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Molecular Sieves...
- inhibit H>O, disproportionation

- serve as a Bronsted base to enhance the reaction rate
- provide a heterogeneous support to stabilize the catalyst !

- do not alter the influence of water on the reaction

Methods for palladium-catalyzed aerobic oxidation of alcohols often benefit from the presence of molecular
sieves. This report explores the effect of molecular sieves on the Pdgpyijine and Pd(OAg)

DMSO (DMSO= dimethyl sulfoxide) catalyst systems by performing kinetic studies of alcohol oxidation

in the presence and absence of molecular sieves. Molecular sieves enhance the rate of theyPd(OAc)
pyridine-catalyzed oxidation of alcohols, and the effect is attributed to the ability of molecular sieves to
serve as a Brgnsted base. In contrast, no rate enhancement is observed for the Hol{(H®)catalyzed
reaction. Both catalyst systems exhibit improved catalyst stability in the presence of molecular sieves,
manifested by higher catalytic turnover numbers. Control experiments indicate that neither of these
beneficial effects is associated with the ability of molecular sieves to absorb water, a stoichiometric
byproduct of these reactions. Finally, the use of simultaneous gas-uptake and in-situ IR spectroscopic
studies reveal that molecular sieves inhibit the disproportionatiorns©f,Hin observation that contradicts

a previous suggestion that the beneficial effect of molecular sieves may arise from their ability to promote
H,0, disproportionation.

Introduction significant beneficial effect on the catalytic reactién®’-°
Because water forms as the stoichiometric byproduct of dioxy-

Over the past 10 years, the development of aerobic palladium- ° g
gen reduction (Scheme 1), it is reasonable to expect that

catalyzed oxidation reactions has advanced significarithese
methods are.partlc.ularly effective for aeroblc alcqhol OX|dat|op (4) () Jensen, D. R.: Pugsley, J. S.. Sigman, MJ.SAm. Chem. Soc.
(Scheme 1), including examples of kinetic resolution of racemic 2001 123 7475-7476. (b) Ferreira, E. M.; Stoltz, B. Ml. Am. Chem.
secondary alcohok® The catalyst systems developed for these 2005-2001 12,3 75732%77%365 (C)zl\(/)lggczieg, 4860@ jgg;e?d)DM R-(;]I Plugslﬁy, J.
; ; ; i S.; Sigman, M. SJ. Org. Chem , . andal, S. K,;
reactions (Chart 1) have bgen the sybjtig:t of extensive experi Sigman, M. S.J. Org. Chem2003 68, 7535-7537. (¢) Bagdanoft. J. T -
mental and computational investigatigh;'” and both mecha-  ferreira, E. M. Stoliz, B. MOrg. Lett. 2003 5, 835-837. (f) Bagdanoff,
nistic and empirical screening studies have contributed to theseJ. T.; Stoltz, B. M.Angew. Chem., Int. E2004 43, 353-357. (g) Caspi,
developments. D. D.; Ebner, D. C.; Bagdanoff, J. T.; Stoltz, B. Mdv. Synth. Catal.

. 2004 346, 185-189. (h) Stoltz, B. M.Chem. Lett2004 33, 362-367.
For a number of t.hese catalyst systems, includagD, F, (5) (a) Schultz, M. J.; Park, C. C.; Sigman, M.Ghem. Commur2002
and H, molecular sieves (3 or 4 A) were found to have a 3034-3035. (b) Schultz, M. J.; Hamilton, S. S.; Jensen, D. R.: Sigman, M.

S.J. Org. Chem2005 70, 3343-3352.
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SCHEME 1. Simplified Catalytic Cycle for
Palladium-Catalyzed Aerobic Oxidation of Alcohols
1/2 O, + H,0
iv LPdX,
H,0, R,CHOH
i i
R,C=0
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Steinhoff et al.

CHART 1. Catalyst Systems for Palladium-Catalyzed
Aerobic Oxidation of Alcohols
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molecular sieves improve the reactions by sequestering water

in the organic reaction mediuti.Additionally, Uemura and

alcohol is hydrogen-bonded to an acetate ligand of ()

co-workers have proposed that molecular sieves enhancepac), 1:-RCH,OH (eq 3). Alcohol oxidation proceeds via

catalytic turnover by promoting the hydrogen peroxide dispro-
portionation (eq 15° If hydrogen peroxide is present, it might
inhibit formation of a Pd(l1}-alkoxide species (eq 29.

H,0, — ',0, + H,0 (1)

L,(X)Pd—OOH + RCH,OH == L ,(X)Pd—OCH,R + H,0,
(2)

The Pd(OAcypyridine catalyst system is effective for aerobic
alcohol oxidation even in the absence of molecular sié¥es,
and we recently reported a mechanistic study of benzyl alcohol
oxidation under such conditiod$Kinetic studies revealed the
principle features of the catalytic mechanism (egs63 In-
situ IH NMR spectroscopic studies enabled us to characterize
the catalyst resting state, which consists of an equilibrium
mixture of (pypPd(OAc), 1, and an intermediate in which the

(10) steinhoff, B. A.; Fix, S. R.; Stahl, S. 8. Am. Chem. So002
124, 766-767.

