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Palladium-Catalyzed Aerobic α ,β-Dehydrogenation of Carbonyl Compounds:  

Method Development and Mechanistic Study 

 

Tianning Diao 

 

Under the supervision of Professor Shannon S. Stahl 

at the University of Wisconsin-Madison 

 

ABSTRACT: α,β-Unsaturated carbonyl compounds are versatile intermediates in the synthesis 

of pharmaceuticals and biologically active molecules. The research described herein focuses on 

the development and mechanistic study of Palladium catalysts for direct aerobic dehydrogenation 

of ketones and aldehydes to afford the corresponding α,β-unsaturated carbonyl compounds. The 

discovery and application of a novel aerobic dehydrogenation catalyst, Pd(DMSO)2(TFA)2, led to 

selective dehydrogenation of various cyclohexanone derivatives to afford cyclohexenone 

products that are of synthetic interest. A complementary Pd(TFA)2/4,5-diazafluorenone catalyst 

was developed for α,β-dehydrogenation of acyclic ketones and aldehydes, with useful 

applications in preparing unsaturated heterocyclic carbonyl compounds. Characterization of the 

solution-phase structure of the Pd(DMSO)2(TFA)2 catalyst by NMR spectroscopy suggested that 

the bis-DMSO ligation to PdII was favorable under the catalytic conditions. Further kinetic 

studies of Pd(DMSO)2(TFA)2-catalyzed dehydrogenation of cyclohexenone revealed that the 

DMSO ligands kinetically control the selectivity of dehydrogenation.  
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A fundamental study of the influence of O2 on the acetoxylation of (π-allyl)Pd complexes is 

also detailed. The fact that O2 is capable of promoting reductive C–O bond formation of (π-

allyl)Pd complexes has important implications in understanding the interaction between Pd and 

O2 and provides a basis for development of Pd-catalyzed aerobic allylic acetoxylation of alkenes. 
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 Oxidation Adjacent to C=O bonds by Dehydrogenation 

 

 

 

 

 

 

 

 

 



2 

 

1.1 Introduction to α,β-Dehydrogenation of Carbonyl Compounds  

α,β-Unsaturated carbonyl compounds are featured in a variety of natural products and 

pharmaceutical compounds, and they are versatile intermediates in the synthesis of 

pharmaceuticals and biologically active compounds. Many of the synthetic methods that lead to 

such structures rely on condensation reactions that construct the C=C bonds from simpler 

molecular fragments (Scheme 1-1). An oxidative strategy that introduces unsaturation 

functionality into a pre-established molecular skeletons provides an appealing alternative method 

to accessing α,β-unsaturated carbonyl compounds. 1  The field of α,β-dehydrogenation of 

carbonyl compounds has been dominated by several stoichiometric methods, including 

halogenation/ dehydrohalogenation reactions, the use of selenium reagents and the recently 

developed hypervalent iodine reagents. Catalytic dehydrogenation reactions employing cheap 

and environmentally benign oxidants would provide an appealing alternative to these 

stoichiometric reagents. This introduction chapter focuses on transition metal-based 

stoichiometric and catalytic methods for the oxidation of saturated C–C bonds adjacent to C=O 

bonds. These reactions have provided important insights into the development of synthetically 

useful transition metal-catalyzed dehydrogenation reactions. 
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Scheme 1-1. α,β-Unsaturated Carbonyl Compounds in Organic Reactions 
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While various oxidative methods proceed with different mechanisms, the pKa of the α-C–H 

of a carbonyl compound is often highly related to the reactivity of the substrate under various 

dehydrogenation conditions. The α-pKa values of different carbonyl compounds are summarized 

in Scheme 1-2.2 Aldehydes have the most acidic α-C–H and are often the most reactive. In 

contrast, esters and amides have the least acidic α-C–Hs and exhibit low reactivities with many 

dehydrogenation reagents. 
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Scheme 1-2. Summary of pKa Values of the α-C–H of Carbonyl Compounds 
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The selectivity as well as reactivity of various transition metal-based reagents will be 

discussed and compared in this chapter, with a focus on Pd-based complexes. Chemoselectivity 

issues that must be addressed include the relative rate of α,β-dehydrogenation adjacent to a 

carbonyl compounds versus oxidation of other functional groups, such as alcohols and other 

carbonyl groups in the molecule. For cases in which the resulting α,β-unsaturated compounds 

are susceptible to further reaction, the selectivity between mono-dehydrogenation and multiple 

dehydrogenation steps is also of interest. For example, oxidation of a cyclohexanone could 

afford the corresponding cyclohexenone or phenol, both of which are synthetic precursors to 

complicated organic molecules. Oxidation of an unsymmetric ketone could lead to two 

regioisomers. Oxidative reactions that can selectively afford one regioisomer relative to the other 

are exceptionally valuable. 

1.2  Summary of Non-Transition Metal Based Methods 

The stepwise α-halogenation followed by dehydrohalogenation in the presence of a base 

represents an early classical method for preparing α,β-unsaturated carbonyl compounds.1 Direct 

halogenation with a halogenation reagent, such as N-bromosuccinamide (NBS),3 CuBr2
4 or Br2

5
 

usually requires high temperatures or exposure to light and favors the thermodynamic 

regioiosmer, whereas base-mediated enolization6,7 followed by halogenation can lead to both 
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thermodynamic and kinetic products with good regioselectivity (Scheme 1-3).8 Elimination of 

the α-halo carbonyl compounds is often induced by a base to afford the corresponding α,β-

unsaturated carbonyl compounds and hydrogen halides as the by-product. Various readily 

available enolization methods for ketones, aldehydes, esters and amides provide the basis for a 

broad substrate scope for the halogenation-dehydrohalogenation method. The basic conditions 

for the elimination step, however, limit the tolerance with base sensitive functional groups.  

