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Abstract: The Pd(OAc)./pyridine catalyst system is one of the most convenient and versatile catalyst
systems for selective aerobic oxidation of organic substrates. This report describes the catalytic mechanism
of Pd(OAc)./pyridine-mediated oxidation of benzyl alcohol, which has been studied by gas-uptake kinetic
methods and *H NMR spectroscopy. The data reveal that turnover-limiting substrate oxidation by palladium-
(I) proceeds by a four-step pathway involving (1) formation of an adduct between the alcohol substrate
and the square-planar palladium(Il) complex, (2) proton-coupled ligand substitution to generate a palladium-
alkoxide species, (3) reversible dissociation of pyridine from palladium(ll) to create a three-coordinate
intermediate, and (4) irreversible 5-hydride elimination to produce benzaldehyde. The catalyst resting state,
characterized by *H NMR spectroscopy, consists of an equilibrium mixture of (py).Pd(OAc)., 1, and the
alcohol adduct of this complex, 1-RCH,OH. These in situ spectroscopic data provide direct support for the
mechanism proposed from kinetic studies. The catalyst displays higher turnover frequency at lower catalyst
loading, as revealed by a nonlinear dependence of the rate on [catalyst]. This phenomenon arises from a
competition between forward and reverse reaction steps that exhibit unimolecular and bimolecular
dependences on [catalyst]. Finally, overoxidation of benzyl alcohol to benzoic acid, even at low levels,

contributes to catalyst deactivation by formation of a less active palladium benzoate complex.

Introduction

Homogeneous palladium-catalyzed reactions include two
major classes: cross-coupling reactions initiated by palladium-
(0) (egs 1 and 2) and oxidation reactions initiated by palladium-
(11) (egs 3 and 4}.The former, which include well-known Heck,
Suzuki, Tsuji-Trost, Buchwald-Hartwig, and related cross-
coupling reactions,are among the most effective methods in
organic synthesis. Palladium-catalyzed oxidation reactions,
highlighted by the industrial Wacker process (ed Bave also
received considerable attentibf? but they face several key
challenges to more widespread utility and application in organic
chemistry.

Palladium oxidation catalysis traditionally requires a sto-
ichiometric secondary oxidant consisting of an organic or

(1) Tsuji, J.Palladium Reagents and Catalyswiley: New York, 1995.

(2) (a) Diederich, F., Stang, P. J., Eddetal-Catalyzed Cross-Coupling
ReactionsWiley—VCH: New York, 1998. (b) Beletskaya, I. P.; Chepra-
kov, A. V. Chem. Re. 200Q 100, 3009-3066. (c) Hartwig, J. F. IModern
Amination MethodsRicci, A., Ed.; Wiley-VCH: New York, 2000; pp
195-262. (d) Muci, A. R.; Buchwald, S. LTop. Curr. Chem2002 219,
131-209. (e) Trost, B. M.; Van Vranken, D. LChem. Re. 1996 96,
395-422.

(3) Jira, R. InApplied Homogeneous Catalysis with Organometallic Com-
pounds Cornils, B., Herrmann, W. A., Eds.; Wiley-VCH: New York, 2002;
Vol. 1, pp 386-405.

(4) Henry, P. M.Palladium Catalyzed Oxidation of Hydrocarbori§luwer:
Boston, 1980.

(5) (a) Bakvall, J.-E.Acc. Chem. Re4.983 16, 335-342. (b) Hosokawa, T.;
Murahashi, S.-lAcc. Chem. Red.99Q 23, 49-54.
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[Pd]

R-X + Nu-H + B R-Nu + B-H*X~ (1)
[Pd]
R-X + NuM ——— R-Nu + M-X @
SubH, + [Ox] —>[Pd] Sub®* + [Ox]H, 3)
[Pd] .
SubH + Sub'H + [Ox] —— Sub-Sub' + [Ox]H, (4)
(0]
[Pd/Cu]
CHy=CH, + 120, ————> HGCJLH )

transition metal reagent such as benzoquinone or Cttdlhese
oxidants increase the complexity of the reaction, reduce the atom
economy, and complicate product isolation. Palladium com-
plexes compatible with these reaction conditions are quite
limited because phosphines and related organic ligands, which
have been used extensively in palladium-catalyzed cross-
coupling reactions, often degrade rapidly under oxidizing
reaction conditions. Therefore, palladium-catalyzed oxidation
reactions are often limited to the use of simple palladium salts
such as PdGland Pd(OAGg).

Significant recent developments have begun to address these
limitations. An increasing number of reactions employ molecular
oxygen as the stoichiometric oxidant, and often no cocatalyst
is required for catalyst reoxidaticnMoreover, several oxida-
tively stable ligands have been identified to promote catalytic
turnover and improve catalyst stability. These ligands often

10.1021/ja049962m CCC: $27.50 © 2004 American Chemical Society
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consist of nitrogen donors, and the list includes chiral examples, 850 . T T T

such as {)-spartein€, that enable enantioselective transforma- = 800 " |

tions. These advances are quite promising, but, overall, the s .

reactions remain considerably less effective than palladium- e 750t °, .

catalyzed cross-coupling reactions. § ool '-...~ |
To provide a rational basis for the development of improved 3 "--..,.~

palladium oxidation catalysts, wend other$ ! have begun g 650t s S

investigating the mechanism of palladium-catalyzed reactions 500 . . . .

that undergo direct dioxygen-coupled turnover. Much of this 0 50 100 150 200 250

work has focused on aerobic alcohol oxidation, and the Pd- Time (min)

(OAC),/pyridine catalyst system developed by Uemura and co- Figure 1. A representative kinetic time-course for the Pd(Ofmyridine-

workerd? is among the most effective and convenient catalyst catalyzed oxidation of benzyl alcohol obtained by gas-uptake methods. Data
sampling occurred at a rate of 1's(not all data are shown). Conditions:

system for this reaction (eq 6). Aliphatic, benzylic, and allylic [Pd(OAC)] = 5.0 mM, [pyridine]= 20 mM, [alcohol]= 0.10 M, 5 mL of
alcohols are all oxidized efficiently under an ambient pressure toluene, 80°C.

of oxygen. Furthermore, very similar catalyst systems have been o . _ 3
used in the selective oxidation of other organic substrates, s an oxidatively stable ligand and its ability to modulate catalyst

inc|uding oxidative ring-c]eavage wrt.cydobutanms (eq 753: Stablllty and aCtiVity. The Catalyst is more efficient at lower
alkene hetero- and carbocyclizations (eg9®’¢and inter- catalyst loading, as revealed by a nonlinear dependence of the
molecular G-C Coup”ng reaction®® This Cata|ytic Versat”ity rate on Catalyst concentration. This behavior has important
and prospects for additional applications provide significant consequences for new catalyst development, and its mechanistic
motivation to elucidate factors that could improve catalyst ©rigin is outlined below. The catalyst resting state has been

activity and lifetime. characterized spectroscopically during catalytic turnover, and
its identification provides independent confirmation of the
Pd(g_Ac)? z(gf)) mechanism proposed from kinetics d&fta.
ridine (20%
RCH,OH o:ysA = RCHO ©) Results
toluene. 80°C. 2 A=an 2l 2l Kinetics Studies: Substrate and Catalyst Effects.The
OH F;f;(:;ﬁce 23% aer_opic oxidation of benzyl alcohol catalyzed by Pd(QAc)
OjLPh ethyl acrylate (. 0% CQL - pymjme (5/20 mol %) (eq 10) proceeds to complete conversion
Oy, 3A mol. sieves within 4 h at 80°C. A computer-interfaced gas-uptake apparatus
toluene, 80 °C, 16 h 97% was constructed to acquire kinetics of the catalytic reaction in
situ by monitoring the change in oxygen pressure within a
Pd(OAc), <5°% sealed, temperature-controlled reaction vessel. The reaction time-
NTTONHTS %» /\Q ®) course (Figure 1) reveals a monotonic decrease in pressure, and
80°C, 2 87% the lack of an induction period enabled us to obtain much of

our kinetics data via initial-rates methods.

