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A Well-Defined Complex for Palladium-Catalyzed Aerobic Oxidation of Alcohols: Design, Synthesis,
and Mechanistic Considerations

David R. Jensen, Mitchell J. Schultz, Jaime A. Mueller, and Matthew S. Sigman*

University of Utah, Department of Chemistry, Salt Lake City, UT 84112

General Considerations:

The alcohols used as substrates, HOAc, and Bu4NOAc were purchased and used as received.[1,2]  The PhH and PhCH3
used as solvent were dried before use by passing through a column of activated alumina.[3]  The 3Å molecular sieves were
powdered and activated by putting under vacuum in a flask and heating.  GC conversions for reactions with < 99%
conversion were determined relative to tetradecane as internal standard.  1H-NMR spectra were obtained at 300 MHz and
referenced to the CHCl3 singlet at 7.27 ppm, and 13C-NMR spectra were obtained at 75 MHz and referenced to the center
line of the CDCl3 triplet at 77.0 ppm.  Melting points are uncorrected.  Elemental analyses were performed by Desert
Analytics, Tucson, Az.

An ASI React IR 1000 was used for mechanistic experiments.  Standard operation procedures for the IR was followed.
For each reaction, background was measured and probe cleaned properly.  For each alcohol being monitored, product
formation was observed by recording the absorbance at maximum peak height of the carbonyl stretch of the resulting ketone
or aldehyde related to a baseline point.  The absorbances were converted to concentration units by constructing calibration
curves of the products in each respective solvent to determine the constant relating absorbance to concentration.  The
apparatus used was a large glass schlenk tube with jacketed neck for probe insertion and side arm for attachment of
condenser fitted with oxygen filled balloon.

Synthesis of Pd(IiPr)(OAc)2-(H2O):
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Pd(IiPr)(OAc)2-H2O
In a flask, 62.4 mg of (Pd(IiPr)Cl2)2 (0.055 mmol, 1.0 equiv) and 37.7 mg of AgOAc (0.23 mmol, 4.1 equiv) were

added.[4]  To this 3 ml of reagent grade CH2Cl2 was added and immediately AgCl began to precipitate as a fine white
powder.[5]  This reaction mixture was shaken for 60 min and the resulting yellow solution was filtered through a plug of
celite.[6]  The solvent was removed to give 69.5 mg Pd(IiPr)(OAc)2-(H2O) as a yellow solid (98% yield).  Recrystallization
of the yellow solid to give X-ray quality crystals could be accomplished by slow evaporation of a saturated CH2Cl2 /
cyclohexane solution.

Analytical Data: [7,8]

m.p.:  decomposes >150 oC; IR (KBr): 3141.85, 3174.66, 2967.92, 2931.90, 2870.92, 2363.15, 2344.45, 1607.58, 1466.60,
1410.10, 1384.26, 1328.33, 944.76, 800.70, 756.54, 678.24 cm-1; 1H NMR: (300 MHz, CDCl3); 7.60 (t, J = 7.7 Hz, 2H),
7.42 (d, J = 7.8 Hz, 4H), 7.11 (s, 2H), 2.76 (apparent sept. J = 6.8 Hz, 2H), 1.76 (s, 6 H), 1.34 (d, J = 6.6 Hz, 6H), 1.09 (d, J
= 6.8 Hz, 6H); 13C NMR: (75 MHz, CDCl3) δ 182.62, 146.19, 134.43, 130.73, 125.30, 124.23, 28.32, 26.03, 24.33, 22.83;
Elemental Analysis: Calc. C-59.00%, H-7.03%, N-4.44%; Found C-59.26%, H-7.06%, N-4.64%



Oxidations using O2:

(Pd(IiPr)Cl2)2 / AgOAc

Ph Me

OH 2.5% (Pd(IiIPr)Cl2)2
10.5% AgOAc

PhCH3, MS3Å, O2, 50 0C Ph Me

O

In a 10 ml Schlenk tube, 4.2 mg of (Pd(IiPr)Cl2)2 (0.0038 mmol, 0.025 equiv) and 2.6 mg (0.0158 mmol, 0.105 equiv) of
AgOAc, and 50 mg of powdered activated 3Å molecular sieves were added.  To this 0.5 mL of PhCH3 was added.  The
flask was attached to a reflux condenser and a three way joint attached to the top of the reflux condenser.  The system is
evacuated and refilled with O2 from a balloon on one end of the three way joint.  This step is repeated three times.  The
reaction is placed in an oil bath at 60 oC.  After 5 minutes, 18 µL of sec-phenethyl alcohol was added.  The reaction was
followed by GC and showed >99% conversion at 2 h.