(11) (a) Steinhoff, B. A.; Stahl, S. $rg. Lett.2002 4, 4179-4181.

(b) Steinhoff, B. A.; Guzei, I. A.; Stahl, S. 3. Am. Chem. So2004 126,
11268-11278.

(12) (a) Mueller, J. A.; Jensen, D. R.; Sigman, MJSAm. Chem. Soc.
2002 124, 8202-8203. (b) Mueller, J. A.; Sigman, M. S. Am. Chem.
S0c.2003 125 7005-7013. (c) Trend, R. M.; Stoltz, B. Ml. Am. Chem.
S0c.2004 126, 4482-4483. (d) Nielsen, R. J.; Keith, J. M.; Stoltz, B. M;
Goddard, W. A,, lllJ. Am. Chem. So€004 126, 79677974. (e) Mueller,

J. A,; Cowell, A.; Chandler, B. D.; Sigman, M. $. Am. Chem. So005
127, 14817-14824.

(13) Schultz, M. J.; Adler, R. S.; Zierkiewicz, W.; Privalov, T.; Sigman,
M. S.J. Am. Chem. So@005 127, 8499-8507.

(14) (a) Stahl, S. S.; Thorman, J. L.; Nelson, R. C.; Kozee, Ml.AAm.
Chem. Soc2001, 123 7188-7189. (b) Stahl, S. S.; Thorman, J. L.; de
Silva, N.; Guzei, I. A;; Clark, R. WJ. Am. Chem. So@003 125 12—13.

(15) (a) Mueller, J. A.; Goller, C. P.; Sigman, M. &.Am. Chem. Soc.
2004 126, 9724-9734. (b) Privalov, T.; Linde, C.; Zetterberg, K.; Moberg,
C. Organometallics2005 24, 885-893.

(16) (a) ten Brink, G.-J.; Arends, |. W. C. E.; Papadogianakis, G.;
Sheldon, R. AAppl. Catal., A200Q 194—-195 435-442. (b) ten Brink,
G.-J.; Arends, I. W. C. E.; Sheldon, R. Adv. Synth. Catal2002 344,
355-369. (c) ten Brink, G.-J.; Arends, I. W. C. E.; Hoogenraad, M.; Verspui,
G.; Sheldon, R. AAdv. Synth. Catal2003 345, 497—505. (d) ten Brink,
G.-J.; Arends, I. W. C. E.; Hoogenraad, M.; Verspui, G.; Sheldon, R. A.
Adv. Synth. Catal2003 345, 1341-1352.

(17) Paavola, S.; Zetterberg, K.; Privalov, T.; "@sgh, |.; Moberg, C.
Adv. Synth. Catal2004 346, 237-244.

(18) Dyer, A.An Introduction to Zeolite Molecular Sies John Wiley
& Sons: New York, New York, 1988.

(19) This proposal does not explain why water, one of the products of
hydrogen peroxide disproportionation, would not inhibit formation of the
Pd(Il)—alkoxide intermediate.
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subsequent formation of a Pd(Halkoxide intermediate, with
release of acetic acid (eq 4), dissociation of pyridine (eq 5),
and p-hydride elimination (eq 6).

(py)2Pd(OAC), + RCH,OH ki

(Py)oPd(OAC),*RCH,0H  (3)
1-RCH,OH

CH,R '

o}

l-..-.-..--.---.-._-.p.y ........... !
k
1-RCH,0H ===== (py),Pd(OAC)(OCH,R) + AcOH 0
2
ks o
2 —; AcO—Pd=OCH,R + py ®)
S O
3
3 —K o [oyPdHIOA)] + RCHO ©

In the present study, we have examined the effect of
molecular sieves on the mechanism of Pd(QAwm)ridine-
catalyzed alcohol oxidation. These studies confirm that molec-
ular sieves significantly enhance the reaction atmyt the data
do not support either of the aforementioned roles for molecular
sieves. Specifically, molecular sieves are not needed as a
dehydrating agent because water does not inhibit the reaction
under the conditions tested, and thlyibit, rather than promote,
hydrogen peroxide disproportionation. Molecular sieves instead
appear to benefit the reaction by serving as a basic “buffer” to
promote formation of the Pd(Halkoxide intermediate (eq 4)
and by enhancing catalyst stability, either by promoting catalyst
reoxidation or by hindering palladium(0) aggregation (steps i
and iii, Scheme 1, respectively). This catalyst-stabilizing effect
is reproduced, and is even more profound, in the Pd(@Ac)
DMSO-catalyzed alcohol oxidation. The use of molecular sieves
has not been reported previously for this catalyst system, which
is particularly susceptible to catalyst decomposition. We propose
that molecular sieves arrest catalyst decomposition by providing
a heterogeneous surface for site isolation of metastable pal-
ladium(0) species. These results have important implications
for future developments in palladium-catalyzed oxidation reac-
tions because the traditional method for improving catalyst
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FIGURE 1. Dependence of the initial rate of gas uptake on the quantity FIGURE 2. Typical reaction time course for the oxidation of
of 3 A molecular sieves in the aerobic oxidation of benzyl alcohol. 1-phenylethanol by the Pd(OA#pyridine system. Inset: Logarithmic
Conditions: 5.00 mM Pd(OAg) 20.0 mM pyridine, 100 mM benzyl plot of the alcohol concentration over time. Conditions: 5.0 mM Pd-
alcohol, 700 Torr @ 0.02-1.00 g of 3 A molecular sieves, 8, (OAc), 20.0 mM pyridine, 100 mM 1-phenylethanol, 750 Torg, O
10 mL of toluene. 80 °C, 10 mL of toluene.