Pd(OAC), (10%)
PA(OAC), (5%)

AN o ethyl nlcotlnate (40%) N\ O
N t-amyl alcohol/AcOH (4:1) N OH pyridine (20%) o (10)
Me 1 atm O, 80 °C, 24h Me O,, toluene
The initial kinetic studies focused on the contribution of

N CO,Et 82% 4h, 80 °C 98%
ethyl nicotinate = || )
( 7
. . ) . ) primary reaction components (alcohol,,@nd catalyst) to the
This repor_t prowdesasystemat_m mechanls_t|c qnalyss of the catalytic turnover rate (Figures—2). These plots reveal a
Pd(OAc)/pyridine-catalyzed aerobic alcohol oxidation of benzyl - g4y ration rate dependence on the alcohol and catalyst concen-
alcohol. The results provide insights into the role of pyridine i ations and a lack of dependence on the pBessure above
(6) For a recent review, see: Stahl, S.Agew. Chem., Int. EQR004 43, 250 Torr. At redyged Oxygen pressures, §!gn|f|cantly '9W9r
3400-3420. turnover rates coincide with observed deposition of catalytically

(7) (a) Jensen, D. R.; Pugsley, J. S.; Sigman, MJ.3Am. Chem. So@001, i ; i i
123 7475-7476. (b) Ferreira, E. M.. Stoltz, B. M. Am. Chem. S02001, inactive palladium black. Comparison of the rate of benzyl

123 7725-7726. (c) Trend, R. M.; Ramtohul, Y. K.; Ferreira, E. M.; Stoltz,

B. M. Angew. Chem., Int. EQR003 42, 2892-2895. (11) (a) Bianchi, D.; Bortolo, R.; D’Aloisio, R.; Ricci, MJ. Mol. Catal. A1999
(8) (a) Stahl, S. S.; Thorman, J. L.; Nelson, R. C.; Kozee, MJ.AAm. Chem. 150, 87—94. (b) Bianchi, D.; Bortolo, R.; D’Aloisio, R.; Querci, C.; Ricci,
Soc.2001, 123 7188-7189. (b) Steinhoff, B. A.; Fix, S. R.; Stahl, S. S. M. Stud. Surf. Sci. Catall999 126, 481-484. (c) Bortolo, R.; Bianchi,
J. Am. Chem. So®002 124, 766-767. (c) Steinhoff, B. A.; Stahl, S. S. D.; D'Aloisio, R.; Querci, C.; Ricci, MJ. Mol. Catal. A200Q 153 25—
Org. Lett.2002 4, 4179-4181. (d) Stahl, S. S.; Thorman, J. L.; de Silva, 29.
N.; Guzei, I. A,; Clark, R. WJ. Am. Chem. So@003 125, 12—13. (12) (a) Nishimura, T.; Onoue, T.; Ohe, K.; UemuraT8trahedron Lett1998
(9) (a) ten Brink, G.-J.; Arends, I. W. C. E.; Papadogianakis, G.; Sheldon, R. 39, 6011-6014. (b) Nishimura, T.; Onoue, T.; Ohe, K.; Uemura).S0rg.
A. Appl. Catal., A200Q 194—195, 435-442. (b) ten Brink, G.-J.; Arends, Chem.1999 64, 6750-6755.
I. W. C. E.; Sheldon, R. AAdv. Synth. Catal2002 344, 355-369. (c) (13) (a) Nishimura, T.; Ohe, K.; Uemura, $. Org. Chem2001, 66, 1455~
ten Brink, G.-J.; Arends, I. W. C. E.; Hoogenraad, M.; Verspui, G.; Sheldon, 1465. (b) Nishimura, T.; Ohe, K.; Uemura, & Am. Chem. Sod999
R. A. Adv. Synth. Catal2003 345 497-505. (d) ten Brink, G.-J.; Arends, 121, 2645-2646. (c) Park, S.-B.; Cha, J. IQrg. Lett.200Q 2, 147—149.
I. W. C. E.; Hoogenraad, M.; Verspui, G.; Sheldon, RA&v. Synth. Catal. (14) (a) Fix, S. R.; Brice, J. L.; Stahl, S. 8ngew. Chem., Int. ER002 41,
2003 345 1341-1352. 164-166. (b) Ferreira, E. M.; Stoltz, B. Ml. Am. Chem. So2003 125,
(10) (a) Mueller, J. A.; Jensen, D. R.; Sigman, M.JJSAm. Chem. So2002 9578-9579.

124, 8202-8203. (b) Mueller, J. A.; Sigman, M. S. Am. Chem. Soc. (15) Nishimura, T.; Araki, H.; Maeda, Y.; Uemura, Srg. Lett.2003 5, 2997
2003 125 7005-7013. (c) Jensen, D. R.; Schultz, M. J.; Mueller, J. A,; .
Sigman, M. SAngew. Chem., Int. EQR003 42, 3810-3813. (16) For a preliminary report on the kinetics of this catalyst system, see ref 8c.
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Figure 2. Dependence of the initial rate on alcohol concentration. The Fijgure 5. Dependence of the initial rate on pyridine concentration with
curve fit results from a nonlinear least-squares fit to a hyperbolic function the [Pd(OAc)] held constant. Conditions: [Pd(OAg)= 5.0 mM, [pyridine]

of [alcohol] (eq 16). Conditions: [Pd(OAg)= 5.0 mM, [pyridine]= 20 = 0-500 mM, [alcohol]= 0.10 M, initial pO; = 700 Torr, 10 mL of
mM, [alcohol]= 0.05-0.97 M, initial pO, = 700 Torr, 10 mL of toluene, toluene, 8C°C.
80 °C.
10 ‘ = » O py:Pd = 4:1
T, E o. @ [py]=0
g I ° | S -®-- o ]
o £
g 6| : 2 O o
= Q
L4 . | = -
8 Pd black g
% 2 observed ~
S i 7 o
0 20 40 60 80 100

0 200 400 600 800 [NBu,OAc] (mM)
Initial O, pressure (torr) i L .
Figure 6. Dependence of the initial rate on NBDAc concentration when

Figurg 3. Dependence of the initial rate on the initial oxygen pressure. e reaction is conducted in the presency ¢r absence®) of pyridine.
Conditions: [Pd(OAg)] = 5.0 mM, [pyridine]= 20 mM, [alcohol]=0.10 Conditions: [Pd(OAG] = 5.0 mM, [pyridine]= 20 mM, [alcohol]= 0.10
M, initial pO, = 200-700 Torr, 10 mL of toluene, 80C. M, [NBu4OAc] = 0—100 mM, initial pO, = 700 Torr, 10 mL of toluene,
80 °C (O); [PA(OAc)] = 5.0 mM, [pyridine]= 0 mM, [alcohol]= 0.10
10 ' ' ' ' M, [NBusOAc] = 0—100 mM, initial pO, = 700 Torr, 5 mL of toluene,
80°C (®).

|

deposition and reduced substrate conversion. At a py:Pd ratio
of 100:1, the rate is quite slow, but no catalyst decomposition
1 is observed even at very low oxygen pressure2Q0 Torr)
"Catalyst' = | (Figure S1; cf. Figure 3). The catalyst composition of 4:1
4:1 pyridine:Pd(OAc), py:Pd optimized by Uemura for synthetic applications appears
0 5 y 5 8 10 to reflect a balance between optimal turnover rate and catalyst
[Catalyst] (mM) stability. . _ _
Figure 4. Dependence of the initial rate on catalyst concentration, where In the absence of pyridine, no catalytic turnover is observed
the “catalyst” is a 4:1 mixture of pyridine and Pd(OAcYhe curve fit during the initial-rate time period (Figure 5, [pyF 0).
reflects a nonlinear least-squares fit to a generic hyperbolic function of Stoichiometric oxidation of benzyl alcohol by Pd(OAokcurs
ety e CleaayiiCy + Gloa) Condions [PS0A) it concomitant formation of pallaium back. Catalyt
pO, = 700 Torr, 10 mL of toluene, 86C. turnover in the absence of pyridine can be achieved by including
catalytic quantities of NBiDAc in the reaction (Figure 6®).
alcohol oxidation with that of PhCI®DH reveals a deuterium  Optimal results are obtained when both exogenous acetate and
kinetic isotope effect (KIE) of 1.5(3Y. This value is substan- ~ pyridine are present in the reaction mixture (Figureo§, A
tially attenuated relative to the intrinsic KIE obtained by a nearly 2-fold increase in the rate can be achieved by adding
competition experiment with PhCHDOH as the substragg: 10 mol % NBuOAc to the standard catalyst mixture
ko = 2.6(2). (pyridine:NBwOAC:Pd(OAc) = 4:2:1). Crystals that formed
Kinetics Studies: Pyridine, Acetate, and Acetic Acid  upon cooling a catalytic reaction mixture containing NGAc
Effects. The initial turnover rates exhibit a sharp dependence Provide a possible explanation for the beneficial effect of acetate.
on [pyridine] that maximizes at a py:Pd ratio of 1:1 (Figure 5). Single-crystal X-ray diffraction analysis of these crystals
The rate is strongly inhibited at increased [pyridine]; however, revealed an adduct between acetic acid and acetate,-NBu
the catalyst is also more stable. At py:Pd ratios below 4:1, [ACOH:-OAc]~ (2, Figure S15}2 Acetic acid, expected as a
catalytic turnover is accompanied by significant palladium black

O, uptake (umol/min)

o) O\ CH3 h
H.