Scheme 1-3. α,β-Dehydrogenation of 2-Phenylcyclohexanone via Halogenation-

Dehydrohalogenation  
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Organosulfur 9  and organoselenium-mediated dehydrogenation reactions represent useful 

alternative methods relative to the halogenation/dehydrohalogenation reaction.10,11 A typical 

protocol consists of formation of α-C–S/C–Se bonds and subsequent oxidative elimination 

(Scheme 1-4). Similar to halogenation reactions, regioselective generation of α-sulfides or 

selenides from carbonyl compounds is facilitated by enolate/enol ether formation with various 

bases.6,7 Organo-S(II) and S(IV)  reagents include biaryl and bialkyl disulfides, alkylsulfinyl 
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chlorides, thiosulfonates12,13 and sulfones,14 whereas reagents for forming α-selenides include 

phenylselenium halides, diselenides and selenic anhydrides.15,16 The subsequent elimination of 

the sulfoxide/selenium oxide intermediates is the key step of the overall reaction. Compared to 

the base-mediated elimination of hydrogen halides, the 5-membered concerted pathway requires 

lower energy, resulting in mild reaction conditions. The substrate scope of sulfur and selenium-

based methods includes a broad range of carbonyl compounds, including ketones, aldehydes, 

lactones, lactams, esters and amides. The broad substrate scope, in addition to the excellent 

functional group tolerance resulting from mild reaction conditions, contributes to the widespread 

utility of organoselenium reagents, as well as sulfur-based reagents, in organic syntheses. 

Scheme 1-4. Pathways for Sulfur/Selenium-Based Dehydrogenation of Carbonyl Compounds 
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Methods discussed above require multiple-step processes and the use of toxic and expensive 

stoichiometric reagents. Quinone-based stoichiometric oxidants, 2,3-dichloro-5,6-dicyano-1,4-

benzo-quinone (DDQ) 1-1 and chloranil 1-2 in particular, 17,18 have high oxidation potentials and 

are shown to conduct efficient one-pot oxidation of carbonyl compounds.19 These reagents are 

especially useful in the oxidation of steroid derivatives and challenging substrates, such as esters 

and amides.20 The powerful oxidation ability of quinones, however, leads to the lack of 
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chemoselectivity of quinone-mediated dehydrogenations. Substrates that are susceptible to 

overoxidation can undergo multi-step dehydrogenation in the presence of excess quinone 

oxidants. 

O
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Cl

CN

CN

O

O

Cl

Cl

Cl

Cl

DDQ
1-1

chloranil
1-2  

2-Iodoxybenzoic acid (IBX) 1-321,22 has been recognized as an oxidant for organic reactions 

since 1893,23 but it was not until 2000 that Nicolaou and coworkers demonstrated its full 

potential in α,β-dehydrogenation of ketones and aldehydes.24,25 Compared to the aforementioned 

stepwise strategies, IBX-mediated dehydrogenation lacks a mechanism to control the 

regioselectivity when oxidizing an unsymmetrical ketone.26 IBX-mediated oxidation of silyl enol 

ethers, however, provides an opportunity to generate regioselective products.27 Substrates bearing 

high α-pKas, such as lactones, lactams, esters and amides, 28 however, pose a challenge for the 

IBX conditions. Nevertheless, the reliable reactivity and user-friendly protocol of IBX24,25 and its 

variants29,30 have led to the extensive utility of this method in natural product syntheses. 31 The 

high molecular weight of IBX and equivalent oxidants, in addition to the production of by-

products, restricts the synthetic utility on large-scale. Recently, a catalytic hypervalent iodine 

reagent, 2-iodoxybenzenesulfonic acid has been enabled, using Oxone® 

(2KHSO5·KHSO4·K2SO4) as the stoichiometric oxidant.32 
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1.3  Pd-Mediated/Catalyzed Dehydrogenation 

1.3.1 Stoichiometric Pd Salts 

Modern organic syntheses increasingly require catalytic methods that employ cheap and 

green stoichiometric reagents in the context of atom economy and environmental sustainability. 

This goal becomes possible with the use of transition metal catalysts. Formation of 

organometallic intermediates is also expected to lower the transition state energy of the oxidation 

process, potentially resulting in mild reaction conditions and good functional group tolerance. 

Numerous studies of C–H activation by Pd as well as β-hydride elimination33, 34 have provided 

the mechanistic basis for Pd-mediated dehydrogenation of carbonyl compounds. The general 

mechanism for PdII-mediated dehydrogenation of a cyclohexanone is expected to be initiated 

with PdII-mediated C–H cleavage to generate a Pd-enolate intermediate,35 followed by β-H 

elimination to form the Pd-hydride and the cyclohexenone product (Scheme 1-5). Studies of the 

stoichiometric Pd-mediated dehydrogenation reactions provide important insights and 

foundations for the catalytic reactions. 

Scheme 1-5. Proposed Mechansim for PdII-Mediate Dehydrogenation of Cyclohexanones 
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Early exploration of Pd-mediated dehydrogenation reactions has focused on cyclic ketones or 
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substrates that lead to stable conjugated compounds upon dehydrogenation.36 Bierling and 

coworkers first identified PdCl2 for dehydrogenation of cyclohexanone in tert-BuOH and water 

to selectively afford cyclohexenone or phenol, respectively (Table 1-1, entries 1 and 2).37,38 PdCl2 

in tert-BuOH is also shown to aromatize 3,5-dimethylcyclohexenone to 3,5-dimethylphenol39 

and convert 2,2-dimethylcyclopentadione to the corresponding cyclopentendione as a synthetic 

intermediate for fredericamycin.40  

Table 1-1. PdII-Mediated α,β-Dehydrogenation of Carbonyl Compounds 

Entry Substrate Product Conditions Yield (%)

1

2

3

O O

OH

PdCl2 (0.02 equiv.)
Solvent: t-BuOH

PdCl2 (0.06 equiv.)
Solvent: H2O

82/Pd

95/Pd

O

O

O

O

O

PdCl2(PhCN)2 (0.34 equiv.)
Solvent:  t-BuOH

80 °C, 3 h
90/Pd

O

NMe2

O

NMe2 95
PdCl2(PhCN)2 (1 equiv.)