Benzylic and Secondary Allylic Substrates:

R R'

OH 0.5% Pd(IiIPr)(OAc)2-H2O
2.0% HOAc

PhCH3, MS3Å, O2, 60 0C R R'

O

In a 10 ml flask, 3.2 mg of Pd(IiPr)(OAc)2-(H2O) (0.005 mmol, 0.005 equiv.) and 150 mg of powdered, activated 3Å
molecular sieves were added.  To this 2.0 mL of PhCH3 and 1.1 µL of HOAc (0.02 mmol, 0.02 equiv) were added by
syringe, followed by 1.0 mmol (1.0 equiv) of the alcohol.  The flask was attached to a reflux condenser and a three way
joint attached to the top of the reflux condenser.  The system is evacuated and refilled with O2 from a balloon on one end of
the three way joint.  This step is repeated three times.  The flask is placed in an oil bath at 60 oC.  The reaction was followed
by GC to determine the % conversion.  For several substrates isolated yields were obtained by allowing the reaction to cool
to room temperature and loading the reaction mixture directly on a silica gel plug.  The plug is first washed with pentane to
elute PhCH3 and then solvent is switched to Et2O to elute the ketone or aldehyde product.  Removal of the solvent in vacuo
gave the product.
This procedure was used for alcohols:
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In-Situ Prepared Catalyst:

Ph Me

OH

1.)  0.5% Pd(OAc)2
      0.65% IiPr-HBF4
      0.7% KOtBu
      MS3Å,THF, N2, 60 oC

2.)  2 % HOAc
      PhCH3, O2, 60 0C

Ph Me

O

In a 25 mL flame dried Schlenk flask, 2.3 mg of Pd(OAc)2 (0.01 mmol, 0.005 equiv.), 6.2 mg of IiPr-HBF4 salt (0.013
mmol, 0.0065 equiv.),[9] 1.6 mg of KOtBu (0.014 mmol, 0.007 equiv.) and 250 mg of powdered, activated 3Å molecular
sieves were added.   To this 0.8 mL of THF was added by syringe.  The flask was placed under N2 and placed in an oil bath
at 60 oC.  The mixture was stirred for 45 minutes, cooled to room temperature, and 2.3 µL of HOAc (0.04 mmol, 0.02
equiv) and 3.2 mL of toluene were added by syringe.  The flask was attached to a reflux condenser and a three way joint
attached to the top of the reflux condenser.  The system is evacuated and refilled with O2 from a balloon on one end of the
three way joint.  This step is repeated three times.  241 µL of sec-phenethyl alcohol, alcohol 2a, (2.0 mmol, 1 equiv.) were
added and the flask is placed in an oil bath at 60 oC.  The reaction was followed by GC to determine the % conversion.

0.1 mol % catalyst:
OH 0.1% Pd(IiIPr)(OAc)2-H2O

2.0% HOAc

PhCH3, MS3Å, O2, 60 0C
H

MeO

OH

H

MeO

In a 10 ml flask, 0.8 mg of Pd(IiPr)(OAc)2-(H2O) (0.0013 mmol, 0.001 equiv.) and 188 mg of powdered, activated 3Å
molecular sieves were added   To this 2.5 mL of PhCH3 and 1.4 µL of HOAc (0.025 mmol, 0.02 equiv) were added by
syringe, followed by 155 µL (1.25 mmol, 1.0 equiv) of alcohol 2b.  The flask was attached to a reflux condenser and a three
way joint attached to the top of the reflux condenser.  The system is evacuated and refilled with O2 from a balloon on one
end of the three way joint.  This step is repeated three times.  The flask is placed in an oil bath at 60 oC.  The reaction was
followed by GC to determine the % conversion.

Large Benzylic Substrate:

Ph

OH 1.0% Pd(IiIPr)(OAc)2-H2O
2.0% HOAc

PhCH3, MS3Å, O2, 60 0C Ph

O

In a 10 ml flask, 0.8 mg of Pd(IiPr)(OAc)2-(H2O) (0.0013 mmol, 0.001 equiv.) and 188 mg of powdered, activated 3Å
molecular sieves were added.  To this 2.5 mL of PhCH3 and 1.4 µL of HOAc (0.025 mmol, 0.02 equiv) were added by
syringe, followed by 155 µL (1.25 mmol, 1.0 equiv) of alcohol 2b.  The flask was attached to a reflux condenser and a three
way joint attached to the top of the reflux condenser.  The system is evacuated and refilled with O2 from a balloon on one
end of the three way joint.  This step is repeated three times.  The flask is placed in an oil bath at 60 oC.  The reaction was
followed by GC to determine the % conversion.