CHs 0" Yo

(17) We reported previously (ref 8c) that the deuterium kinetic isotope effect NBu,*

varies with [alcohol]: ku/kp = 1.3(2) and 1.8(1) at [alcohol 0.10 and

1.0 M, respectively. Reinvestigation of these studies revealed the following
new and revised deuterium kinetic isotope effects (relative turnover rates 2
for PhCHOH and PhCBROH): ky/kp = 1.6(2), 1.4(2), and 1.6(2) at
[alcohol] = 0.05, 0.10, and 1.0 M, respectively. The latter two values fall ; il ; ; ;
within the uncertainty of the originally reported KIEs, but inclusion of the byprOdUCt in the equlhb”um formation of a palladlum alkoxide

0.05 M data forces us to conclude that the KIE does not depend on [alcohol]. (g 11), will be stabilized by formation of an aeibase complex

11270 J. AM. CHEM. SOC. = VOL. 126, NO. 36, 2004
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: : . chemical shift exhibit a saturation dependence on the alcohol
concentration, and this effect has been examined for benzyl
alcohol and two analoguepara-chloro- andpara-methoxy-
benyzl alcohol. (Figures 9B and S&5). Hydrogen bonding
between pyridine and alcohol can account for the chemical shift
changes of free pyridine. Coordinated pyridine, however, does
not have a lone pair available for hydrogen bonding, and changes
‘ in its chemical shift must have a different origin. Several
10 15 20 25 possibilities may be considered: (1) rapid equilibrium formation
[AcOH] (mM) of a palladium alkoxide complex, (2) equilibrium coordination
Figure 7. Dependence of the initial rate on acetic acid concentration. The of the alcohol to palladium forming a five-coordinate adduct,
B;‘(;‘zg:é);]ei“'stlsofrrg,\';‘l ‘["‘p;r‘i’c?i'r']’:]eir gganii\ﬂic}:ﬁ;rgﬁofll]t:%ig ,%f-[:c%‘g']t'ons- or (3) hydrogen-bonding interactions between the alcohol and
= 0-25 mM, initial pO; = 700 Torr, 10 mL of toluene, 86C. the acetate ligands. Integration of the coordinated pyridine and
acetate resonances reveals both ligands are presentin a 2:1 ratio
(hydrogen-bonding interaction) between acetate and acetic acidrelative to palladium, even at high [alcohol]. Equilibrium
At elevated [NBYOAc] (>10 mM), the dropoff in catalytic rate ~ formation of a palladium alkoxide, which would occur with
correlates with!H NMR spectroscopic detection of anionic concomitant release of acetic acid (eq 11), is inconsistent with
palladium(ll) complexes, [Pd(py)n(OAC)"2~ (n = 3, 4), this result. The lack of new resonances for the alcohol substrate,
that arise from displacement of pyridine by acetate. This even at low temperature, indicates that equilibrium formation
correlation suggests anionic complexes are less active catalyst®f an adduct betweehand PhCHOH, generically formulated
for alcohol oxidation. Addition of acetic acid to the reaction as1-RCH>OH, undergoes rapid exchange. The precise nature
mixture significantly suppresses the turnover rate (Figure 7). of this interaction cannot be discerned from the available data,
but two reasonable possibilities include alcohol coordination
L,Pd—OAc + RCH,OH == L Pd—OCH,R + AcOH (11) to the palladium(ll) center or hydrogen bonding between the

alcohol and the uncoordinated carbonyl oxygen of an acetate

O, uptake (umol/min)
O = N W bhHh U0l O N ®

o
o

Rate Dependence on Catalyst Concentration: Linear and ligand (see discussion below).
Nonlinear Behavior. If [pyridine] is held constant while [Pd- Formation of 1-RCH,OH is favored at moderate alcohol
(OAc)] is varied (py:Pd= 12.5-250), the plot of initial rates  concentrations (Figure 9B). By assuming a simple equilibrium
reveals a square-root dependence on [Pd(gAEjgure 8A). binding model, we have determined the equilibrium constants

This result contrasts the hyperbolic dependence observed wheryt 22°C for all three alcohol substrates (eq 12, Table S1). The
the catalyst concentration is varied at a constant py:Pd ratio of equilibrium constants for the different alcohols exhibit a linear
4:1 (Figure 4). The rate dependence on [Pd(QAchanges  Hammett relationshipp( = +0.37, Figure S6) that reveals

again when both pyridine and acetic acid are added to the glcohols bearing electron-withdrawing groups (i.e., more acidic
reaction mixture (80 and 5 mM, respectively); under these alcohols) bind more tightly. The interaction between benzyl

conditions, a linear dependence is observed (Figure 8B). alcohol and (pyPd(OAc) was investigated over a 10C
In Situ Characterization of the Catalyst Resting State and temperature range—(75 to 25°C), and van't Hoff analysis of
Identification of a Catalyst Deactivation Pathway.*H NMR the equilibrium constants (Figure S7) enabled the determination

SpectrOSCOpiC studies were conducted to gain insights into theof [hermodynamic parameters for b|nd|ngH = —]_4(2) kecal/
palladium speciation under catalytic conditions. Addition of 2 mol, AS= —0.4(7) eu. Extrapolation of the data to 8D reveals

equiv of pyridine to Pd(OAg)in tolueneels at 80°C reveals a  the equilibrium constant for formation d*RCH,0H is 6.3
spectrum of the known completans{py),Pd(OAc) (1).1° If M1 under catalytic conditions.

more than 2 equiv of pyridine are added, two sets of pyridine

resonances are observed, which correspond to coordinated and
free pyridine. Integration data reveal that only 2 equiv of (Py),Pd(OAc), + RCHZOH_‘[(py)zpd(OAC)Z] RCH,OH

pyridine coordinates to palladium, even in the presence of up 1 1-RCH,OH (12)
to 50 equiv of pyridine.

Addition of benzyl alcohol to a solution of the catalyst (1:4 RCH,OH Ku (M-, 22 °C)
Pd(OAc):py) in tolueneds alters the chemical shifts of both m T 115
coordinated and free pyridine in thd NMR spectrum (Figure CeHsCH,OH 9.2
9A, pyridine ortho C-H shifts; Figures S2S3, full spectra). p-MeOGsH4CH,OH 7.4
Shifts in the free pyridine resonances are unaffected by the
presence of the palladium complex. At lower temperatures( High pressures of oxygen gas (10 atm) were required to

°C), the effects of added alcohol can be studied without the monitor the catalytic reaction in situ B NMR spectroscopy.
complication of competing alcohol oxidation. The changes in Gas-liquid mixing in an unstirred NMR tube is inefficient, and
the elevated gas pressure is necessary to prevent catalyst

(18) For previous characterization of related structures, see: (a) Nahringbauer, iti i i i
| Acta Chem. Scandlo6q 23 1653 1666. (b) Darensbourg, D. . decpmposmon during the course of the reaction. The quantity
Longridge, E. M.; Atnip, E. V.; Reibenspies, J. lorg. Chem1992 31, of dissolved oxygen at ambient pressure is too levt@ mM
3951-3955. (c) Li, Q.; Mak, T. C. WJ. Inclusion Phenom. Mol. Recognit. i 20 H i
Chem 1097 28, 183204, in toluene at 80C)?° to permit complete substrate conversion.
(19) (a) For crystallographic characterization, see: Kravtsova, S. V.; Romm, I.

.; Stash, A. |.; Belsky, V. KActa Crystallogr., Sect. @996 52, 2201~ (20) (a) Battino, R., EdSolubility Data Series, Vol. 7: Oxygen and Ozpne
2204. (b)™H NMR spectroscopic characterization: Schultz, M. J.; Park, Pergamon: New York, 1981. (b) Fischer, K.; Wilken, M. Chem.
C. C.; Sigman, M. SChem. Commurk002 3034-3035. Thermodyn2001, 33, 1285-1308.

J. AM. CHEM. SOC. = VOL. 126, NO. 36, 2004 11271
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Figure 8. Dependence of the initial rate on Pd(OAcpncentration in the presence of a large excess of pyridine (py:P2L5) (A) and the in the presence

of added acetic acid (5 mM) and a large excess of pyridine (p:RJl (B). The curve in (A) is derived from a nonlinear least-squares fit to the square-root
function of [Pd(OAc)]. The curve fit in (B) reflects a linear least-squares fit to the data. Conditions: (A) [PdgD#Ad).45-10.0 mM, [pyridine]= 125

mM, [alcohol] = 0.10 M, initial pO, = 700 Torr, 10 mL of toluene, 80C. (B) [Pd(OAc}] = 0.45-10 mM, [pyridine] = 80 mM, [alcohol]= 0.10 M,
[AcOH] = 5.0 mM, initial pO; = 700 Torr, 5 mL of toluene, 80C.
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Figure 9. (A) Changes in the pyridine chemical shifts with added benzyl alcohol. Conditions: [PdOAQ.2 mM, [pyridine]= 15.1 mM, [benzyl

alcohol]= 0—460 mM, toluenedg, 22 °C. (B) Effect of different alcohols on the chemical shift (orthe-8) of coordinated pyridine in toluendsat 22°C.