Et3N (2 equiv.)
Solvent:  CH3CN

reflux, 0.25 h

4

5

78PdCl2(PhCN)2 (1 equiv.)
Ag(OTf) or Sn(OTf)2Ph

O

Ph

O

 

PdCl2(PhCN)2 exhibits good reactivity in dehydrogenating 2,5-hexanedione (Table 1-1, entry 

3),41 and the combination of Pd with Ag(OTf) or Sn(OTf)2 leads to improved yields with general 
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aldehydes and ketones (entry 4).42 The beneficial effect of metal additives may arise from their 

ability to form metal enolates with carbonyl compounds, followed by transmetallation to PdII. 

Dehydrogenation of a β-amino ketone with PdCl2(PhCN)2 selectively generates enaminone 

relative to the cyclohexen-1-one isomer (entry 5). 43  The authors attribute this selectivity to 

amine-directed formation of the Pd-enolate intermediate (Scheme 1-6). Alternatively, Pd can 

first oxidize the amine to afford an iminium intermediate, followed by tautomerization to 

generate the β-enaminone product. 

Scheme 1-6. Proposed Pathways for Regioselective PdCl2-Mediated Dehydrogenation of β-

Amino Ketones 
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The use of stoichiometric PdII complexes as the oxidant for dehydrogenation reactions has 

found applications in natural product syntheses on the laborotary scale, especially with substrates 

that are challenging with other dehydrogenation methods. For example, a cyclopentenone 

compound is prepared, as a key intermediate to (±)-hirsutic acid C, in 58% yield by using a 

combination of stoichiometric PdCl2 and Pd(OAc)2 (eq 1-1).44 , 45  In comparison, step-wise 

selenium-based reagents and Saegusa-type dehydrosilylation methods (cf. section 1.3.3) lead to 
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unsatisfactory overall yields. 

H3C O

H

CH3H

H

H3CO2C
H3C O

CH3H

H

H3CO2C

PdCl2 (1.4 equiv.)
Pd(OAc)2 (1.1 equiv.)

58%
dioxane/H2O, 85 °C

  

(1-1)

 

The mild conditions for PdII-mediated dehydrogenation allow for good functional group 

tolerance. A cyclopentane-α-dione intermediate to (−)-terpestacin decomposes under oxidative 

conditions, but undergoes facile dehydrogenation in the presence of stoichometric Pd(OAc)2 at 

room temparture (eq 1-2).46 Regioselecitivty has proved to be possible in synthetic examples. For 

instance, dehydrogenation of a trifluoromethylated perhydronaphthalene derivative favors 

formation of the conjugated cyclohexenone product (eq 1-3). 47  However, the origins of 

regioselectivity in Pd-mediated dehydrogenation are not clear without thorough understanding of 

the precise mechanism. 

O
HO

Me

O
O

Me

Pd(OAc)2 (1 equiv.)
Cs2CO3 (1.1 equiv.)

CH3CN, r.t. 
78%   

(1-2)

 

O
O

O

F3C

O
O

O

F3C

H H

Na2CO3
DMF, 60 °C

PdCl2

  

(1-3)

 

 

1.3.2  Pd Catalysts Coupled with Stoichiometric Oxidants 

In light of the availability of various cheap oxidants capable of oxidizing Pd0 to PdII, such as 

peroxides, phosphates, benzoquinone (BQ) and O2, considerable efforts have been made to use 
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catalytic Pd coupled with a variety of oxidants for the dehydrogenation of ketones. Scheme 1-7 

shows a generic catalytic cycle for these reactions. The half-reaction for substrate oxidation is 

consistent with the Pd-mediated reactions initiated with formation of a PdII-enolate intermediate, 

followed by β-hydride elimination to afford the enone product. The resulting Pd0 intermediate 

can be oxidized by an external oxidant to regenerate the PdII catalyst.  

Scheme 1-7. Proposed Catalytic Cycle for Pd-Catalyzed Dehydrogenation of Ketones  

[O] + 2 HX

[O]H2

LnPd0

LnPdIIX2

HX

LnPd
X
H

LnPd
X

HX

O

R1

R2

H
O

R1

R2

O

R1

R2

 

The PdCl2 catalyst, identified for dehydrogenating ketones (cf. section 1.3.2), is used in 

catalytic quantities in combination with tert-BuOOH (eq 1-4)48 or CuCl2 (eq 1-5) 49 as the 

stoichiomteric oxidant. Dehydrogenation of unsubstituted cyclohexanone and the 1,6-diester 

under these conditions, respectively, proceed to the desired unsaturated product in modest yields. 

However, dehydrogenation of more general substrates are not enabled with these conditions.  

O OPdCl2 (0.2 mol%)
t-BuOOH

Concentrated HCl
90 °C, 4 h

70%  

(1-4)
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EtO

O

CO2Et

PdCl2 (0.2 eq), CuCl2 (2 eq)
AcONa (1.5 eq)

AcOH, 80 °C, 7 h EtO

O

CO2Et

64%    

(1-5)

 

Oxidative addition of Pd0
 to allyl esters to generate (π-allyl)PdII allow the use of allyl esters 

as oxidants for Pd0. Pd(OAc)2-catalyzed dehydrogenation reactions are enabled by Shvo and 

coworkers, using diethyl allyl phosphate as the oxidant (eq 1-6).50 This method showed an 

improved substrate scope relative to previous methods, including cyclic ketones and acyclic 

aldehydes. The diethyl allyl phosphate is readily accessible from condensation of the 

commercially available diethyl chlorophosphate and allyl alcohol, which enhances the utility of 

this method in organic syntheses.51  

O O

Me Me

OP(O)(OEt)2

Na2CO3 (1.2 equiv.)
THF, 86 °C, Ar

73%

Pd(OAc)2 (4 mol%)
(1 equiv.)