stability in nonoxidative palladium catalysis via the use of soft 40 — g T
donor ligands (especially phosphines) is generally not compat- & 35 E_i = 1
ible with oxidizing reaction conditions. E P . " ]
=30¢: . -
o | with MS3A 3
Results and Discussion g 25 ¢t © without MS3A |4
Kinetic Studies of the Pd(OAc)/Pyridine System in the : 20 3 E
Presence 6 3 A Molecular Sieves (MS3A)2 A catalyst w15 E E
consisting of Pd(OAg)pyridine at 5:20 mol % loading promotes n_: 10 ]
the aerobic oxidation of 1-phenylethanol in toluene (eq 7). The .8 N ® L] e ¥
gas-uptake rate increases significantly in the presence of MS3A, ‘& 5 r E
and the effect maximizes at a loading of 50 mg/mL toluene  ~ O F. . vt i
(Figure 1). 0 10 20 30 40 50
[H,O0] (equivalents)
OH o
©)\ zs:giﬁg)%z(g%) ©/U\ FIGURE 3. Dependence of the initial rate of gas uptake on the
+ 120, + H0 @ equivalents of water in the aerobic oxidation of benzyl alcohol.
(tatm) =MS3 loluene Conditions: 5.00 mM Pd(OAg) 20.0 mM pyridine, 100 mM benzyl

alcohol, 6G-40 equiv of HO relative to [Pd], 700 Torr @ 0.50 g of
Molecular sieves are commonly used as a drying (i.e., water 3 A molecular sieves, 80C, 10 mL of toluene.

sequestering) agent for organic solvents; however, two observa-reactions conducted in the absence of molecular sieves. The
tions indicate the beneficial effect of molecular sieves does not [a1conol] dependence (Figure 4A) displays saturation behavior
arise from this property. First, the gas-uptake time course and the @ pressure dependence (Figure 4B) is zero order above
obtained for alcohol oxidation performed in the absence of 3 minjimum pressure threshold. Variation of [pyridine] reveals
molecular sieves exhibits clean exponential decay (Figure 2). that the optimal initial rate under both conditions is obtained at
This result suggests that water formed during the reaction doesg 1:1 pd/pyridine ratio (Figure 4C). Below 1 equiv of pyridine,
not interfere with catalytic turnover. Furthermore, intentional the catalyst is extremely prone to decomposition and the rate
the reaction has no effect on the turnover rate, both in the peyond 1 equiv, the rate decreases. Finally, the reaction rate is
presence and absence3A molecular sieves (Figure 3). inversely proportional to the acetic acid concentration (Figure
Further studies to probe the effect of molecular sieves focused),
on evaluating the dependence of the rate on the concentration  peyterium kinetic isotope effect (KIE) data provide further
of the individual reaction components, including [benzyl eyidence that molecular sieves do not dramatically affect the
alcohol], pO;, [pyridine], and [catalyst] (catalyst 1:4 ratio of reaction mechanism. Comparison of the initial rates of oxidation
Pd(OAc)/pyridine). T_he effect of [AcOH]_was also tested. Th_e of PhC(H)(CH)OH and PhC(D)(CHOH reveals kinetic isotope
results of these studies are compared directly to those obtainecffects ofky/ko = 1.5+ 0.2 and 1.7+ 0.2 in the absené®
in the absence of molecular sie¥em Figure 4. . and presence of MS3A, respectively. If monodeuterated benzyl
Overall, the data suggest that reactions conducted in theg|cohol, PACHDOH, is oxidized, an intrinsic isotope effect of
presence of molecular sieves proceed significantly faster; 2 6 1 0.2 is obtained, both in the absence and presence of
however, the qualitative kinetic features are very similar to the pg3a.

