayenumbers agree within 3.5% with experimental wavenum-
theoretical studies (see next section). bers, which is accurate enough for our studies. Only the
calculated scissors mode wavenumber of the acetic acid

(26) CRC Handbook of Chemistry and Physitst ed.; Lide, D. R., Ed.; i iqnifi i
CRC Press: Boca Raton, FL, 1090, monomer differs significantly from the measured value. This

(27) Ross, S. Dinorganic Infrared and Raman SpecttdcGraw-Hill Book
Company (UK) Limited: London, 1972, and references therein. (28) Augustine, S. M.; Blitz, J. Rl. Catal. 1993 142 312.
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mode is calculated to have far too low a wavenumber, for v.m v
reasons that are presently unknown. A reason could be a large  [Pd(OAc),: £ L00
anharmonicity of the mode, which cannot be considered in our '
theoretical computational method.

The calculated and the measured wavenumbers of the 4
carbon-oxygen stretching modes also do not agree. However, &
the trend observed experimentally, that the difference between
the symmetric and asymmetric stretching modes for the mon-
omeric acetic acid species is larger than for the dimeric species,
is reproduced by the calculation. The calculated values agree
well enough with experiment to assign the vibrational spectrum
of the acetic acid solvent.

171
=
4
=

4
d
dimer 8CH3 L JNONOMET flow (min)

A number of new bands appear as palladium acetate  fsolvent — Tyl O Sy T
decomposes to dimeric and monomeric species. In addition to 1490 1200 1400 1600 1800 2000
wavenumber changes in the acetgtalladium stretching mode, RAMAN shift/ cm-!

the carboxyl group vibration is also aﬁ?Cted' Most of the bands Figure 8. Raman spectra of palladium acetate in glacial acetic acid
appear (see Table 2) when palladium acetate dimer andon reacting with ethylene. In this range, changes in carboxyl stretch
monomer species are formed. In these species, terminal acetateodes are shown. The bottom part of the scheme shows assignments
ligands are bound in a bidentate way to palladium. Acetate is to the acetic acid solvent, whereas the top part shows assignments to
thereby bound to palladium via two more or less equivalent Palladium acetate species.

palladium-oxygen bonds. These acetates are more similar to mechanism. It is interesting to compare the homogeneous and

gcetic acid than o the bridging acetate ligands that are presentneterogeneous reactions in order to determine if some of the
in the palladium acetate trimer. steps in the acetoxylation mechanism are the same.

The terminal acetate groups are modeled as an acetate group | oyr work, the homogeneous acetoxylation of ethylene by
bound to a single palladium ion, with highly localized acetate pq gcetate was followed using Raman spectroscopy. During the
vibrations. Assuming the accuracy _Of this terminal acetate cqyrse of the reaction, the trimer concentration decreased
model, all the observed spectroscopic changes can pe U”dergradually (see Figure 9a). In contrast to the effect of adding
stood. The wavenumber of the terminal acetgialladium  KOAc to the solution, the absence of any observable changes
strgtchlng vibration is calculated to be 293 @mThis value is in the acetate palladium stretch region (near 300 thisuggests
shifted by 44 cm* to lower wavenumber compared to the in-  that decomposition to the monomer does not take place. The
phase stretching vibration of bridging acetate groups. The Ramanpy scetate is gradually reduced to Pd black by reaction with
band at 300 cm! can therefore be assigned to a terminal acetate ethylene (we did not reoxidize the Pd in our study).
ligand. The terminal acetate carboxylic group vibrational modes  gayeral changes are seen in the carboxyl stretch region
are predicted to appear at 521 cthn(wag) and 642 cm (1200-1800 cntl), as illustrated in Figure 8. A shoulder
(scissor), the first at lower and the second at higher wavenumberappears on the low-energy side of the band assigned to the
compared to similar vibrations of the acetic acid dimer (582 carponyl stretch mode of the acetic acid dimer. The same
and 620 cm?). This agrees reasonably well with the wave- ghoulder also appears upon addition of KOAc. We suggest that
number shifts we observe. These bands are therefore assignehjs shoulder signals the decomposition of the palladium acetate
to terminal acetates as well. Since terminal acetate groups ar&yimers to dimers. Another very weak shoulder at about 1648
present in both the palladium acetate dimer and monomer, the -1 appears soon after ethylene begins flowing through the
observation that these bands increase in intensity with increasingsg|ution. This band could originate from a vinylic carbon
KOAc concentration is consistent with the formation of either 5/0n stretch, indicating that vinyl acetate is formed. A band
of these species, but does not permit a simple differentiation characteristic of the vinyl acetate carboxyl group is not observed
between the two species based upon their wavenumbers.  qye to the very low concentration. We would expect such a