   

(1-6)

 

The substrate scope of Pd-catalyzed dehydrogenation reactions reflects the acidity of α-C–H 

of carbonyl compounds. The high pKa of α-C–Hs of esters and amides results in the lack of 

reactivities of these substrates in Pd-catalyzed dehydrogenation reactions. Pd(OAc)2-catalyzed 

dehydrogenation of amides has been achieved by Yu and coworkers by employing a tethered 

oxazoline substituent as the directing group to facilitate the reaction (eq 1-7).52 The reaction 

utilizes BQ to reoxidize Pd. However, the requirement of a contrived substrate results in the lack 

synthetic ultility. 
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NHO N

O

NHO N

O
Pd(OAc)2 (0.1 equiv.)

benzoquinone (2 equiv.)

DMSO/HOAc (1:1), 120 °C
75%

Me
Me

Me
Me

  

(1-7)

 

 

Molecular oxygen represents an ideal oxidant in the context of green chemistry, and is 

capable of oxidizing Pd0 to PdII.53 On laboratory scales, 1 atm O2 can be achieved by using O2 

balloons, and > 1 atm O2 requires Parr vessel reactors behind a blast shield. In large-scale 

processes, the low cost of O2 makes it an optimal oxidant. Safety concerns associated with 

mixing of O2 with flammable organic components can be addressed by utilizing dilute O2 in N2.54 

Early efforts of aerobic Pd-catalyzed dehydrogenation reactions focus on simple 

unsubstituted cyclohexanones under 1 atm O2.55 Cyclohexenone and phenol are both observed as 

the product under various conditions (Table 1-2). Co-catalysts, including Cu(acac)2, BQ and 

Ag(OTf), are used to faciliate the reoxidation of Pd0 by O2, but < 30% yields are generally 

obtained (entries 1-2).36, 56 Pd(TFA)2 is demonstrated to be superior than other Pd sources and the 

use of unligated Pd(TFA)2 affords cyclohexenone in 51% yield with 13% phenol as the by-

product (entry 3).57 Addition of phosphine ligands did not result in a higher yield (entry 4).58  
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Table 1-2. Early Examples of Pd-Catalyzed Aerobic Dehydrogenation of Cyclohexanone 

2% PdCl(NO2)(MeCN)2, 2% Ag(OTf) 27 1

5% Pd(TFA)2, P(p-Tol)3 6

0.2% Pd(acac)2, 20% Cu(acac)2 
or benzoquinone 19 11

2% Pd(TFA)2, r.t., 5 days 51 13

Catalyst

0

O OH

+

O
[Pd], O2
- H2O

Entry

1

2

3

4

Yield (%)

 

A remarkable improvement of the yield for dehydrogenation of cyclohexenone is achieved 

by Tsuji and coworkers in 2007, using a 5,5’-Me2bpy-ligated Pd(TFA)2 catalyst (eq 1-8).59 

However, these conditions are limited to unsubstituted cyclohexanone substrates, as the 

dehydrogenation of 2-tert-butylcyclohexanone and 3,5-dimethylcyclohexanone affords the 

corresponding cyclohexenone in only 19% and 9% yields, respectively. Dehydrogenation of 

acyclic ketones, such as 4-phenyl-2-butanone, also results in low yield (<20%). 

Pd(TFA)2 (1 mol%)

84% 4%

O OH

+

O

4Å MS, O2 (1 atm)
PhCl, 100 °C, 48 h

N N
Me Me

  

(1-8)

 

Aerobic dehydrogenation of acyclic carbonyl compounds appears to be more challenging 

relative to cyclic ketones. Hydrocinnamaldehyde derivatives bear more acidic α-C–Hs than other 

carbonyl compounds, and are shown to undergo dehydrogenation in the presence of Pd(OAc)2 
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and amine co-catalysts in modest yields (Scheme 1-8). 60,61 The amine additives are proposed to 

be crucial for promoting the reaction by forming an enamine intermediate from the reaction of 

hydrocinnamaldehydes with the amine additive. Analogous ketones, for example benzylactone, 

are unreactive under these conditions. Improved yields for dehydrogenating 

hydrocinnamaldehyde derivatives are achieved with a 4,5-diazafluorenone-ligated Pd(OAc)2 

catalyst (eq 1-9). 62 In the same report, a number of β-arylbutanones are shown to undergo 

dehehydrogenation to the corresponding β-arylbutenones in the absence of the 4,5-

diazafluorenone ligand.  

Scheme 1-8. Pd(OAc)2/Amine-Catalyzed Dehydrogenation of Hydrocinnamaldehyde 

Derivatives 

Ar O Ar O
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H
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OH
Ph

Pd(OAc)2 (10 mol%)
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Pd(OAc)2 (6 mol%)
K2CO3 (10 mol%)

 DMF, air, rt
62-95%

Ar O

N N

O

(9 mol%)

Ar O

R

R = H or Me

R

 
(1-9)

 

Pd-catalyzed aromatization reactions that convert cyclohexanones and cyclohexenones to 

phenol derivatives are also explored recently and provided an appealing method for synthesis of 
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substituted phenols. 63  Pd(TFA)2 in combination with 2-Me2Npy and TsOH displays good 

reactivity for this transformation with a number of alkyl and aryl-substituted substrates (eq 1-10). 

The capability of accessing substituted phenol derivatives with this reaction complements 

traditional cross-coupling reactions, and has great potential in organic synthesis.  

O  Pd(TFA)2 (3-5 mol%)
2-Me2Npy (6-10 mol%)

TsOH (12-20 mol%)

OH

O2 (1 atm)R2 R2
DMSO, 80 oC, 24 h

R1R5

R4

R3

R1R5

R4

R3    

(1-10)

    
NMe2N

2-Me2Npy  

The scope and utility of Pd-catalyzed α,β-dehydrogenations are expanded by tandem 

deydrogenation followed by condensation reactions. The in-situ trapping of the resulting β-keto- 

α,β-unsaturated ester from dehydrogenation with a nucleophile provides a unique way to access 

β’-aryl β-keto esters.64 Pd(TFA)2 in combination of tert-butyl perbenzoate is used as the catalyst 

system. In another example, condensation of the carbonyl of a cyclohexenone with amines 

affords diarylamine derivatives.65 The anaerobic conditions with nitrobenzene as the oxidant and 

a coupling partner allow phosphine ligands being used. 