The alcohols include 4-methoxybenzyl alcohll) (benzyl alcohol @), and 4-chlorobenzyl alcoho#). Conditions: (i) [Pd(OAg)] = 2.5 mM, [pyridine]

= 18.8 mM, [4-methoxybenzyl alcoho#} 0—420 mM. (i) [Pd(OAc)] = 2.2 mM, [pyridine]= 15.1 mM, [benzyl alcohol} 0—460 mM. (iii) [Pd(OAc)]

= 2.7 mM, [pyridine]= 12.9 mM, [4-chlorobenzyl alcohol 0—370 mM. Internal standare 1,3,5-tritert-butylbenzene. Chemical shifts for coordinated

acetate also display a dependence on the concentration of added alcohol (Figure S5), and the curve fits were obtained by simultaneous nonlinear least
squares fitting of both pyridine (ortho-€H) and acetate data to the equilibrium binding expression in eq S13.

B A C  sec-phenethyl alcohol oxidation H H H
99% conversion { /OAc N /OAc
I1I '\ 150 minutes A= ¢ N\ B=( N—Pd—py c= ¢ N—Pd—py
free ’ OAc o OAc
¢’ benzyl alcohol oxidation H H
93% conversion Phe B Phc /N Ohc
160 minutes D' = Py—F}d—py B' = N—P/d—py C' = N—P/d—py
O,CPh yy O2CPh o 0,CPh
Cc H H
A +(%yé))2pd(o;?dci)nze PCEh N PeCPn A P2CPh
I -9 &9 py! D" = py—Pd—py B =( N—Pd—py c=d N—Pd—py
rrrrgrrrryrvrrr1rrrr1rrrv ] 1 rrrTrrT oo T O,CPh O,CPh 0O,CPh
90 88 86 84 82 80 64 62 60 58PPM = H H

Figure 10. Comparison of théH NMR spectra of Pd(OAgJpyridine in toluene (I) and catalytic reaction mixtures from the aerobic oxidation of benzyl
alcohol (II) andsecphenethyl alcohol (l11). Full spectra of the catalytic reactions at several different time-points are provided in the Supporting Information.
Conditions: (I) [Pd(OAc) = 4.8 mM, [pyridine]= 14.0 mM, [1,3,5-tritert-butylbenzene}= 2.9 mM, pO, = 10 atm, 0.6 mL of toluenes, 80 °C; (lI)
[Pd(OAC)] = 5.1 mM, [pyridine]= 16.8 mM, [alcohol]= 140 mM, [1,3,5-tritert-butylbenzene} 3.0 mM, pO, = 10 atm, 0.6 mL of toluenés, 80 °C;

(1) [Pd(OAc)2] = 4.5 mM, [pyridine]= 15.3 mM, [alcohol]= 150 mM, [1,3,5-tritert-butylbenzene} 2.6 mM, pO, = 10 atm, 0.6 mL of toluenés, 80

°C.

Oxidation of benzyl alcohol to benzaldehyde, monitored under solution. As the reaction progresses, however, two new sets of
these conditions, proceeds at a rate predicted by the gas-uptakeoordinated-pyridine resonances begin to appear (Figure 10,ll;
kinetic studies. The NMR data reveal clean conversion of benzyl for full spectral data, see Figure S8). These resonances cor-
alcohol to benzaldehyde, together with a small amount (2.2%) respond to (pyPd(OAc)(QCPh) @) and (py»Pd(G:CPh) (4),

of the overoxidation product, benzoic acid (eq 13). Pyridine is which arise from the proton-coupled anionic ligand exchange
stable under the reaction conditions. Integration of coordinated of benzoate for acetate (eqs 14 and 15). These spectra can be
and free pyridine remains constant throughout the reaction, andreproduced by simple titration of benzoic acid into a solution
possible decomposition products, such as pyridiirexide, are of (py).Pd(OAc).?! The structure o#t was also confirmed by

not observed. X-ray crystallography (Figure S16). Determination of equilib-
rium constants for eqs 14 and 18,4 = 9.3,Ky5 = 3.5; Figure

[O] [O]
PhCHOH— PhCHO— PhCQOH (13)
(21) Small differences between the chemical shifts3ofind 4, prepared
; ; ; i ; ; independently, and those observed under catalytic conditions suggest that
At early time p_omts, the rapldly (_aqumbratmg mixture of . a rapidly equilibrating interaction also exists between the alcohol substrate
and 1-RCH0H is the only palladium species apparent in and complexe$ and4.
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Figure 11. Kinetic time-courses for the aerobic oxidation of benzyl alcohol (A) aedphenethyl alcohol (B). The simulation is an exponential decay
curve derived from the initial rate of the reactions. Deviations between the observed and simulated curves arise from catalyst deactivatipositicilecom
Conditions: [Pd(OAg) = 5.0 mM, [pyridine]= 20 mM, [alcohol]= 0.25 M, initial pO, = 800 Torr, 5 mL of toluene, 80C.

S9) reveals that benzoate coordinates in preference to acetate. 0.3 .
The complexesl, 3, and4 account for all of the palladium 02+ -COMe o *-CN |
(>95%) in the catalytic reaction, based on integration relative _ 0.1 B 1
to an internal standard (1,3,5-teft-butylbenzene). & 0F W He 1
& <011 1
Kj4=93 ? -0.2 - J
(py)ZP(i(OAC)2 + PhCQH = 03. -OMe ’.-Me |
041 . |

(py),Pd(OAC)(QCPh)+ AcOH (14) o5l ‘ ‘
3 -1 -0.5 0 0.5 1
0.+

Kis=35 Figure 12. Hammett plot derived from the relative initial rates of catalytic
alcohol oxidation conducted with a series pdra-substituted pyridines.
Conditions: [Pd(OAg)] = 5.0 mM, [pyridine]= 20 mM, [alcohol]= 0.10

M, initial pO, = 700 Torr, 5 mL of toluene, 80C.

(py),Pd(OAC)(GCPh)+ PhCOH
3

(py),Pd(C,CPh), + AcOH (15)
4

Scheme 1. Simplified Catalytic Cycle Displaying the Two-Stage
Oxidase Sequence with Competitive Catalyst Decomposition

The catalytic oxidation oBeepher;thyl alcohol, PhC(H)- Stage I s,ag)e,
(OH)CHs, was also investigated b¥H NMR spectroscopy Dioxygen-Coupled I Palladium(ll)-Mediated
because this substrate cannot undergo overoxidation to the Catalyst Oxidation  (EV12PA(OAQ)2 - Substrate Oxidation
carboxylic acid. When this reaction is monitored in situis Hz0 RCHZOH
the only palladium species observed throughout the reaction
(Figures 10,11l and S10). The altered chemical shiffafnder
these catalytic conditions suggests a rapidly equilibrating 1/2 0, RCHO
interaction also takes place betweeandsecphenethyl alcohol. + 2 AcOH + 2 AcOH

Detection and characterization of the palladium{benzoate (Py)2Pd
complexes provides an explanation for catalyst deactivation + 1 (py)oPd® Catalyst
during the aerobic oxidation of benzyl alcohol. The reaction —(@n+2) py | Decomposition
time-course obtained from gas-uptake measurements indicates Pa]

1

that the rate of alcohol oxidation decreases more rapidly than
expected (Figure 11A). The simulated curve (solid line, Figure ) o
11A) reflects the expected exponential decay curve derived from catalytic turnover rate. Each of the alcohol substrates exhibits

the initial turnover rate. The difference between observed and & Saturation rate dependence (Figure S11) analogous to that for

simulated decay curves in this plot arises from the lower Penzylalcohol (Figure 2). Electron-rich substrates3, Me,
catalytic activity of palladium benzoate complex@sand 4, QMe) react more rapidly than those bearing electrqn-wnhdraw-
which form during the reaction. Indeed, (ppl(Q:CPh) (4), ing groups (X= Cl, NO,), but Hammett plots derived from
prepared independently, exhibits a 6-fold lower activity than rates at a defined alcohol concentration exhibit significant scatter
(py):Pd(OAC) in the oxidation of benzyl alcohol. In situ (Figures 812813_). Pyridine substituent effects, h_owever,
formation of3 and4 during catalysis also releases acetic acid follow a systematic trend, and the Hammett plot (Figure 12,
(egs 14 and 15), which is known to inhibit catalytic turnover P = +0.47) reveals electron-deficient analogues promote more
(Figure 7). These results contrast the oxidatiosedphenethyl rapid turnover rates.

alcohol, which does not produce carboxylic acid byproduct in
the reaction. The correlation between the simulated and
experimental decay curve is consistent with the lack of catalyst
deactivation (Figure 11B).