One significant effect of molecular sieves is their ability to

(20) MS3A are molecular sieves of the A-type zeolitehw& A pores
arising from the partial substitution of potassium for sodium ions in the
aluminosilicate lattice. For detailed descriptions of molecular sieves and
other zeolites, see ref 18.

promote catalytic turnover in the absence of pyridine (Figure
4C). Pd(OAc) promotes only stoichiometric oxidation of
alcohol with concomitant formation of palladium black if

J. Org. ChemVol. 71, No. 5, 2006 1863
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FIGURE 4. Kinetic dependences with the Pd(OAlpyridine system. Standard conditions: 5.0 mM Pd(QA2D.0 mM pyridine, 100 mM benzyl
alcohol, 700 Torr @ with or without 0.50 g 63 A molecular sieves, 80C, 10 mL of toluene.

pyridine and molecular sieves are both absent from the reactionconducted in the presence and absence of molecular sieves
mixture. The addition of 0.50 g of MS3A to the reaction mixture, reveal distinct differences over the course of the reaction (Figure
however, enables catalytic turnover to proceed with a rate similar5). In the absence of MS3A, the ,Opressure decreases
to that observed under standard conditions (i.e., Pd(@Ac) monotonically with an exponential decay. In contrast, the
pyridine= 1:4) in the absence of molecular sieves. This result reaction containing molecular sieves rapidly consumes dioxygen,
suggests that molecular sieves either enhance the rate of Pd(Ojeaching a pressure minimum in approximately 90 min, and
oxidation by the molecular oxygen or reduce the rate of Pd(0) beyond this time, the pressure slowly rises, approaching a
decomposition, steps ii vs iii, respectively, in Scheme 1 (see plateau at an oxygen pressure corresponding to the theoretical
further discussion below). stoichiometry of ROH/Q = 2:1.

Simultaneous Gas-Uptake/in-Situ FTIR Spectroscopic These observations can be explained by noting that the initial
Studies.Analysis of the gas-uptake kinetic traces for reactions product of dioxygen reduction is hydrogen peroxide (Scheme

1864 J. Org. Chem.Vol. 71, No. 5, 2006
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FIGURE 5. Typical reaction time course for the oxidation of

1-phenylethanol by the Pd(OA#yridine system. Conditions: 5.0 mM Time (min)
Pd(OAc), 20.0 mM pyridine, 100 mM 1-phenylethanol, 750 Tors, O H H
either with or withow 3 A molecular sieves, 80C, 10 mL of toluene. B. With Molecular Sieves
: T T T T T T T
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1). Slow hydrogen peroxide disproportionation could cauBe £ 40+ ®e®co0at® cecoesers |
equiv (up to 1.0 equiv) of dioxygen to be consumed during £ 000000090000 00009%9%,
oxidation of the alcohol substrate. The data suggest that ;’ '/
molecular sieveinhibit hydrogen peroxide disproportionation g 30} ° 7
under the present reaction conditions. c ]
To probe the HO, disproportionation hypothesis further, we _°=’ 20| ® 22%02g J
S P . §5§ 2222222224
performed the reaction in a manner that enabled us to monitor 8‘ Q)f“ i29gdagagddaaadaga
. : ) I o
s!multaneously the cﬁoxygen consumption and alcohol QX|dat|on s 1.0 8 0 0, consumption (mmol) |
via gas-uptake and in-situ FTIR spectroscopy, respectively. The &J LU ra e Acetophenone (mmol)
product, acetophenone, exhibits a diagnostic infrared absorption~, A 1/2 Acetophenone (mmol)
at 1691 cm? that can be monitored conveniently throughout O ) , . - - . -
the reaction. The results of this study are shown in Figure 6. In 0 50 100 150 200 250 300 350 400

the absence of molecular sieves, dioxygen consumption and Time (min)
acetophenone formation track together throughout the time

course in a 1:2 ratio (Figure 6A) as predicted by the regctlon FIGURE 6. Comparison of dioxygen consumption and acetophenone
stoichiometry (eq 7). In the presence of molecular sieves, production during Pd(OAg)pyridine-catalyzed oxidation of 1-phe-
however, the stoichiometry of dioxygen consumption and nylethanol in the absence (A) and presence (8 A molecular sieves
acetophenone production initially exhibits a 1:1 ratio. The present. Conditions: 12.5 mM Pd(OA¢$0.0 mM pyridine, 250 mM
theoretical reaction stoichiometry of 1:2 is achieved only after 1-phenylethanol, 800 Torr ©80°C, 15 mL of toluene;+0.750 g of
extended reaction times (Figure 6B). These results are best3 A molecular sieves.

rationalized by proposing that molecular sieves stabilize hy- 35
drogen peroxide under the reaction conditions or otherwise
inhibit its disproportionatioi!

Effects of Molecular Sieves on the Pd(OAg)DMSO
System.The Pd(OAc)DMSO catalyst system has been em-
ployed in the aerobic oxidation of numerous organic sub-
strates’?? including alcohol$. Molecular sieves are generally
not used in these reactions. In our prior kinetic studies of Pd-
(OACc),/DMSO-catalyzed aerobic alcohol oxidation, we noted
the propensity of this catalyst system to decompose via
palladium aggregatioff. On the basis of our observation that
molecular sieves promote catalyst reoxidation in the Pd(@Ac) ! L L 1 ! L
pyridine-catalyzed reaction (cf. Figure 4C at [py] 0 mM), 0 20 40 60 80 100 120
we decided to probe the effect of molecular sieves on Pd(®Ac) MS3A (mg)
DMSO-catalyzed oxidation of 1-phenylethanol.