Methods presented above demonstrated that Pd-catalyzed dehydrogenation reactions are 

plausible with a cheap oxidant, such as O2, and clearly identified challenges and opportunities 

exist in this field. In order for Pd-catalyzed dehydrogenation reactions to be synthetically useful, 

catalysts that enable a broad substrate scope with high yields need to be identified. Substrates 

that are susceptible to further dehydrogenation at the γ,δ-position often result in a mixture of 

products with various degree of oxidation. Catalysts that perform selective oxidation to afford 

one product relative to others would be particularly valuable. Substrates with less acidic α-C–H 

bonds, including esters and amides, are essentially unreactive with current Pd catalysts. In 
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addition, decomposition of the Pd catalyst is observed in many reactions with insufficient O2 

pressure. Future development of catalysts that allow the use of air rather than O2 with an 

expanded substrate scope would enable extensive application of the aerobic oxidation methods in 

organic syntheses.  

1.3.3  Pd-Mediated/Catalyzed Dehydrogenation of Silyl Enol Ethers 

Silyl enol ethers are masked ketones that are readily accessible and of higher reactivity 

relative to ketones. Saegusa and coworkers first reported dehydrosilylation of 

trimethylsilyloxyalkene derivatives to generate α,β-unsaturated enones, using sub-stoichiometric 

Pd(OAc)2 (0.5 equiv.) in combination with BQ as the oxidant (eq 1-11).66 The Saegusa reaction 

is expected to proceed via a similar Pd-enolate intermediate to that of direct Pd-mediated 

dehydrogenation of ketones, despite the use of silyl enol ether (eq 1-12). Subsequent β-H 

elimination affords the corresponding enone product and Pd–H.  

OTMS Pd(OAc)2 (0.5 equiv.)
benzoquinone (0.5 equiv.)

CH3CN, r.t.
95%

O

  

(1-11) 

OSiMe3

+ Pd(OAc)2

O
PdOAc + Me3SiOAc

  
(1-12)

 

Larock and coworkers’ development of a Pd(OAc)2-catalyzed aerobic Saegusa reaction is 

inspired by the synthesis of a tricyclic enone fragment for Taxane.67 Catalytic Pd(OAc)2 in 

DMSO under 1 atm O2 led to comparable yields  relative to stoichiometric Pd(OAc)2 in oxidation 

of the trimethylsilyoxylcyclohexene derivative (Scheme 1-9).68 Replacement of CH3CN with 

DMSO as the solvent in the Saegsua conditions provides a beneficial effect on stabilizing the Pd 
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catalyst under aerobic conditions. The intrinsic high reactivity of silyl enol ethers with PdII 

enables good conversion of challenging substrates under the Saegusa/Larock conditions relative 

to the direct dehydrogenation, and the mild conditions are beneficial for compounds with 

sensitive functional groups. These features result in extensive utility of the dehydrosilylation 

method in natural product and pharmaceutical compound syntheses.69 

Scheme 1-9. Preparation of a Bicyclic Cyclohexenone Compound via Saegusa Reaction 

O
O

OTMS

H

O
O

O

H

O
O

O

H
LDA, TMSCl

Conditions:    Pd(OAc)2 (stoichiometric)    90%

                      Pd(OAc)2 (10 mol%)/O2       86%

r.t.

 

A large number of methods available for preparing silyl enol ethers provides further leverage 

for the Seagusa reaction.8 Common bases include triethylamine, lithium diisopropylamine (LDA) 

and lithium bis(trimethylsilylamine) (LiHMDS). TMSCl and TMS(OTf) are the prevailing 

choices of trimethylsilylation reagents. Particular substrates, however, require optimization of 

the conditions for forming silyl enol ethers. The bicyclic cylopentenone intermediate is a 

precursor to Palau’amine, and has been synthesized by the Saegusa reaction in 78% yield 

(Scheme 1-10). The preparation of the trimethylsilyloxycyclopentenone requires TMSI in 

combination with the bis(trimethylsilyl)amine (HMDS). Meanwhile, the halogenation-

dehydrohalogenation, selenium reagents and IBX proved to be unsuccessful with this substrate.70  
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Scheme 1-10.  Synthesis of a Cyclopentenone Intermediate by Saegusa Reaction 

N
N
H

H
O

Ts
O

TMSI, HMDS
CH2Cl2 N

N
H

H
O

Ts
OTMS

Pd(OAc)2, DMSO

2 steps, 78%
N

N
H

H
O

Ts
O

   

Most sequential trimethylsilylation-dehydrogenation reactions require isolation and 

purification of the silyl enol ether intermediate, which leads to loss of materials and waste of 

solvents. In some cases, however, only solvent removal after the silylation step is required and 

the resulting mixture can be directly reacted with PdII. For instance, dehydrogenative synthesis of 

the 3-oxepinone derivative, as a synthetic intermediate for (–)-gambierol, proved to be 

unsuccessful with selenium reagents and IBX (eq 1-13).71 One-pot silyl enol ether formation 

followed by Pd(OAc)2-mediated dehydrosilylation affords the 3-oxepinone in good yield. Similar 

pseudo-one-pot Saegusa procedures have also been used in the synthesis of enone intermediates 

to palau’amine70 and (+)-aspidospermidine.72  

O

O

O

BnO
OTBS

O

H

BnO

H H H

Me H

O

O

O

BnO
OTBS

O

H

BnO

H H H

Me H

i, LiHMDS,  TMSCl, Et3N, 
   THF, –78 °C

ii, Pd(OAc)2, MeCN, rt
92%

(1-13)
 

Saegusa and Larock’s original method development focuses on the dehydrogenation of the 

trimethylsilyloxy alkenes. The identity of the silyl group exhibits a significant influence on the 

reactivity. In the dehydrosilylation of a 3-methoxyl triethylsilyloxyl cyclohexene substrate, 

Seagusa conditions with stoichiometric Pd(OAc)2 lead to the corresponding 3-

methoxylcyclohexenone in good yield, whereas Larock’s catalytic conditions results in modest 

yield (Scheme 1-11).73 Subsequent conversion of this cyclohexenone leads to the total synthesis 
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of (–)-platyphyllide. During the synthesis of (–)-lomaiviticin aglycon, however, the catalytic 

conditions proved to be successful in the dehydrosilylation of a triisopropylsilyloxy cyclohexene 

intermediate on a 9.6 g scale (eq 1-14).74 Remarkably, although Pd(OAc)2 is known to be capable 

of oxidizing alcohols to ketones, the primary and secondary alcohol substituents in the above two 

examples survive the dehydrosilylation conditions. 