Discussion

Catalytic Mechanism: Overview. Aerobic alcohol oxidation
catalyzed by the Pd(OAgpyridine catalyst system proceeds

Kinetics Studies: Electronic Effects. A series of para-
substituted benzyl alcohols, XCsH4sCH,OH (X = NO,, ClI,
H, Me, OMe), and pyridines XCsHsN (X = CN, CO:Me, H,
Me, OMe) were used to investigate electronic effects on the

by an oxidase-style mechanism in which palladium(ll)-mediated
substrate oxidation and aerobic oxidation of the catalyst occur
in two independent, sequential stages (SchenfeMglecular

oxygen is not directly involved in substrate oxidation. Consistent
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Scheme 2. Aerobic Oxidation Pathway for a Nitrogen-Coordinated Scheme 3. Stepwise Mechanism for Alcohol Oxidation by
Palladium(0) Complex8a (py)2Pd(OAC),
N, N 0 ,p(g kq
( R ( *pdS AcO—=Pd=OAc + RCH,OH 19RCH,0H
N o y— N ~O Py k4
ks Y%
+2 AcOH 1sRCH,OH T AcO—-Pd—OCH,R + AcOH
-2 Py
7
<N‘Pd/OAC AO-PITOCHR —2=  AcO-PdZOCHR +
N/ \OAC py/ ol k—S CD/ 2 py
+2 H202 7 8

~Py
AcOZPd—OCH,R —fa o [py)PdH)IOAI] + RCHO

with this proposal, (pyPd(OAc) promotes kinetically com- o 8
petent stoichiometric substrate oxidation in the absence of
molecular oxygen. Chart 1. Possible Structures for 1-RCH>0OH

Kinetic studies of the catalytic reaction, which reveal a H py
catalytic rate dependence on catalyst and alcohol concentration, ?E'?)%,R ACO\P| d—BCH R
indicate that substrate oxidation (Stage I, Scheme 1) is the AcO—Pd—O0Ac ACO 2
turnover-limiting stage of the mechanism. This conclusion finds Py 9 ¢ ‘:)(;
strong support from the in situ spectroscopic detection of a
palladium(ll) catalyst resting state, which consists of an equi- CH-R
librium mixture betweerrans{py),Pd(OAc) (1) and an alcohol O‘H\O RH,C . H._
adduct,1-RCH20OH. To our knowledge, this is the first time py »—CH Py 9

. . . . . 3 —_

an aerobic palladium oxidation catalyst has been characterized AcO-P4-0 AcO 5"’\0/U\C;H3
directly during catalytic turnover. p/y Py

The catalyst oxidation step (Stage I, Scheme 1) is kinetically 1 12

invisible. Therefore, we cannot evaluate the two principle
mechanistic proposals for this stage of the mechanism: oxygenstability because they have a palladium(ll) catalyst resting state,
insertion into a palladium(il)-hydridé and oxygenation of ~ Which is less prone to decompose by aggregation into palladium
ligand-stabilized palladium(G}:¢We favor the latter pathway  black.
based on our recent work on the oxygenation of a nitrogen- Catalytic Mechanism: Details of Palladium(ll)-Mediated
coordinated palladium(0) complex (Scheme2httempts to Alcohol Oxidation. The kinetic results and spectroscopic data
slow the catalyst reoxidation step by lowering the oxygen provide specific insights into the mechanism of gRJ(OAc)-
pressure were unsuccessful because the catalyst undergoewediated alcohol oxidation. The nonlinear rate dependence on
competitive decomposition under these conditions (Figure 3). both [alcohol] and [catalyst] (Figures 2 and 4) implicates a
This observation can be explained by the competition between multistep pathway, and the data require a mechanism with at
oxygenation and decomposition of the palladium(0) catalytic least four steps (Scheme 3). This stepwise mechanism begins
intermediate (Scheme 1). with a reaction between the alcohol substrate and the palladium-
Mechanistic studies of several other catalyst systems have(ll) catalyst to form an adduct-RCH,OH, whose identity will
been reported recent®:*-11 Particularly noteworthy are the  be discussed below. This adduct undergoes endergonic conver-

detailed studies by Sheldon on the aqueous Pd(@#atho- sion to a palladium(ll)-alkoxide?, together with the release of
phenanthroline sulfonate5) systeni22 and by Sigman on acetic acid. This two-step acetatalkoxide exchange sequence
asymmetric PdGI(—)-sparteine §)-catalyzed alcohol oxi-  represents a net proton-coupled ligand substitution reaction.

dationl%ab Both of these catalysts employ nitrogen donor Dissociation of pyridine froni7 generates a three-coordinate
ligands, and both reactions exhibit turnover-limiting substrate palladium(ll) complex8, that can undergo irreversiehydride
oxidation (Stage |, Scheme 1). The Pd(OABMSO catalyst elimination to yield the aldehyde (or ketone) product.

system, studied recently in our laborat8hyjis a rare example The first step in this mechanism, formation of adduct
of a reaction that exhibits turnover-limiting aerobic oxidation 1-RCH2OH, underlies the saturation kinetic dependence on the
of the catalyst (Stage I, Scheme 1). Numerous factors contributealcohol substrate (Figure 2). At sufficiently high [R&BH],

to the rates of individual catalytic steps, but it is reasonable to with a magnitude defined by the equilibrium const&at the
conclude from these results that the relatively hard nitrogen resting state of the catalyst will exist exclusivelylaRCH,OH.
donor ligands play an important role in enhancing the rate of Higher alcohol concentrations will confer no incremental benefit
catalyst oxidation. These reactions generally exhibit high catalystto the turnover rate.

The precise structure of this adduct is not known, but several
reasonable possibilities can be proposed (Chart 1). Stru@ures
and10represent five-coordinate complexes analogous to those

N proposed as intermediates in palladium(ll) ligand substitution
< :PdCIZ reactiong® Despite the logical appeal of these proposed
N

(22) (a) ten Brink, G.-J.; Arends, I. W. C. E.; Sheldon, R.2cience200Q
287, 1636-1639. (b) Sheldon, R. A.; Arends, I. W. C. E.; ten Brink, G.-J.;
Dijksman, A.Acc. Chem. Re002 35, 774-781.
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structures, our spectroscopic data provide no direct support forhydrogen-bond formation, and this structure can readily account
such a structuré® Several additional factors also require for the highly fluxional behavior of this species. The study of
consideration. Structurally characterized examples of five- three differentpara-substituted benzyl alcohols indicates that
coordinate palladium(ll) complexes generally possess at leastmore acidic alcohols bind more tightly. This trend matches that
one strongr-acceptor ligand® but the ligands i® and10 are expected for hydrogen-bond donor strength (cf. the effect of
exclusivelyo (andsr) donors. Intermediates in ligand substitution these alcohols on the chemical shift of free pyridine, Figure
reactions are seldom observed directly, and recent computationalS4). Thermodynamic parameters f&r reveal equilibrium
studies suggest five-coordinate intermediates may not even formformation of 1:-RCH,OH is nearly thermoneutral. This result

along the reaction coordinate for ligand substitutionfasquare- also seems consistent with proposed structutebecause
planar metal centers. interaction between benzyl alcohol afhdnust compete with
These considerations suggest the hydrogen-bond addiict, hydrogen bonding between 2 or more equiv of alcohol. On the
or the hybrid hydrogen-bonded/five-coordinate addL2tmay basis of these observations, we faddr as the structure for
represent viable structures ffRCH,OH. Preliminary density- 1-RCH,0H, but definitive assignment must await further study.
functional-theory (DFT) calculatiof%?8 indicate that the hy- The magnitude of the equilibrium constant for formation of

drogen-bonded structurdl, is the only stable intermediate the palladium alkoxide7, from a mixture ofl and PhCHOH
along the reaction pathway between palladium complé&xaesd (K' =K1Ky, Scheme 3) must be less tha.01 based on the
7 (Scheme 3, steps 1 and 2). Adduct evolves along the  inability to detect this complex biH NMR spectroscopy under
reaction coordinate toward a transition state with a structure the reaction conditions. This equilibrium constant describes the
resemblingl2, but no other intermediates have been identified. relative preference of acetate and alkoxide ligands to coordinate
Use of a nonpolar solvent such as toluene will promote to palladium versus a proton. The alkoxide ligand is substantially
more basic and prefers to be protonated. Analogous behavior
(23) Collman, J. P.; Hegedus, L. S.; Norton, J. R.; Finke, RP@ciples and . . P . . P .O 0 9 0
Applications of Organotransition Metal Chemistrgnd ed.; University is detected directly in the equilibrium exchange between acetate
Science Books: Mill Valley, CA, 1987; pp 24144. i i i i
(24) The coordinated alcohol might be expected to possess distinctive spectro—anCI ben.zoate ligands (eqs 1.4 and 15, FIgl_JI’e .Sg)’ in which Ca.se
scopic properties (e.g., shiftéfl NMR resonances for the benzylic protons, ~ protonation of the more basic acetate anion is preferred. This
Phd+,0H). but such evidence was not obtained, even at low temperatures. gnglysjs reveals that deactivation of the catalyst upon over-
Such distinctions may not be evident, however, if the adduct is highly . . . .
fluxional in the presence of a large excess of substrate. oxidation of benzyl alcohol to benzoic acid and the lower
(25) For recent studies and leading references on five-coordinate palladium(ll) ; i ;
complexes, see: (a) Albano, V. G.; Natile, G.; PanunziCAord. Chem. catalytlc activity ofthe (pngd(QCPh) CatalySt arise from less

Rev. 1994 133 67-114. (b) Di Bianca, F.; Bandoli, G.; Dolmella, A.;  favorable equilibrium formation of the palladium alkoxide.