The most likely palladium acetate species are shown in Figure band to occur at a wavenumber higher than that of the carbonyl
2. There is actually a whole range of monomeric and dimeric stretch mode of dimeric acetic acid, rather than at the observed
species conceivable. Both the dimer and the monomer could|ower wavenumber of 1648 crh.
be more or less completely coordinatively saturated. In our  Some GC/MS measurements were performed to determine
spectroscopic studies, we observe that palladium acetate specieghe products formed. Vinyl acetate is formed, which indicates
become more saturated as the potassium acetate concentratiofhat acetoxylation indeed occurs under our reaction conditions.
increases. It is not clear if this is caused by the formation of The selectivity for vinyl acetate is low, with acetaldehyde being
palladium acetate monomeric species or if the dimeric speciesthe main product. Also, a number of other byproducts are formed
become more coordinatively saturated. Both schemes fit all datato a lesser extent as a result of coupling reactions. The bands
from our experiments and from experiments performed in the observed by Raman spectroscopy in thekCstretch region

past. could correspond to the vinyl acetate and acetaldehyde products,
d. Semi in Situ Study of the Vinyl Acetate Formation.The whereby the former is formed first according to the Raman

heterogeneous acetoxylation reaction has been studied by meanspectra.

of DRIFT spectroscopy by Augustine and Bf€&They utilized The formation of products has also been followed spectro-

Pd supported ome-alumina (1.2 wt % Pd) as catalyst, and a scopically. Unfortunately, most of the product vibrational bands
mixture of KOAc and KOH as promoter. From their experi- overlap the solvent bands. This problem can be somewhat
ments, they concluded that the active phase of the heterogeneoualleviated by using deuterated glacial acetic atjds a solvent.
catalyst is some form of surface palladium acetate, which is All hydrocarbons that form containing hydrogen from Pd acetate
formed under reaction conditions. They also concluded that or ethylene will be observable in this solvent. Since the product
vacancies in the Pd coordination sphere are important in the concentrations are very low, however, the bands are weak.
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Table 4. Selectivity of Various Palladium Acetate Species on

(@) Reacting with Ethylerfe
\ VpdOAc added KOAc (M) expected species MS area AcH/VAc
\ijl\ 0.0 trimer 21
0 90 0.2 dimer 12
z ‘:’g 2.0 monomer 159
E ‘5’ N aGiven are relative proportions of formed acetaldehyde (AcH) to
g b1 vinyl acetate (VAc) as a function of added potassium acetate (KOAC).
15 Products have been determined by GC/MS.
150 In addition to the acetoxylation reaction catalyzed by Pd
ﬂo(mm)OAc-d ) — acetate trimers, the reactions with dimers and monomers were
also studied. By adding 0.20 or 2.00 M KOAc to the solution,
200 . 360 ' 4(‘)0 : 5(‘)0 : 660 : 200 the predominant p_alladium acetate speci_es are dimers or
RAMAN shift/ omr! monomers, respectively. By v_|sual observation, it is seen that
Pd black forms fastest when dimers are present. The monomers
(b) i and trimers are less active than the dimers. Thus, it is plausible
that the trimers must decompose to dimers to become active,
| N ] whereas monomers must be converted to dimers. Analyses of
I . MM“WM“J the solutions show that the various palladium acetate species
. /M::w I have different selectivities (see Table 4). GC/MS product
2 A w¢/\JWMMNMMMWMMM analysis shows that acetaldehyde is the main product, indepen-
g T M::; o N ] dent of the Pd acetate species present. Dimers appear to be the
= - R B most selective species in the acetoxylation, followed by trimers
WWM and monomers. More extensive studies of the kinetics are given
WM in the literature’.®
WWMM One of the important questions that remains unanswered
WWM Biian SO concerns the catalytic activity of the Pd black formed by
flow (min) reduction of Pd acetate by ethylene. It is not possible at this
: : : . ; : ‘ time to exclude completely a catalytic role for these particles.
2800 2900 3000 3100 3200 The formation of products is, however, observed when virtually
RAMAN shift/ cm! no visible Pd black has formed. Furthermore, Pd black is not

Figure 9. Raman spectra of palladium acetate in glacial acetic acid- catalytically active for vinyl acetate formation; rather, surface
d, on reacting with ethylene. The progression of the reaction is followed 5.atates are the active spe&feand they are formed only in
by the decreased intensity of the 334 ¢rband (a) and appearance of 29 - _
small bands in the hydrogercarbon stretch region (b). the presence qf oxygert: Moreover, the formation of acetal
dehyde from vinyl acetate is, to our knowledge, reported to be

While the concentration of Pd acetate trimers gradually catalyzed only by palladium(lf) complexes.