Secondary Aliphatic Substrates:

R R'

OH 0.5% Pd(IiIPr)(OAc)2-H2O
1.0% HOAc

PhCH3, MS3Å, O2, 60 0C R R'

O

In a 10 ml flask, 3.2 mg of Pd(IiPr)(OAc)2-(H2O) (0.005 mmol, 0.005 equiv.) and 150 mg of powdered, activated 3Å
molecular sieves were added.  To this 2.0 mL of PhCH3 and 0.6 µL of HOAc (0.01 mmol, 0.01 equiv) were added by
syringe followed by 1.0 mmol (1.0 equiv) of the alcohol.  The flask was attached to a reflux condenser and a three way joint
attached to the top of the reflux condenser.  The system is evacuated and refilled with O2 from a balloon on one end of the
three way joint.  This step is repeated three times.  The flask is placed in an oil bath at 60 oC.  The reaction was followed by
GC to determine the % conversion.  For 2-decanol, 2f, an isolated yield was obtained by allowing the reaction to cool to
room temperature and loading the reaction mixture directly on a silica gel plug.  The plug is first washed with pentane to
elute PhCH3 and then solvent is switched to Et2O to elute the ketone product.  Removal of the solvent in vacuo gave the
product.
This procedure was used for alcohols:

OH

7

OH

2f 2h



Primary Aliphatic and Allyic Substrates:

R H

OH 0.5% or 0.75% Pd(IiIPr)(OAc)2-H2O
5.0% NBu4OAc

PhCH3, MS3Å, O2, 60 0C R H

O

In a 10 ml flask, 1.6 mg of Pd(IiPr)(OAc)2-(H2O) (0.0025 mmol, 0.005 equiv.) for substrate 2i or 2.4 mg of
Pd(IiPr)(OAc)2-(H2O) (0.0038 mmol, 0.0075 equiv.) for substrates 2j and 2k was added, followed by 7.6 mg of Bu4NOAc
(0.025 mmol, 0.05 equiv.) and 100 mg of powdered, activated 3Å molecular sieves.  To this 4 mL of PhCH3 and 0.5 mmol
of alcohol were added.  The flask was attached to a reflux condenser and a three way joint attached to the top of the reflux
condenser.  The system is evacuated and refilled with O2 from a balloon on one end of the three way joint.  This step is
repeated three times.  The flask is placed in an oil bath at 60 oC.  The reaction was followed by GC.  Isolated yields for the
two aliphatic substrates were obtained by stopping the reaction at 10 h and purifying by flash chromatography (3% Et2O/
hexanes).  The products were isolated as an oil for 2j and an off-white solid for 2k by removing the solvent in vacuo.
This procedure was used for alcohols:

HO 10 2j
HO 10 2k

OH
2i

Oxidations Using Air:

Benzylic Substrates:

R R'

OH 0.5% Pd(IiIPr)(OAc)2-H2O
4.0% HOAc

PhCH3, MS3Å, 60 0C, Air R R'

O

In a 10 ml flask, 1.6 mg of Pd(IiPr)(OAc)2-(H2O) (0.0025 mmol, 0.005 equiv.) and 100 mg of powdered, activated 3Å
molecular sieves were added.  To this 1.0 mL of PhCH3 and 1.1 µL of HOAc (0.02 mmol, 0.04 equiv) were added followed
by 0.5 mmol (1.0 equiv) of the alcohol.  The flask was attached to a reflux condenser and the reflux condenser was left open
to the air.  The reaction was placed in an oil bath at 60 oC.  The reaction was followed by GC to determine the %
conversion.  For substrate 2b, an isolated yield was obtained by allowing the reaction to cool to room temperature and
loading the reaction mixture directly on a silica gel plug.  The plug is first washed with pentane to elute PhCH3 and then
solvent is switched to Et2O to elute the ketone product.  Removal of the solvent in vacuo gave the product.
This procedure was used for alcohols:
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Large Scale Reaction