Scheme 1-11. Comparison of Saegusa with Larock Conditions for Dehydrosilylation of a 

Triethylsilyloxy Alkene 

TESO

MeO
C(CH3)2(OH)

Saegusa conditions:
Pd(OAc)2 (1 equiv.)

90%

Larock conditions:
Pd(OAc)2 (10 mol%), O2 (1 atm)

62%

O

MeO
C(CH3)2(OH)

 

OH
HO
Et

OTIPS

Pd(OAc)2 (10 mol%)

O2 (1 atm)
92%

9.6 g scale
OH

HO
Et

O

  

(1-14)

 

While the Saegusa/Larock dehydrosilylation conditions are versatile for a variety of cyclic 

and acyclic ketones and aldehydes derived from trimethylsilyloxyalkenes, attempts to oxidize 

silyl ketene acetals result in low yields, due to the hydrolysis of the substrate to the 

corresponding esters.67 Tsuji and coworkers achieved catalytic dehydrosilylation of silyl ketene 

acetals with Pd(OAc)2 under Ar, using allyl methyl carbonate as the stoichiometric oxidant (eq 1-

15).75 Several unsaturated esters and lactones are prepared via this reaction.76 
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OEt

OTMS
OCO2Me (2 equiv.)

Pd(OAc)2 (10 mol%)

MeCN, Ar
79%

OEt

O

  
(1-15)

 

A heterogeneous catalyst, Pd(OH)2/C, is reported by Corey and coworkers for 

dehydrosilylation of the triisopropylsilyloxy cyclic alkene derivatives, using t-BuOOH as the 

oxidant (eq 1-16).77 Compared to O2, t-BuOOH is easier to handle on a laboratory scale and is a 

complement to O2. Analogous to the Saegusa and Larock conditions, the Pd(OH)2/C-catalyzed 

dehydrosilylation proceeds at room temperature. The substrate scope includes boths 5- and 6-

membered cyclic ketones 

OTIPS Pd(OH)2/C (5 mol%)
tBuOOH (5 equiv.)

Na2HPO4, CH2Cl2, 24 °C
73%

O

  

(1-16)

 

The regioselectivity of silyl enol ether formation can be easily controlled by base-mediated 

enolization methods. In addition, the sequential silyl enol ether formation-dehydrogenation 

method provides a way to control the stereochemistry of the product. Chiral bases have been 

developed for enantioselective deprotonation of 4-substituted cyclohexanones to generate the 

corresponding chiral silyl enol ethers (Scheme 1-12).78-80 Dehydrosilylation of the resulting chiral 

silyl enol ethers are shown to afford the corresponding chiral 4-substituted cyclohexenone.81 This 

strategy has found applications in the enantioselective synthesis of a fragment of Labiatin82 and a 

fumagillin analogue, as a potential MetAP-2 Reversible Inhibitor.83 Despite great potential in 

synthesis, this strategy is limited by the lack of chiral bases leading to high enantioselective 
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deprotonation under practical conditions. The best reported ee obtained with chiral bases is < 

95%, and requires temperatures below –100 °C. 

Scheme 1-12. Preparation of the Chiral 4-iPr-cyclohexenone via Tandem Asymmetric 

Deprotonation-Sagusa Oxidation82 

O

iPr

F3C N
H

Ph

Me

TMSCl, THF
–100 °C

Pd(OAc)2, O2

DMSO, rt
87%, ee 83%

OTMS

iPr

n-BuLi

O

iPr  

1.4 Transition Metals other than Pd  

A number of transition metals other than Pd, including Cu, Ni and Mn, are shown to promote 

dehydrogenation reactions via different mechanisms relative to Pd, thus resulting in a distinct but 

valuable substrate scope. In particular, heterocycles could undergo competing oxidative 

degradation or poison Pd catalysts as a result of strong coordination to the electrophilic 

palladium center. Such an interaction between heterocycles and first-row metals are much 

weaker relative to Pd. Barrish and coworkers first discovered that in the presence of 2 equiv. of 

CuIIBr2 and DBU (1,8-diazabicyclo[5.4.0]undec-7-ene), the reaction has been applied to prepare 

a 4-carbamyloxazole compound as the precursor to calyculin C.84 Meyers and coworkers 

reported a similar reaction with 4-carboxyl oxazoline derivatives, using a stoichiometric CuI salt 

in combination with tert-butyl perbenzoate as the oxidant (entry 2).85,86 A catalytic method for the 

oxidation of dihydrocoumarin and a few other oxazoline and thiazoline derivatives is achieved 

by Shi and coworkers with the CuI loading reduced to 10% in the presence of the N,N-di-tert-

butyldiaziridinone oxidant (entry 3). 87  Aerobic oxidation of 4-carboxylthiazolines to the 



24 

 

corresponding thiazoles are achieved with Cu(OAc)2
88 and a diimine-ligated CuII cation catalyst 

(entries 4 and 5).89 The Cu(OAc)2 catalyst is also effective with 4-carboxyl and carbamyl 

oxazolines, while oxidation of 4-carboxyloxazoline with the diimine-ligated CuII proceeds with 

dramatically decreased yields. Nickel peroxides also promoted the stoichiometric  

dehydrogenation of 4-carbamyloxazolines and flavanone in moderate yields (entries 6-7).90 

Manganese dioxide, as another prominent inorganic oxidant, has also demonstrated activity with 

oxazolines91 (entry 8) and thiazolines.92 
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Table 1-3. Cu, Ni and Mn-Promoted Dehydrogenation of Heterocycles 

Substrate Product Catalyst/AdditiveEntry

1

2

Oxidant Yield (%)

N

O
iPr

3

O

Et2N N

O
iPr

O

Et2N CuIIBr2 (2 equiv.)
N

N
DBU

(2 equiv.)