Antonaroli, S.; Crociani, BJ. Chem. Soc., Dalton Trang002 212217 - . o
O Paraier. B e aio L T Patar O Kol L The beneficial effect of added acetate (Figure 6) and inhibition

Garca-Ferriadez, M. E.Inorg. Chem.2002 41, 4435-4443. (d) Favez, by acetic acid (Figure 7) both reflect the influence of these
R.; Roulet, R.Inorg. Chem.1981, 20, 1598-1601. L . .

(26) Cooper, J.; Ziegler, Tinorg. Chem 2002 41, 6614-6622. reagents on equilibrium formation of the alkoxide(Ki-Kz,

(27) Popp, B. V. Landis, C. R,; Stahl, S. S. unpublished results. We have recently Scheme 3). Acetic acid appears on the right side of this
initiated a full computational analysis of “proton-coupled” ligand substitu- L . . . e
tion reactions. Preliminary results relevant to the present system may be €quilibrium and, if added, will shift the equilibrium to the left.
summarized as follows: Density functional theory (DFT) calculations, i ilibri i
conducted with the BB2LY P28 functional and the LANL2DZ2°-¢ basis Aceta.'te does nOt. appear in the equilibrium, and therefore its
set with the Gaussian 98 suite of programs, have been performed to  fole is less obvious. Yet exogenous acetate can promote
optimize gas-phase geometries for each of the reactants and products in i H ilizi H H
the equilibrium: 1 -+ CFhOH  (py).Pd(OCH)(OAS) + ACOH. The formation of the alkoxide7 by stab‘l‘llzmg "the acetic acid
optimized structures were verified to be at a local minimum by calculation byproduct, essentially serving as a “buffer” to create a more
of the harmonic vibrational frequencies. Attempts to locate a stable five- ; ; ; ; ;
coordinate palladium structures analogou®tand 10 have been unsuc- basic reaction medium. The grystallographlcally C.haraCtelnzed
cessful. In each case, the optimization routine yields a minimum energy [AcOH---OAc]~ adduct ) obtained from the catalytic reaction

structure that possesses a hydrogen bond between the alcefbla®d B : o :
the carbonyl oxygen of a coordinated acetate ligand. The alcohol oxygen mixture prowdes a structural model for this interaction.

is oriented over the axial coordination site, but lies at a nonbonding distance  The work of Sigman and Stoltz revealed exogenous base is
of 3.6 A. Relaxed potential energy surface (RPES) scans have also been . . . . .
conducted to probe the reaction pathway. The scans are conducted in thef€quired in alcohol oxidation mediated by-(-sparteine]PdGlI
reverse (energetically favorable) direction by using optimized geometries (6)_7a,b,290n the basis of Subsequent mechanistic studies, Sigman
of the square planar palladium-methoxide intermediate and acetic acid. The . K
carbonyl oxygen of the acetic acid is directed over the axial coordination and co-worker¥ propose that the base is required to deprotonate
site of Pd, and the proton of the acid is directed over the oxygen of the g5 coordinated alcohdP In the absence of exogenous base,
methoxide ligand. Initial scans produce a product structure that closely R i . ! .
resembles the optimized, hydrogen-bonded, alcohol adduct described above formation of the palladium alkoxide would require expulsion
which possesses no formal palladitioxygen interaction. The transition i i
state in this pathway has a trigonal bipyramidal structure in which the of HC.I’ and the_ thermOdynamICS of this procgss are pr.obably
tbrigondal ?Iarllelclqnsizts of two monodentate acetate ligands and an oxygen-sufficiently uphill to prevent substrate oxidation. Relative to
ound alcohol ligand. : ; ; o

(28) (a) Becke, A. DPhys. Re. A 1988 38, 3098-3100. (b) Lee, C.: Yang, chloride, acetate |npreases t'he thermod.ynamlc'drlv'lng force'for

\£/J P&(lr, R. gthlyséé?ée-zE;%?fg ;37,(2?5\/\—/739. VS/C)RHaﬁ' P. Ig.;JWgﬁt, W. alcohol deprotonation, and it also provides a kinetically facile
.J. Chem. Phy: ) . adt, W. R.; Hay, P. J. Chem. : : : "

Phys. 1985 82, 284-298. () Hay, P. J.. Wadt, W. RL. Chem. Phys. pathway for deprotonation via a six-membered transition state
1985 82, 299-310. (f) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; resembling structuré 2.3t
Scuseria, G. E.; Robb, M. A.; Cheeseman, J. R.; Zakrzewski, V. G.;
Montgomery, J. A.; Stratmann, R. E.; Burant, J. C.; Dapprich, S.; Millam,
J. M.; Daniels, A. D.; Kudin, K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; (29) (a) Mandal, S. K.; Jensen, D. R.; Pugsley, J. S.; Sigman, M. Srg.

Barone, V.; Cossi, M.; Cammi, R.; Mennucci, B.; Pomelli, C.; Adamo, C.; Chem.2003 68, 4600-4603. (b) Bagdanoff, J. T.; Ferreira, E. M.; Stoltz,
Clifford, S.; Ochterski, J.; Petersson, G. A.; Ayala, P. Y.; Cui, Q.; B. M. Org. Lett.2003 5, 835-837.

Morokuma, K.; Salvador, P.; Dannenberg, J. J.; Malick, D. K.; Rabuck, (30) A five-coordinate alcohol complex was proposed, but a structure analogous
A. D.; Raghavachari, K.; Foresman, J. B.; Cioslowski, J.; Ortiz, J. V; to 11, in which the alcohol hydrogen bonds to a chloride ligand ef){(
Baboul, A. G.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.; sparteine]PdG] is also consistent with the experimental results.
Komaromi, |.; Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, (31) Sigman and co-workers have noted that)féparteine]Pd(OAg)exhibits

M. A.; Peng, C. Y.; Nanayakkara, A.; Challacombe, M.; Gill, P. M. W_; a background rate in the absence of exogenous base (ref 10b). Morever,
Johnson, B.; Chen, W.; Wong, M. W.; Andres, J. L.; Gonzalez, C.; Head- they have recently reported a crystal structure of a palladium complex with
Gordon, M.; Replogle, E. S.; Pople, J. Saussian 98revision A.10; acetate and water ligands in which the acetate engages in a six-membered
Gaussian, Inc.: Pittsburgh, PA, 2001. ring intramolecular hydrogen bond (ref 10c).
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Our kinetic results suggest that both neutral (pyridine) and

[AcOH] and [py] in the denominator of this expression reflects

anionic (acetate) ligands can promote reoxidation of palladium their inhibitory effect on the reaction (Figures 5 and 7).

by molecular oxygen. If pyridine is excluded from the reaction
mixture, no catalytic turnover is observed and palladium black

forms rapidly. These observations reflect the direct competition
between catalyst oxidation and decomposition upon formation

of palladium(0) (Scheme 1). The beneficial role of pyridine can
arise from stabilization of palladium(0) to prevent aggregation

or from an enhanced reaction rate between palladium(0) and
molecular oxygen. Both effects are probably important. Acetate
appears to be capable of playing a similar role, when present in

excess, because addition of NBWAC to a reaction mixture
lacking pyridine enables catalytic turnover (Figure 6). As with
pyridine, it is not known whether this effect arises from

d[RCHO]
da
K, kksk,[Pd],[PhCH,OH]
(1 + Ky[PhCH,OH])(k_,[AcOH](k_5[py] + k,) + K3k,
(16)

d[RCHO] _
da

Koksk,[Pd];
K_,[ACOH](k_3[py] + k) + koK,

17)

The Origin of Nonlinear Rate Dependence on Catalyst

stabilization of palladium(0) or enhancement of the oxygenation Concentration. The toxicity and high cost of palladium have
rate. A similar acetate effect was noted recently by Sheldon et Prompted considerable effort to develop more active palladium

al.®P and the result is consistent with a series of recent studies

that indicate anionic ligands promote oxidative addition of other
substrates (e.g., aryl halides) to palladiunt).

The beneficial effect of pyridine maximizes at a 1:1 py:Pd
ratio. At higher concentrations, pyridine inhibits the reaction
(Figure 5). The origin of this inhibition is evident upon
consideration of the mechanism @khydride elimination.

Square-planar metal alkyl and alkoxide complexes undergo

B-hydride elimination through either thréé-or four-coordi-
naté435 pathways. The former requires endergonic ligand
dissociation prior to elimination, but this mechanism is generally
preferred if a sufficiently labile ligand is coordinated to the
metal. Complexes that undergehydride elimination through

catalysts that can be used at lower catalyst loaéfinhe Pd-
(OAc)./pyridine-catalyzed alcohol oxidation exhibits signifi-
cantly higher catalytic efficiency at lower catalyst loading. The
turnover frequency is 9.4 at 10% catalyst loading, but
increases nearly an order of magnitude to 994t 0.2 mol %
loading. The decrease in efficiency at higher catalyst loading
is sufficiently severe that the absolute rate does not increase
beyond 3 mol % catalyst loading (Figure 4). The mechanistic
origin of this phenomenon has important implications for the
development of improved oxidation catalysts.