Ph Me

OH 0.5% Pd(IiIPr)(OAc)2-H2O
5.0% HOAc

PhCH3, MS3Å, 60 0C, Air Ph Me

O

In a 100 ml flask, 25.8 mg of Pd(IiPr)(OAc)2-(H2O) (0.040 mmol, 0.005 equiv.) and 1.3 g of powdered, activated 3Å
molecular sieves were added.  To this, 16.4 mL of PhCH3 and 23 µL of HOAc (0.40 mmol, 0.05 equiv) were added by
syringe, followed by 0.994 g (8.15 mmol, 1.0 equiv) of sec-phenethyl alcohol, 2a.  The flask was attached to a reflux
condenser, and the reflux condenser was left open to the air.  The reaction was placed in an oil bath at 60 oC.  The reaction
was followed by GC to determine the % conversion.  After 14 h, the reaction was allowed to cool to room temperature and
loaded directly on a silica gel plug.  The plug is first washed with pentane to elute PhCH3 and then solvent is switched to
Et2O to elute the ketone product.  Removal of the solvent in vacuo gave 0.948 g of acetophenone as an oil.

Secondary Aliphatic Substrates:

R R'

OH 0.5 % Pd(IiIPr)(OAc)2-H2O
2.0% HOAc

PhCH3, MS3Å, 60 0C, Air R R'

O

In a 10 ml flask, 1.6 mg of Pd(IiPr)(OAc)2-(H2O) (0.0025 mmol, 0.005 equiv.) and 100 mg of powdered, activated 3Å
molecular sieves were added.  To this, 1.0 mL of PhCH3 and 0.6 µL of HOAc (0.01 mmol, 0.02 equiv) were added by
syringe, followed by 0.5 mmol (1.0 equiv) of the alcohol.  The flask was attached to a reflux condenser and the reflux



condenser was left open to the air.  The reaction was placed in an oil bath at 60 oC.  The reaction was followed by GC to
determine the % conversion.  For 2-decanol, an isolated yield was obtained by allowing the reaction to cool to room
temperature and loading the reaction mixture directly on a silica gel plug.  The plug is first washed with pentane to elute
PhCH3 and then solvent is switched to Et2O to elute the ketone product.  Removal of the solvent in vacuo gave the product.
This procedure was used for alcohols:

OH

7

OH

2f 2h

Mechanistic Experiments:

[Alcohol] Dependence:

 

OH
0.5 mol% Pd (IiPr)(OAc)2H20

2 mol% AcOH, O2,PhMe

O

166 mg 3Å MS
To the reaction apparatus attached to in situ IR probe were added 166 mg of activated 3Å molecular sieves, 2.8 mg

Pd(IiPr)(OAc)H2O (0.00444 mmol, .0054 equiv.), 1 µL glacial acetic acid (0.0175 mmol,  0.021 equiv.) and 820 µL
toluene.  A 50°C ± 0.1°C oil bath was elevated to immerse the reaction vessel.  The apparatus was evacuated of air by water
aspiration and refilled with oxygen from the balloon three times.  The solution was allowed to stir 5 min.  100 µL of sec-
phenethyl alcohol (distilled from calcium hydride)(0.829 mmol, 1 equiv.) was added to begin the reaction.  The reaction
progress was monitored using in situ IR to measure the appearance of the carbonyl stretch band at 1690.7 cm-1 of
acetophenone in toluene.  Conversion was measured to be 92% at 500 min.  The data was plotted ln [sec-phenethyl alcohol]
vs. time (min).  The data were fit using linear least squares analysis with R2= 0.999 (figure 1).

 [Catalyst] Dependence:
OH 2 mol% AcOH, O2,PhMe

83 mg 3Å MS
O

0.2-1.0 mol% Pd (IiPr)(OAc)2H20

To the reaction apparatus attached to in situ IR probe were added 83 mg of activated 3Å molecular sieves, 1.0, 1.9, or 2.8
mg Pd(IiPr)(OAc)H2O (0.0017 to 0.00829 mmol, 0.0020 to 0.01 equiv.), 1 µL glacial acetic acid (0.0175 mmol,  0.021
equiv.) and 820 µL  toluene.  A 50°C ± 0.1°C oil bath was elevated to immerse the reaction vessel.  The apparatus was
evacuated of air by water aspiration and refilled with oxygen from the balloon three times.  The solution was allowed to stir
5 min.  100 µL of sec-phenethyl alcohol (0.829 mmol, 1 equiv.) was added to begin the reaction.  The reaction progress was
monitored using in situ IR to measure the appearance of the carbonyl stretch band at 1690.7 cm-1 of acetophenone in
toluene.  The rate of conversion from 2.5 to 14.5% was measured.  These rates were plotted vs. mol % and fit using linear
least squares analysis with R2= 0.999 (figure 2).
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                  Figure 1. [Alcohol] Dependence                                   Figure 2. [Catalyst] Dependence