65

6
N

O
Ph

MeO2C
NiIIO2 (1.5 equiv.) 69

7

O

O

Ph O

O

Ph

NiIIO2 (1.6 equiv.) 71

O O O O tBuN NtBu

O

(2 equiv.)

(PPh3)CuCl (10 mol%) 60

N

O
Et

EtO2C N

O
Et

EtO2C
PhCOOtBu

O
CuIBr (1.1 equiv.)

(1.5 equiv.)

Me Me
63

N

O
Ph

MeO2C

8

N

O
Ph

MeO2C

BocHN

Me

N

O
Ph

MeO2C

BocHN

Me

MnIVO2 42

N

S
Ph

N

S
Ph 88air

MeO2C MeO2C N
Mes

Cu
N OH2

OH2

OH2Mes
2+

2 TfO
DBU (10%)

5

4
N

O
Ph

MeO2C
O2 (1 atm) 82

N

O
Ph

MeO2C
Cu(OAc)2 (10 mol%)

 

Despite the lack of thorough mechanistic studies, the reactions presented above are 

speculated to proceed through single electron transfer. Scheme 1-13 illustrates a representative 



26 

 

mechanism for CuIBr-catalyzed dehydrogenation of a 4-carbomethoxy oxazoline.86 The reaction 

is initiated with oxidation of CuI to CuII by tert-butyl perbenzoate with concomitant formation of 

the tert-butoxyl radical, known as the Kharasch-Sosnovsky reaction.93 The tert-butoxyl radical 

abstracts a hydrogen atom from the oxazoline to form a radical intermediate, which is stabilized 

by the adjacent carboxylate and the imine groups. One electron oxidation of the radical 

intermediate by CuII affords an acyloxy oxazoline, followed by fast elimination to afford the 

corresponding oxazole. These base metal-mediated/catalyzed deydrogenations of heterocycles 

serve as a complement to Pd-catalyzed dehydrogenation methods. However, current conditions 

lack a general substrate scope. Understanding of the mechanism could lead to the development 

of synthetically useful methods with good functional group compatibility, and have major impact 

in organic synthesis. 

Scheme 1-13. Proposed Mechanism for CuIBr-Catalyzed Dehydrogenation of a 4-Oxazoline 
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N
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N

O
Ph

MeO2C

Me
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Besides heterocycles, Cu catalysts are also effective for converting cyclohexenone 

derivatives to phenols. Stoichiometric quantity of CuBr2 oxidizes the cyclohexenone fragment of 
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estr-4-ene-3,17-dione to the corresponding phenol derivative (eq 1-17), 94  while the 

cyclopentanone fragment remained intact under the reaction conditions. A recent Cu(OTf)2 

catalyzed aerobic dehydrogenation of cyclohexenone is coupled with in-situ condensation with 

alcohols to generate aromatic ethers.95 

O

O

H

O

HO

CuBr2 (2.1 equiv.)
LiBr (1.1 equiv.)

85%

  

(1-17)

 

Transition metals with high oxidation states can serve as stoichiometric oxidants for the α,β-

dehydrogenation of challenging substrates. Padwa and coworkers presented the use of Hg(OAc)2 

to oxidize an azadecalin ring into the corresponding 2H-piperidonyl enone, in the total synthesis 

of (±)-cylindricine C (eq 1-18).96 A variety of the aforementioned oxidative methods and 

reagents, including α-halogenation-elimination, PhSeCl, IBX and dehydrosilylation failed to 

produce any synthetically useful quantity of cyclohexenone product.97  

N

BzO
Hg(OAc)2
95% N

BzOO
O

  
(1-18)

 

Tetrapropylammonium perruthenate (TPAP) is often used as an oxidant to convert alcohols 

to aldehydes and ketones.98 The synthesis of (+)-Batzellatin A employs catalytic TPAP in 

combination with NMO (4-methylmorpholine N-oxide) to perform a one-pot oxidation of the 

guanidine derived primary alcohol to the corresponding β-amino enal in modest yield (eq 1-

19).99 While two regioisomers are expected, only the desired one is observed. 
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N NBoc

CH2OH

NBoc

N NBoc

CHO

NBoc

TPAP (5 mol%)
NMO (4 equiv.)

47%

  

(1-19)

 

A vanadium catalyst, VOSO4, is shown to catalyze the aerobic oxidation of 3-methyl-4-

ethylcarboxylcyclohexenone to the corresponding phenol (eq 1-20).100 Although the substrate 

scope is very limited, due to the abundance of vanadium, this vanadium-based catalyst has a 

great potential for dehydrogenation reactions on the large scale. Development of new generations 

of catalysts with improved reactivity and expanded substrate scope will benefit from valuable 

mechanistic understandings and insights.  

O

OO

OH

OO

VOSO4 (1 mol%) 
Bu4NBr (2 equiv.) 
TFAH (2 equiv.)

dioxane, O2, 80 °C
81%   

(1-20)

 

1.5  Transfer Dehydrogenation  

Transfer dehydrogenation utilizes cheap alkenes as the hydrogen acceptor to provide the 

driving force for converting a saturated ketone into the corresponding α,β-unstaturated ketone. 