In contrast to the Pd(OAgpyridine system, molecular sieves
have no effect on the initial rate of catalytic turnover (Figure

w
o
T

[ ]
[
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N
(&,
®
[
[ J
I

Initial Rate (umol/min)
N
o

= A
oS O O O
T
L

FIGURE 7. Dependence of the initial ratena A molecular sieves.
Conditions: 2.5 mM Pd(OAg) 730 Torr Q, 0.52 M 1-phenylethanol,
0—116 mg of 3 A molecular sieves, 2 mL of DMSO, 8G.

(21) This proposal contrasts with the earlier suggestion by Uemura that 7). AnOthe_r d_'s_tmcuon between the two reactions _IS the TaCt
MS3A promotehydrogen peroxide disproportionation. In their study of that water inhibits the Pd(OAgPMSO-catalyzed reaction. This

benzyl alcohol oxidatiof? the O::benzaldehyde ratio was 1:1 in the absence inhibitory effect is evident both in the absence and presence of

of molecular sieves _and 2:3 in the presence of molecular sieves. The activated MS3A (Figure 8; cf. Figures 1 and 3).
theoretical value of 1:2 was not obtained in either case. Presently, we do . ;i
not have an explanation for the conflicting data. Whereas molecular sieves appear to have little effect on the

(22) Zeni, G.; Larock, R. CChem. Re. 2004 104, 2285-2309. rate of Pd(OAcyDMSO-catalyzed alcohol oxidation, they do

J. Org. ChemVol. 71, No. 5, 2006 1865



JOC Article

30 T T T 1
‘E‘ L B with MS3A
E 25 ® without MS3A |
= .
S 20, ]
=
° 16 | . .
e 10 | . .
S
= 5L L

0 1 1 1 1

0 100 200 300 400 500
[H,O] (mM)
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ethanol, 6-500 mM H0O, 2 mL of DMSO, 80°C; (b) 2.5 mM
Pd(OAc), 730 Torr Q, 0.52 M 1-phenylethanol,-0360 mM HO,
116 mg of 3 A molecular sieves, 2 mL of DMSO, 8G.
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FIGURE 9. Typical reaction time courses with the Pd(OABDMSO
system. Conditions: (a) 2.5 mM Pd(OAgc)730 Torr Q, 520 mM
1-phenylethanol, 2 mL of DMSO, 8tC; (b) 2.5 mM Pd(OAg), 730
Torr O,, 0.52 M 1-phenylethanol, 110 mg 8 A molecular sieves,
2 mL of DMSO, 80°C.

impact the catalyst stability. With the use of 5 mol % Pd(GAc)
in DMSO, the oxidation of 1-phenylethanol proceeds to
complete conversion, corresponding to 20 catalytic turnovers.
At lower catalyst loading (0.5 mol % Pd(OAg) higher total
turnover numbers (TON= 62) are obtained, but the reaction

Steinhoff et al.
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FIGURE 10. Effect o 3 A molecular sieves on the rate of Pd(OAc)
catalyzed disproportionation of hydrogen peroxide in DMSO. See
Experimental Section for reaction conditions.

the rate of disproportionation is significantly slower, reaching
completion only after 2530 h (red data, Figure 10). No
hydrogen peroxide disproportionation is observed for several
hours if Pd(OAc) is not added to the solution. Although the
origin of MS3A-induced retardation of the rate is not known,
the data are consistent with the observations made during
catalytic turnover (Figures 5, 6, and 9).

Analysis of the Roles for Molecular Sieves in Pd-Catalyzed
Aerobic Alcohol Oxidation. The data outlined above fail to
support either of the previously proposed roles for molecular
sieves in palladium-catalyzed aerobic oxidation reactions,
namely, water sequestration and promotion of hydrogen peroxide
disproportionation. In fact, the gas-uptake data for both Pd-
(OAc)./pyridine- and Pd(OAg)DMSO-catalyzed reactions
indicate that molecular sievesabilizehydrogen peroxide and
slow its disproportionation under catalytic conditions. Thus, the
beneficial effect of molecular sieves must have a different origin.
Any mechanistic proposal to explain the observations must
account for two different phenomena: (1) MS3A enhance the
rate of the Pd(OAg)pyridine-catalyzed reactions and (2) they
improve catalyst stability and lead to higher turnover numbers
for both the Pd(OAg)pyridine and Pd(OA¢)DMSO catalyst
systemg?*