Kinetic Isotope Effects:

O
NaBD4, MeOH DHO

0oC-RT

To a 50 mL round bottom flask, 12.85 mL methanol was added.  To this, 3 ml of acetophenone (25.7 mmol, 1 equiv.) was
added by syringe.  Sodium borodeuteride, 1.19 g, (28.3 mmol, 1.1 equiv.) was added over 20 min while stirring under
nitrogen at 0 °C.  After 18 hours of stirring at room temperature, the reaction was quenched with 5 mL saturated aqueous
ammonium chloride and 10 mL water.  The reaction mixture was worked up by concentrating in vacuo, partitioning
between water and dichloromethane, extracting into dichloromethane three times, and washing once with deionized water.
The resulting oil was further purified by bulb-to-bulb distillation.  Purity was determined by 1H NMR to be >99% with 96%
deuterium incorporation.

HO H(D)
0.5 mol% Pd (iPr)(OAc)2H20
2 mol% AcOH, O2,benzene

O

166 mg MS, 50 ºC

Standard solutions of Pd(IiPr)(OAc)H2O and glacial acetic acid in benzene were prepared by adding 12.6 mg
Pd(IiPr)(OAc)H2O and 4.6 µL AcOH to a 4 mL volumetric flask and adding benzene to the 4 mL mark.  To the apparatus
were added 166 mg of activated 3Å molecular sieves, 900 µl Pd(IiPr)(OAc)H2O/AcOH solution (0.0045 mmol, 0.0054
equiv. Pd(IiPr)(OAc)H2O, 0.018 mmol, 0.022 equiv. AcOH.  A 50°C ± 0.1°C oil bath was elevated to immerse the reaction
vessel.  The apparatus was evacuated of air by aspiration and refilled with oxygen from the balloon three times.  The
mixture was allowed to stir 5 min.  After the first spectrum was collected, 100 µL of substrate alcohol solution (0.829 mmol
of α−h or α-d sec-phenethyl alcohol) was added.  The reaction was monitored using in situ IR to measure the appearance of
the carbonyl stretch band at 1690.7 cm-1 of acetophenone in benzene.  For each reaction the initial rate was measured to
2.5% alcohol conversion.  For each standard solution prepared, the average initial rate of oxidation of α−h and α-d sec-
phenethyl alcohol was calculated.  The rate of oxidation of α-d sec-phenethyl alcohol was corrected for incomplete
deuterium calculation[10] and the average kH/ kD was calculated to be 6.8 ± 0.7.

Run
1
2
3

Average Rate (H)
(M/min)
0.00213
0.00231 
0.00196

Average Rate (D)
(M/min)

0.000425
0.000368
0.000336

                                                
[1] Even though Bu4NOAc is hygroscopic, drying the Bu4NOAc by azeotroping with PhCH3 before use had no noticeable
effect.
[2] Substrate 2e was prepared by Luche reduction of the corresponding ketone:  A. L. Gemal, J. Luche,  L. J. Am. Chem.
Soc. 1981, 103, 5454.
[3] A. B. Pnagborn, M. A. Giardello, R. H. Grubbs, R. K. Rosen, F. Timmers,  Organometallics 1996, 15, 1518.
[4] For the synthesis of (Pd(IiPr)Cl2)2 see: D. R. Jensen, M. S. Sigman, Org. Lett. 2003, 5, 63
[5] The CH2Cl2 used should not be dried prior to use.
[6] When the reaction is stirred with a stir bar, the AgCl is pulverized and becomes hard to filter.
[7] In the 1H-NMR, no resonances for the H2O protons could be seen in the NMR at room temperature.  However, upon
lowering the temperature to –60 oC a new singlet appeared at 8.56 ppm.
[8] In the 13C-NMR, the peak for the carbene carbon did not show up even with using extended delay times and acquiring
the spectra overnight.
[9] IiPr.HBF4 was prepared following literature procedure:  V. P. W. Bohm, C. W. K. Gstottmayr, T. Weskamp, W. A.
Herrmann Angew. Chem. Int. Ed. 2001, 40, 3387-3389.
[10] E. S. Lewis, J. Funderburk, J. Am. Chem. Soc., 1967, 89, 2322.
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