decreases, produc_ts are s_equentially formed (s_ee Figure 9). SooR, Summary and Conclusions

after ethylene begins flowing through the solution, a weak band

at 3006 cm! is observed. This is a primary product, which is The Raman and the infrared spectra of the palladium acetate
not converted to a secondary product. Since this band is at atrimer have been assigned. A very strong Raman band at about
different wavenumber than the-@ stretch of acetic acid, it 340 cnt! is characteristic of the trimer structure and probably
cannot be assigned to a methyl group of an acetate. An evencorresponds to an in-phase acetgtalladium stretch mode. In
weaker band gradually appears at 2927 tafter a much longer  glacial acetic acid, the trimer structure is stable, with a solubility
period of passing ethylene through the solution, perhaps thatis a function of temperature. However, the bridging acetate
indicating formation of a secondary product. The weak band at ligands seem to exchange readily with acetate from the solvent.
3006 cnt! appears during the same time period as the very  Both UV/vis and Raman spectroscopy indicate the decom-
weak shoulder at 1648 crh This band could therefore originate ~ position of palladium acetate trimers to dimers, and perhaps
from vinyl acetate, with the EH stretch assigned to the vinyl ~ also to monomers, upon addition of potassium acetate to the
group. There are no other bands that appear at this time whichacetic acid solution. This observation agrees with literature
could be assigned to a methyl group. The much weaker bandreports of decomposition by addition of lithium or sodium
at 2927 cm® might originate from a methyl group. Since several acetate.® Equilibria between Pd acetate species are shifted
products are formed at low concentrations, assignment of this further toward the dimers and monomers if K, rather than Li or
band is not possible. Acetaldehyde is, however, the main productNa, is the counterion. Dimers become the predominant Pd
in this reaction (see below) and could give rise to the band at acetate species at KOAc concentrations between 0.10 and 0.20
2927 cntl. It is interesting to note that acetaldehyde has been M. Above about 0.50 M KOAc, a new species is formed,
reported to form as a secondary product due to decompositionpresumably monomeric. A strong Raman band appears at 1730

of vinyl acetate or acetic acid anhydride catalyzed by palladium- cm™* as the decomposition progresses. This same band has been
(1) chloride in acetic acid! assigned in the literature to the active phase in the heterogeneous

systen?® We assign this band to terminal acetate ligands. In

(29) (a) Debellefontaine, Hl. Chim. Phys1978 75, 801. (b) Nakamura,

S.; Yasui, T.J. Catal.197Q 17, 366. (31) (a) Maitlis, P. M.The Organic Chemistry of PalladiunAcademic
(30) (a) Weltner, W., JrJ. Am. Chem. Sod.955 77, 3941.(b)J. Chem. Press: New York, 1971; Vol. 2 and references therein. (b) Henry, P.
Phys.1964 41(6), 1554. (c) Nakamoto, K.; Kishida, $. Chem. Phys. M. Palladium Catalyzed Oxidation of HydrocarbgriReidel: Dor-

1964 41(6), 1558. drecht, 1980; Vol. 2 and references therein.
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the heterogeneous system, acetate bound in an ester-like way In summary, the results of our study show that the Pd acetate
to palladium, rather than at bridging sites, would be analogous species present in acetic acid solvent are strongly dependent
to the terminal acetates. The studies in the literature of the on the concentration of alkali metal acetate added. We have
heterogeneous reaction are therefore in general agreement witlused UV/vis and Raman spectroscopic methods to study this
our observations for the homogeneous reaction. concentration dependency, as well as DFT theoretical modeling.
Acetoxylation of ethylene to vinyl acetate by Pd acetate Fyrthermore, we show that DFT theoretical methods are able
solvated in glacial acetic acid takes place at room temperature g predict vibrational wavenumbers very accurately, as we have
Palladium acetate trimeric species are probably converted only gemonstrated by comparison with our Raman and FT-IR
to dimers during the reaction, which are far more catalytically gpectroscopic measurements on trimeric Pd acetate. Finally, we
active than the trimers and the monomers. The formation of g,y that dimeric Pd acetate species are the active and selective
hydrocarbon prpducts can be followed by Raman Spe,CtrOSCOpy'species in the homogeneous catalyzed vinyl acetate formation,
Product analysis shows that acetaldehyde, formed either by theWhiCh can be followed in-situ by Raman spectroscopy.
Wacker process or by the secondary decomposition of a primary
product, is the major product. Vinyl acetate is also formed. Two  acknowledgment. This work has been supported by E. I.
small bands in the €H and C-C stretch regions suggest that b ,pont de Nemours & Company (Wilmington, DE). Experi-
the acetoxylation takes place first. In contrast to the heteroge- . ants and calculations were performed at the DuPont Experi-
neous system, the strong band at 1730 tuies not appear mental Station. The authors would like to thank Robert J.

during thg reaction. Since this banq mdu;ates the presence OfSmalley for his technical help with the Raman and UV/vis
monomeric palladium acetate species, it is clear that this band .
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does not correspond to the most active and selective Pd acetat
species in the homogeneous system. 1C980399G