The faster rates measured for the Pd(QAmy)ridine system
(Figure 4) can be partly attributed to the different/@oduct
stoichiometry. Specifically, if HO, does not disproportionate,
an apparent 2-fold rate enhancement will be obtained if the

does not proceed to completion (Figure 9). With the inclu- reaction rate is measured by gas-uptake methods because more
sion of MS3A, however, the reaction yield increases to 97% gas is consumed per equivalent of alcohol. The rates of Pd-
(TON = 194; Figure 9). Once again, molecular sieves appear (OAc),/pyridine-catalyzed alcohol oxidation, however, are more

to inhibit hydrogen peroxide disproportionation. The gas-uptake than a factor of 2 faster in the presence of molecular sieves.
time course reveals that0.5 equiv of dioxygen are consumed  Therefore, another mechanistic explanation is needed.

in the first 50-60 min of the reaction, after which the pressure
equilibrates to a value corresponding to ag@etophenone

(23) For details of these control experiments, see the Supporting
stoichiometry of 0.5. Information of ref 10. The precise mechanism of disproportionation is not
known; however, the following qualitative observations have been made.

In previously pUb"Shed antrOI exp_eriments, W? demonstrated Addition of aqueous hydrogen peroxide (30%) to a fresh solution of Pd-
that hydrogen peroxide disproportionates rapidly under the (OAc), (recrystallized from toluene) in DMSO results in rapid dispropor-
catalytic reaction conditior®; however, the prior studies did  tionation. In contrast, if hydrogen peroxide is added to a suspension of

: : : -~ Palladium black obtained from a completed catalytic reaction, dispropor-
nqt assess the effect Of_ m0|ecu_|ar S_'eves on the disproportion tionation is slow. These observations suggest that the Pd-catalyzed
ation rate. To address this question directly, Pd(Qags added disproportionation mechanism may proceed via a Pd(I1)/Pd(IV) cycle.
to a dimethyl sulfoxide (DMSO) solution of hydrogen peroxide (24) Some of the observations made in this study are not fully understood

_ i it~tiv,and will require further study: (1) Why does water inhibit the Pd(QAc)
attaCh.e d to the gas-uptake apparatus. Rapid and quant.ltatlv%MSO system but not the Pd(OAfpyridine system? (2) Why do molecular
evolution of molecular oxygen was Observed_ (blue data, Figure gjeves enhance the rate of the Pd(QAm)ridine-catalyzed reaction but not
10). If the same experiment is conducted with MS3A present, the reaction conducted in DMSO?
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Our prior mechanistic studies of Pd(OAfpyridine-catalyzed ligands such as phosphines to stabilize palladium(0) and prevent
alcohol oxidation demonstrated that the catalytic rate in the aggregation of palladium metal, these ligands generally decom-
absence of molecular sieves is defined by the half-reaction pose rapidly under oxidizing reaction conditions such as those
associated with Pd(ll)-mediated alcohol oxidation (step i, described here. Oxidatively stable ligands, for example, pyridine,
Scheme 1), not dioxygen-coupled catalyst oxidation (step ii, enable catalytic turnover (cf. Figure 4C), but they are not as
Scheme 1). The similarity between the kinetic data (Figure 4) effective as phosphines in preventing catalyst decomposition.
and isotope effects obtained in the absence and presence ofhe inclusion of molecular sieves (and presumably other
MS3A reveal the stepwise mechanism for Pd(ll)-mediated heterogeneous additives) in homogeneous palladium-catalyzed
alcohol oxidation (egs -36) is identical in the presence of oxidation reactions provides an alternative strategy for achieving
molecular sieves. The enhanced catalytic rates in the presencémproved catalytic lifetimes and/or activities. Recently, several
of molecular sieves can be explained by recognizing that MS3A examples of heterogeneous palladium catalysts have been
can serve as a weak Brgnsted base. We have previouslyreported with very good activity for aerobic alcohol oxidation.
established that traditional Bregnsted bases, such as acetatekffective heterogeneous supports include cadSoifjO,,3°
enhance the catalytic turnover rate by reacting with acetic acid pumice3! hydrotalcite3? and hydroxyapatité?
to favor preequilibrium formation of the Pd(Halkoxide
intermediate2 (eq 8, cf. eq 4} MS3A consist of alumino-  conclusion
silicate crystals with anionic charges localized on lattice oxygen
atoms. Sodium and potassium ions are present to balance the In summary, we have gained mechanistic insights into the
charge. The Brgnsted basic character of MS3A is widely role of molecular sieves in Pd(OA#pyridine- and Pd(OAg)
recognized® For example, a slurry of MS3A in deionized water DMSO-catalyzed aerobic alcohol oxidation. Quite unexpectedly,

registers a pH of 10.8 we found that the water-absorbing properties of MS3A are not
o associated with the improved catalytic reactivity. Nor do
Pd(OAC), + RCH.OH + B: == molecular sieves promote hydrogen peroxide disproportionation.
(py),Pd( b k k2 The data suggest that molecular sieves enhance the rate of the

(py),Pd(OAC)(OCHR) + [BH+]OAC_ (8) Pd(OAc)/pyridine-catalyzed reaction by serving as a hetero-
geneous Brgnsted base, and for both catalyst systems, molecular