The change in catalytic efficiency is revealed by a nonlinear
dependence of the rate on the [catalyst] (Figure 4). Recently,
such nonlinear kinetic behavior has been observed for two other
palladium oxidation catalysf$: Sheldon’s Pd(OAg)batho-

a four-coordinate pathway often possess chelating ligands thatyhenanthroline sulfonate compleg)f and the Pd(OAg)

hinder ligand dissociatioff. The positive slope in the Hammett
plot for substituted pyidines (Figure 12) is consistent with the

DMSO catalyst systerff. The origin of the nonlinear behavior
differs in the two cases. In the aqueous alcohol oxidation

expectation that electron-deficient pyridines should undergo reaction catalyzed bys, kinetic studies reveal a half-order

more facile ligand dissociation. Meanwhile, nonlabile chelating
ligands, such as 2:bipyridine, strongly inhibit catalytic
turnover?t That the catalytic rate does not drop to zero at very
high [pyridine] suggests elimination from a four-coordinate
complex {) is also possible; however, it occurs much more
slowly than from the three-coordinate compl&x,

A rate law derived for this mechanism, based on preequilib-
rium formation ofl-RCH,OH and a steady-state approximation
for intermediate§ and8, is shown in eq 168% As [PhCHOH]
increases to the point of saturation ¢a@PhCH,OH] > 1, the
rate law simplifies to that shown in eq 17. The presence of

(32) (a) Amatore, C.; Jutand, A.; Thuilliez, @rganometallic2001, 20, 3241~
3249. (b) Amatore, C.; Jutand, Acc. Chem. Re00Q 33, 314-321.
(c) Amatore, C.; Jutand, Al. Organomet. Chenll999 576, 254-278.
(d) Alcazar-Roman, L. M.; Hartwig, J. B. Am. Chem. So@001, 123
12905-12906. (e) Alcazar-Roman, L. M.; Hartwig, J. Brganometallics
2002 21, 491-502.

(33) (a) Whitesides, G. M.; Gaasch, J. F.; Stedronsky, B. Rm. Chem. Soc.
1972 94, 5258-5270. (b) Alibrandi, G.; Minniti, D.; Romeo, R.; Cum,
G.; Gallo, R.J. Organomet. Cheni985 291, 133-137. (c) Romeo, R.;
Alibrandi, G.; Scolaro, L. MInorg. Chem1993 32, 4688-4694. (d) Goj,
L. A.; Widenhoefer, R. AJ. Am. Chem. So@001, 123 11133-11147.
(e) Shultz, L. H.; Brookhart, MOrganometallics2001, 20, 3975-3982.
(f) Zhao, J.; Hesslink, H.; Hartwig, J. B. Am. Chem. SoQ001, 123
7220-7227.

(34) (a) Bryndza, H. EJ. Chem. Soc., Chem. Comm@885 1696-1698. (b)
Bryndza, H. E.; Calabrese, J. C.; Marsi, M.; Roe, D. C.; Tam, W.; Bercaw,
J. E.J. Am. Chem. S0d.986 108 4805-4813. (c) Sacco, A.; Mastrorilli,
P.J. Chem. Soc., Dalton Tran$994 2761-2764.

(35) (a) Ozawa, F.; Ito, T.; Yamamoto, A. Am. Chem. Sod98Q 102, 6457~
6463. (b) Alibrandi, G.; Cusumano, M.; Minniti, D.; Scolaro, L. M.; Romeo,
R. Inorg. Chem.1989 28, 342—347. (c) Alibrandi, G.; Scolaro, L. M.;
Minniti, D.; Romeo, R.Inorg. Chem.199Q 29, 3467-3472.
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dependence on the [catalyst]. Diimine-coordinated palladium
and platinum complexes commonly form hydroxide-bridged
dimers in agueous solutidf This precedence together with the
kinetics data suggest the catalyst resting state is a dimer,
(LPd"),, that must break into a monomer to promote substrate
oxidation (Scheme 4). The monomeatimer equilibrium shifts
toward a higher fraction of monomer at lower [catalyst] (see
inset, Scheme 4), and, therefore, higher catalytic activity is
observed at lower catalyst loading.

The nonlinear [catalyst] dependence in the Pd(QAIYISO
reaction has a different origin. The catalyst resting state in this
case is palladium(0) rather than palladium(ll). Our recent studies
of this reactiofP reveal that catalyst aggregation and decom-
position compete with the productive reaction between pal-
ladium(0) and molecular oxygen (Scheme 5). The rate of catalyst
aggregation exhibits a bimolecular dependence on [palladium],

(36) A derivation of this rate law is provided in the Supporting Information.
This mechanism and rate expression permits all of our kinetics data to be
fit simultaneously in a self-consistent manner (Figure S14). Attempts to
fit the [AcOH]-dependence data based on a mechanism with rapid
equilibration of all intermediatesl{RCH,OH, 7, and 8) prior to rate-
limiting S-hydride elimination were unsuccessful.

(37) This goal has been especially evident in the development of palladium-
catalyzed cross-coupling reactions. See, for example: (a) ref 2b. (b) Littke,
A. F.; Fu, G. C.Angew. Chem., Int. ER002 41, 4176-4211.

(38) Linear [catalyst] dependence has also been observed. See ref 10.

(39) (a) Wimmer, S.; Castan, P.; Wimmer, F. L.; Johnson, Nnérg. Chim.
Acta 1988 142 13-15. (b) Wimmer, S.; Castan, P.; Wimmer, F. L.;
Johnson, N. PJ. Chem. Soc., Dalton Tran$989 403-412. (c) Fekl, U.;
van Eldik, R.; Richardson, C.; Robinson, W. forg. Chem.2001, 40,
3247-3251.
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Scheme 4. Origin of Nonlinear [Catalyst] Dependence in the dence® The independence of the rate on both the oxygen

Aqueous Alcohol Oxidation Reaction Catalyzed by Pd(OAc),/ o : :
Bathophenanthroline Sulfonate (5) pressure and the stirring rate rules out this explanation.

H The proposed mechanism for palladium(ll)-mediated alcohol

05 (N‘Pd’o‘Pd’NS’ 2 _ [(LPA")][H;0] ; oxidation (Scheme 3) provides an explanation for the_ \_/ariable
’ ‘a’ ) dmer= T palp > [catalyst] dependence observed for the Pd(Qhsgyidine
(LPdY) system (Figures 4 and 8). The steady-state concentration of
2 Rate gzt = KoalLPA"[RCH;OH] acetic acid and pyridine during the reaction will be proportional
—-H0 1L Kdimer o [(LPd"),]""2 to the catalyst concentration, unless an excess of either

component is added separately (see reaction conditions in Figure
8). Therefore, an increase in the catalyst loading will also
increase the inhibitor concentration. Steps 2 and 3 of the
mechanismK,; andks, Scheme 3) exhibit a first-order depen-
dence on the catalyst concentration in the forward direction.
Because pyridine and acetic acid are formed in equal concentra-
tion to intermediate§ and 8, respectively, the reverse steps
(k-2 andk_3) formally exhibit a bimolecular dependence on the
catalyst concentration. Thus, at higher catalyst loading, the
reverse steps will gain a competitive advantage over the forward
steps. When excess pyridine is added to the reaction mixture,

N’ OH RCH,OH
LPd!
cat
1/2.0, RCHO
+Hy0 + H ( ‘P + 2H,0 + H*

Scheme 5. Origin of Nonlinear [Catalyst] Dependence in Aerobic
Alcohol Oxidation Catalyzed by the Pd(OAc),/DMSO System

H,O, LoPd! RCH,OH the [pyridine] no I(_)nger is proportional to the catalyst loading.
Under these conditions, a half-order dependence on [Pd#PAc)
I , is observed (Figure 8A). Although this result could imply
catalyst dimerization, in situ spectroscopic data do not support
0, RCHO this conclusion. Instead, the half-order dependence arises from
+ 2H* L pd° + 2H* the competition between the unimolecular forwakd) (and
n bimolecular reversek(,) reactions in step 2 of the mechanism.
L = DMSO m l -nL (Thek_; step is formally bimolecular in [Pd] because [AcOH]
Pd) = [7].) When excess [AcOH] and [pyridine] are both added to
" the reaction mixture, such that neither is proportional to the
Lpd +0, LnPd:g Ratol) = kP05 » [cat] Elc:?;ilry:g,;)l.flrst order dependence on [Pd(OA® observed

This analysis reveals that bimolecular or higher order catalyst
side reactions (dimerization, Scheme 4; bulk aggregation,
Scheme 5) are not necessary to produce a nonlinear [catalyst]

whereas catalytic turnover is unimolecular in [palladium]. The
y [P I dependence. Instead, the nonlinear behavior in the Pd@DAC)
squared versus linear dependence of these processes on the

[catalyst], respectively (inset, Scheme 5), dictates that pro ductlVepyndlne reaction arises from a monomeric catalyst that under-
catalytic turnover will experience a competitive advantage at goes competitive ligand dissociation and recombination (steps

lower catalyst loading and lead to higher efficiency. 2 and 3, Scheme 3). Attempts to increase catalyst activity by