The other beneficial role of molecular sieves is their ability sieves increase the catalyst stability. The latter effect seems to
to enhance catalyst stability and increase the catalytic turnoverarise from the ability of MS3A to provide a heterogeneous
numbers. This effect, which is evident for both the Pd(QAc) surface that hinders bulk aggregation of palladium metal.
pyridine and Pd(OAgJDMSO catalyst systems, arises from the
inf!ueqce of molecular sieves_qn the relative rates of.catalyst Experimental Section
oxidation by Q and decomposition of the cataly$ti/Vii (i.e.,
steps ii and iii, Scheme 1). The Pd(OAEMSO system is Palladium acetate was recrystallized prior to use from benzene/
particularly susceptible to catalyst aggregation and formation acetic acic* Oxygen gas, anhydrous dimethyl sulfoxide, benzyl
of palladium black. We propose that molecular sieves provide alcohol, 1-phenylethanol, 2,5-dimethoxybenzyl alcohol, pyridine,
a heterogeneous surface that can trap low nuclearity clusters OIacetic acid, hexadecane, lithium aluminum deuteride, benzoic acid,

. ladi ies 1o inhibit bulk tion int and benzaldehyde were used without purification. Toluene and
monomeric palladium Species 1o inhibit bulk aggregation into diethyl ether were purified by passage through a column of activated

inactive palladium metal. The low-nuclearity aggregates can 4ymina and Q4. Powdered MS3A were activated by flowing N
potentially reenter the catalytic cycle via reaction with molecular through a glass tube of sieves maintained atZn®enzyl alcohol-
oxygen to form soluble palladium(ll) species. This hypothesis d, and d, (i.e., PhCH(D)OH and PhCIDH) were prepared by
finds support from the recent literature in the field of palladium- standard methods via reduction of benzaldehyde and benzoic acid,
catalyzed cross-coupling chemis#The latter reactions often  respectively, with lithium aluminum deuteride. In-situ FTIR
utilize a colloidal or heterogeneous palladium source as the spectroscopy was conducted with an FTIR spectrometer fitted with
catalyst, but recent mechanistic studies indicate that aryl halidesa" immersion probe with a ZnSe ATR crystal.

react with surface palladium atoms and generate soluble Gas-Uptake Kinetics for the Pd(OAc)/Pyridine System.A

lladium ies th rform the cross- ling chemistry in typical reaction was conducted as follows. Pd(OA®)L.2 mg, 50
Egluatg)ﬁzg species that perform the cross-coupling chemistry umol) and MS3A (0.50 g) were added to a 25 mL round-bottom

. . . flask with a stir bar. A solution of pyridine (22.3 mM in toluene,
The ability of molecular sieves to stabilize the reduced g g, mL) was added to the flask containing Pd(QAd@he flask
palladium catalyst has important implications for palladium- \yas attached to an apparatus with a calibrated volume equipped
catalyzed aerobic oxidation reactions. Whereas palladium-

catalyzed cross-coupling reactions commonly feature soft donor

(29) Hronec, M.; Cvengrawa, Z.; Kizlink, J. J. Mol. Catal.1993 83,
75—-82.

(25) (a) Ono, Y. InCatalysis by Zeolitedmelik, B., Naccache, C., Ben (30) Ebitani, K.; Fujie, Y.; Kaneda, KLangmuir1999 15, 3557-3562.
Taarit, Y., Vedrine, J. C., Coudurier, G., Praliaud, H., Eds.; Studies in (31) Liotta, L. F.; Venezia, A. M.; Deganello, G.; Longo, A.; Martorana,
Surface Science and Catalysis, Vol. 5; Elsevier Scientific Publishing: New A.; Schay, Z.; Guczi, LCatal. Today2001, 66, 271-276.

York, New York, 1980; pp 1927. (b) Barthomeuf, D. InAcidity and (32) (a) Nishimura, T.; Kakiuchi, N.; Inoue, M.; Uemura, Shem.
Basicity of Solids: Theory, Assessment and Utilsaissard, J., Petrakis, Commun200Q 1245-1246. (b) Kakiuchi, N.; Nishimura, T.; Inoue, M.;
L., Eds.; Kluwer Academic Publishers: Norwell, MA, 1994; pp 18D7. Uemura, SBull. Chem. Soc. JprR001, 74, 165-172. (c) Kakiuchi, N.;

(26) Mineral Adsorbents, Filter Agents and Drying Agents. Aldrich Maeda, Y.; Nishimura, T.; Uemura, S. Org. Chem.2001, 66, 6620~
Technical Information Bulletin No. AL-143; Aldrich Chemical Co.: 6625.

Milwaukee, WI. (33) (a) Mori, K.; Yamaguchi, K.; Hara, T.; Mizugaki, T.; Ebitani, K;
(27) Blaser, H.-U.; Indolese, A.; Schnyder, A.; Steiner, H.; Studer, M. Kaneda, K.J. Am. Chem. So002 124, 11572-11573. (b) Mori, K,;

J. Mol. Catal. A: Chem2001, 173 3—18. Hara, T.; Mizugaki, T.; Ebitani, K.; Kaneda, K. Am. Chem. SoQ004
(28) See, for example: (a) Davies, |. W.; Matty, L.; Hughes, D. L.; 126 10657-10666.

Reider, P. JJ. Am. Chem. So2001, 123 10139-10140. (b) Biffis, A.; (34) Stephenson, T. A.; Morehouse, S. M.; Powell, A. R.; Heffer, J. P.;

Zecca, M.; Basato, MJ. Mol. Catal. A: Chem2001, 173 249-274. Wilkinson, G.J. Chem. Soc1965 3632-3640.

J. Org. ChemVol. 71, No. 5, 2006 1867



]OCAT’tiCle Steinhoff et al.

with a computer-interfaced pressure transducer. The apparatus wa$/S3A (0.75 g) were added to a three-necked 125 mL round-bottom
evacuated to 300 Torr and filled with oxygen to 900 Torr, and this flask with a stir bar. A solution of pyridine (53 mM in toluene,
cycle was repeated 10 times. The pressure was set initially to 70014.00 mL) was added to Pd(OAc)The flask was attached to the
Torr, and the flask was heated to 8C. When the pressure in-situ FTIR probe with a 24/40 adapter and an O-ring seal through
stabilized in the apparatus, benzyl alcohol (1.0 M in toluene, 1.00 one of the necks of the flask. The flask was also attached to the
mL) was added via syringe through a septum. Data were acquiredvolume-calibrated gas-uptake apparatus through another neck of
using custom software written within LabVIEW. Correlations the flask. A glass stopper was added to the remaining neck of the
between oxygen uptake and conversion were made by analysis byflask. The apparatus was evacuated to 300 Torr and filled with
gas chromatography with hexadecane as an internal standard or bypxygen to 900 Torr, and this cycle was repeated 10 times. The
IH NMR spectroscopy. pressure was established at 700 Torr, and the flask was heated to

Kinetic Experiments with the Addition of Water to the Pd- 80 °C. When the pressure stabilized in the apparatus, 1-phenyl-
(OACc)./Pyridine System.The typical procedure described above ethanol (3.73 M in toluene, 1.00 mL) was added via syringe through
was followed except that the watex 86 uL) was added to the a septum. Gas-uptake data were acquired using custom software
bottom of the reaction flask prior to adding the solution of pyridine. written within LabVIEW.

Gas-Uptake Kinetics for the Pd(OAc)/DMSO System. A Monitoring the Effect of MS3A on the Rate of H,O,
typical reaction was conducted as follows. Pd(OA®) 4 mg, 24 Disproportionation. Solutions of HO, (30% aqueous) and Pd-
umol) was added to a 25 mL round-bottom flask with a stir bar, (OAc), in DMSO were prepared (27.8 mM and 24.9 mM,
and a rubber septum was placed on the flask. The flask was respectively). Four 25 mL round-bottom flasks were attached to a
evacuated completely and filled with nitrogen, and this cycle was multiwell gas-uptake apparatus, each equipped with a magnetic stir
repeated five times. Dimethyl sulfoxide (9.00 mL) was added to bar. Two of the flasks (A and B) contained 300 mg of MS3A. The
flask containing Pd(OAg)under nitrogen and stirring was com-  other two flasks (C and D) contained only the stir bar. The four
menced. Separately, activated MS3A (0.11 g) was added to aflasks were evacuated and back-filled witht® an initial pressure
separate flask, which was immediately attached to the volume- of 650 Torr. To each vessel, 4.5 mL of the®} solution were
calibrated gas-uptake apparatus. The apparatus was immediateladded. Subsequently, 0.5 mL of the Pd(OAs)lution was added
evacuated to 30 Torr and filled with oxygen to 900 Torr, and this to vessels A and C, and the pressures in the sealed reaction vessels
cycle was repeated 10 times. The pressure was established at 67Qvere monitored for 40 h. A summary of the reaction components
Torr before Pd(OAg)(2.67 mM in DMSO, 1.875 mL) was added  in each vessel is as follows: vessel A, MS3A, 2.5 mM Pd(QAc)
via syringe through a septum. The flask was heated t&€C8®hen 25 mM H,Oy; vessel B, MS3A, 27.8 mM bD,; vessel C, 2.5 mM
the pressure stabilized in the apparatus, 1-phenylethanol (0.125 mL,Pd(OAc), 25 mM H,O;; vessel D, 27.8 mM bD,.

1.04 mmol) was added via syringe through a septum. Data were

relations between oxygen uptake and conversion were made by(Grant RO1 GM67173), and funding for NMR instrumentation

analysis by gas chromatography with hexadecane as an internakg provided by the NIH (Grant 1 S10 RR08389) and the NSF
standard or byH NMR spectroscopy. (Grant CHE-9208463)
Catalytic Reaction Monitored by Simultaneous Gas-Uptake/ '

in-Situ FTIR Spectroscopy. Pd(OAc) (42.0 mg, 187umol) and JO052192S
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