In the Pd(OAcYpyridine-catalyzed reaction, the catalyst promoting facile ligand dissociation (e.g., electron-deficient
. . . ' . . pyridines) must be balanced by the need to prevent catalyst
concentration dependence varies under different reaction condi- . L - L
tions. The dependence is hyperbolic when [catalyst] is varied decomposition. Application of mechanistic principles such as
) i o - . these provides the basis for ongoing studies to develop new
at a constant 4:1 pyridine:Pd(OAagtio (Figure 4), parabolic o L
. o catalysts that exhibit high activity and may be used at low
when [Pd(OAc)] is varied in the presence of constant excess catalvst loadin
[pyridine] (Figure 8A), and linear when [Pd(OAg)is varied y 9-
in the presence of constant [pyridine] and [AcOH] (Figure 8B). Summary
The previously characterized mechanisms (Schemes 4 and 5) o '
do not explain these kinetic results. In situ spectroscopic study ~The Pd(OAcypyridine catalyst system has been applied to
of the catalytic reaction reveals the catalyst resting state isa variety of selective aerobic oxidation reactions, and this
monomeric in palladium}/1-RCH,0H, even in the presence Mechanistic study of benzyl alcohol oxidation provides insights
of excess pyridine. The spectroscopic data also exclude catalysinto the factors that control catalyst activity and stability. We
decomposition, because the equilibrium mixturelgfogether ~ have, for the first time, complemented the kinetic study of an
with 3 and4 under certain conditions) addRCH,OH account aerobic palladium-catalyzed oxidation reaction with direct
for all of the palladium added to the reaction mixture. Spectroscopic characterization of the catalyst resting state. Such
Furthermore, no palladium black forms under standard reactiondata facilitated elucidation of the detailed mechanism of
conditions. Therefore, catalyst aggregation, either as a dimerpalladium(ll)-mediated alcohol oxidation and also revealed a
(Scheme 4) or decomposition into bulk palladium (Scheme 5),
H ; 40) (a) Albal, R. S.; Shah, Y. T.; Schumpe, A.; Carr, N.Chem. Eng. J.
cannpt account for the nonlinear behay|or. , , “o £9)€33 27, 61-80. (b) Albal, R. S.; Sha%, Y. T.; Carr, N. L; Bell,gA T
With the use of a gaseous substrate in these reactions, it was  Chem. Eng. SciL984 39, 905-907. (c) Deimling, A.; Karandikar, B. M.;
necessary to exclude the possibility that mass transfer of the ~ Shah. Y. T.; Carr. N. LChem. Eng. J1984 29, 127-140. (d) Sun, V.,

. . X Landau, R. N.; Wang, J.; LeBlond, C.; Blackmond, D.J5Am. Chem.
oxygen into solution produces the nonlinear [catalyst] depen- Soc.1996 118, 1348-1353.

K
LyPd + LPd — = 2nL + [Pd], Rate(ll) = kj[PdJ? « [cat]?
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new source of catalyst deactivation that can arise from the Gas-Uptake Kinetics.A typical reaction was conducted as follows.
overoxidation of a primary alcohol to the carboxylic acid. The Pd(OAc} (11.2 mg, 50umol) was added to a 25 mL round-bottom
nonlinear rate dependence on the [catalyst] has a different originﬂaSK with a stirbar. A solution of pyridine (22.3 mM in toluene, 9.0
than other palladium-catalyzed aerobic oxidation reactions, and™ML) was added to Pd(OAg)The flask was attached to an apparatus

analysis of this effect suggests new opportunities for the designw'th a calibrated volgme and a pressure t(ansducer designed to measure
. the gas pressure within the sealed reaction vessel. The apparatus was
of improved catalysts.

hi dv also highliahts th | itical. role of evacuated to 300 Torr and filled with oxygen to 900 Torr, and this
This study also highlights the complex, yet critical, role o cycle was repeated 10 times. The pressure was established at 700 Torr,

ligands in modulating catalyst activity and stability. The neutral anq the flask was heated to 80. When the pressure stabilized in the
ligand, pyridine, plays a key role in the stabilization and aerobic apparatus, benzyl alcohol (1.0 M in toluene, 1.0 mL) was added via
oxidation of palladium(0), and we also obtained evidence that syringe through a septum. Data were acquired using custom software
anionic ligands facilitate palladium(0) oxidation. The effect of written within LabVIEW (National Instruments). Correlations between
pyridine on palladium(ll)-mediated alcohol oxidation appears oxygen uptake and conversion were made via analysis by gas
to be primarily inhibitory because it occupies a coordination chromatography with hexadecane as an internal standard.

site required forB-hydride elimination. Acetate participates Catalytic Reaction Monitored by NMR Spectroscopy.A freshly
directly in the formation of the palladium alkoxide, via initial ~ Prepared solution of Pd(OAcand pyridine (5.79 mM palladium, 23.5
hydrogen bond formation with the substrate and followed by MM pyridine, 3.41 mM 1,3,5-trtert-butylbenzene, in toluene, 0.440
proton-coupled ligand substitution. If this ligand is not suf- ML-) Was added to a medium-wall NMR tube (#524PP, Wilmad)
ficiently basic, formation of the palladium-alkoxide will be attached to a sealed 14/20 ground glass joint. The solution was frozen

. . o ) . in liquid nitrogen, and benzyl alcohol (1.40 M in toluedg-0.060
highly disfavored and reduce the catalyst activity. This principle mL) was added to it. The NMR tube was connected to a gas manifold

has been detected in the PECH)-sparteine-catalyzed reactions  attached to a mercury monometer, both of which were calibrated for
where the anionic ligand, chloride, is sufficiently nonbasic that volume. The solution was degassed three times, and then oxygen (0.577
an exogenous base is required to achieve even stoichiometrianmol) was condensed in the tube to achieve a final pressure of 10 atm
alcohol oxidation. in the headspace above the solution. The NMR tube was flame-sealed
(gas volume= 1.66 mL), and the solution was kept cold in a bath of
dry ice/acetone until it was inserted into the spectrometer probe,
General Considerations Palladium acetate (DuPont) was recrystal- preheated to 86C.
lized prior to use from benzene/acetic atixygen gas (BOC), benzyl Titrations Monitored by NMR Spectroscopy. A typical data set
alcohol (Aldrich), para-substituted alcohols (Aldrichgeephenethyl for benzyl alcohol is described as follows. A freshly prepared solution
alcohol (Aldrich), pyridine (Aldrich), tetrabutylammonium acetate of Pd(OAc) and pyridine (3.12 mM palladium, 20.0 mM pyridine,
(Aldrich), sodium acetate (Aldrich), benzoic acid (Aldrich), benzalde- 3 25 mm 1,3,5-tritert-butylbenzene, in toluends, 1.000 mL) was
hyde (Ruger), hexadecane (Aldrich), lithium aluminum deuteride aggded to an NMR tube. Toluerts-(0.080 mL) was added to it. A
(Aldrich), 1,3,5-tritert-butyl benzene (Aldrich), and pyridine (Aldrich)  gojution of benzyl alcohol (5.0 M in toluerd; 0.010 mL) was added
were used without purification. Benzyl alcohd)l- PhCH(D)OH, and o the catalyst solution seconds before inserting the tube into the
benzyl alcohokl;, PhCDOH, were prepared by standard methods  spectrometer. Titration experiments varied the amount of toldgne-

involving lithium aluminum deuteride reduction of benzaldehyde and gng benzyl alcohol that were added, keeping their total volume at 0.090
benzoic acid. (pyPd(QCPh) was prepared by a literature procedtire,  y .

and crystals suitable for X-ray crystallographic analysis were obtained

by evaporation of toluene. Toluene (Fisher) and diethyl ether (Fisher) ~ Acknowledgment. This work was supported by the Dreyfus
were purified by passage through a column of activated alumina and Foundation (New Faculty and Teacher-Scholar Award), the
Q4. Gas chromatographic analysis of reactions was conducted with ag|oan Foundation (Research Fellowship), and the NIH (RO1
Shimadzu GC-17A gas chromatograpH. NMR data were recorded  5)\167173-01). Funding for NMR instrumentation was provided
using a Varian InovalH: 500 MHz), a Varian Unity {H: 500 MHz), by the NIH (1 S10 RR04981-01 and 1 S10 RR08389-01) and

Cpectrometer, Specta acquired AtTowere temperature catbrated e NS (CHE-8813550, CHE: 9629688, CHE-9629688, CH-
9208463, and CHE-9709065).

with ethylene glycol. Chemical shifts were referenced to residual protons
in the deuterated solvent, toluedg- 2.09 ppm. 1,3,5-Trtert-butyl-
benzene was used as an internal standardHoNMR spectral data
(7.34 ppm, 1.32 ppm).

Experimental Section
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spectra, and crystallographic data (PDF, CIF). This material is
available free of charge via the Internet at http://pubs.acs.org.
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