This strategy represents an appealing alternative to dehydrogenation reactions. A tetra-nuclear 

ruthenium catalyst 1-14 carries out the dehydrogenation of α-tetralone into 1-naphthol with 

limited success (eq 1-21). 101  Pincer-ligated complexes are common catalysts for transfer 

dehdrogenation of alkanes. Transfer dehydrogenation of 3,3-dimethylcyclohexanone with a 

pincer-Ir catalyst and tert-butylethylene affords the corresponding cyclohexenone in good yield 

(eq 1-22).102 However, when it comes to a general substrate, such as the acyclic pentanone, 
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formation of a stable metallacycle between the pentenone product and the Ir catalyst stops 

catalytic turnover (eq 1-23). This side reaction represents a general problem that limits the 

substrate scope of transfer dehydrogenation reactions. New catalysts that avoid this catalyst 

poisoning process can find useful utility in organic synthesis. 

O OH[Ru4] (0.05 mol%)

200 °C, 1h
11%

tBu (1 equiv.)

                   

(1-21) 
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1-4  
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O

+
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99%

+
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(1-22)

 

Ir

PtBu2

PtBu2

O
H

90 °C
Ir

PtBu2

PtBu2

O

H
 (1-23) 

1.6  Transition Metal-Based Heterogeneous Catalysts 

While heterogeneous catalytic hydrogenations of alkenes are commonplace in organic 

synthesis,103 the reverse reaction, formation of C=C bonds from saturated C–C bonds upon 

release of molecular H2 has received much less attention. These reactions require harsh 

conditions and constant removal of H2 to ensure driving forces for the forward reaction. The 

conversion of cyclohexanone derivatives into the corresponding phenols has a thermodynamic 

driving force from aromatization, and reactions of this type are the primary focus of 
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heterogeneous catalytic dehydrogenation. Several examples of Pd/C-catalyzed dehydrogenation 

reactions have been developed with limited success (Table 1-4). Aromatization of 

cyclohexenones and benzo-fuzed cyclohexanones take place at high temperatures in the presence 

of catalytic Pd/C (entries 1 and 2). 104 , 105  Mono-oxidation is achieved with the α-

piperidylcyclopentanone (entry 3);106 and an γ,δ-unsaturated lactone derivative (entry 4).107 

Table 1-4. Pd/C-Catalyzed Dehydrogenation of Ketones and Lactones 

p-cymene
230–300 °C

O OH
71

O

p-anisoleH3C

OH

p-anisoleH3C

Ph2O, reflux 84

O
N

Substrate Product Conditionsa Yield (%)

O
N 350–370 °C

O

O

n-pentyl

O

O

n-pentyl

p-cymene
reflux 60b

85

Entry

1

2

3

4

 
a Reactions carried out with 5% Pd/C. b Reaction carried out with 10% Pd/C. 

 

A few Ni and Re-based heterogeneous catalysts can also catalyze the aromatization of 

cyclohexanone derivatives (Table 1-5). These reactions are carried out in continuous-flow 

reactors with a carrier gas, such N2, H2 and air, in order to constantly remove H2.108-110 The high 
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temperature and the lack of a general substrate scope limit the utility of these heterogeneous 

catalytic reactions for bench chemsists. However, development of heterogeneous catalysts that 

enable highly efficient dehydrogenation of this type could find significant application in large-

scale processes. The use of a heterogeneous catalyst would also be advantagous when combined 

with an external oxidant, including green oxidants such as O2, to enhance the thermodynamic 

driving force by accepting H2. 

Table 1-5. Heterogeneous Dehydrogenation of Simple Cyclohexanonesa 

OHO

Substrate Catalyst Major Product Yield (%)

Cs4[Re6S8]SS2/2(S2)3/2 82

Ni0 catalyst

O

Me Me

36

Entry

1

2

OH

Me Me

Sn-Ni-SiO2

3

O OH

60

 
a Reaction conditions: T = 320–400 °C. 

 

1.7  Summary and Outlook 

Various oxidative methods are effective at α,β-dehydrogenating carbonyl compounds. The 

past century has witnessed the success of sulfur and selenium-based reagents in organic 

syntheses. By taking advantage of versatile enolate formation methods and the facile syn-

elimination of β-Hs with sulfur-oxides and selenium-oxides, these reagents exhibit admirable 
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regioselectivity and a broad substrate scope. In particular, otherwise unreactive substrates, 

including esters and amides, undergo facile oxidation with sulfur and selenium reagents. The 

drawbacks of these reagents, however, are evident, including high expense, toxicity, unpleasant 

odors and requirement of multi-step procedures. Hypervalent iodine reagents, particularly IBX, 

are becoming the most prominent oxidation reagents for α,β-dehydrogenation since the 

beginning of 21st century. Compared to the previous reagents, IBX is cheap, relatively safe and 

capable of performing selective oxidations in a single step. However, regioselective 

dehydrogenation of unsymmetrical substrates represents a challenge for IBX and related 

reagents. 

Catalytic dehydrogenation methods that apply green and sustainable oxidants remain a highly 

desirable goal for modern organic syntheses. Pd and other transition metal complexes coupled 

with environmentally benign oxidants, such as O2, provide an appealing strategy for atom 

economic dehydrogenation reactions. While examples over the past decades have shed light on 

potentially plausible solutions to this issue, development of more robust catalysts with expanded 

substrate scope and control of chemo- and regioselectivies will build on thorough understanding 

of reaction mechanisms to eventually have significant impact in organic syntheses.  
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CHAPTER 2 

 

Pd(DMSO)2(TFA)2-Catalyzed  

Aerobic α ,β-Dehydrogenation of Cyclic Ketones  

 

 

 

 

 

 

 

 

This work has been published under the following: 
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2.1 Introduction to Dehydrogenation of Cyclic Carbonyl Compounds 

Molecular hydrogen and oxygen are the quintessential reducing and oxidizing agents, 

respectively. While hydrogenation reactions are commonplace in multistep organic synthesis, 

aerobic oxidation reactions are seldom used. For example, numerous highly selective methods 

and sophisticated catalysts exist for the hydrogenation of alkenes;1 however, complementary 

aerobic dehydrogenation methods for alkene synthesis are unavailable2 (Scheme 2-1(A)). We 

recently reported a method for PdII-catalyzed aerobic dehydrogenation of cyclohexanones to 

phenols.3 These reactions proceed via a cyclohexenone intermediate that undergoes further 

dehydrogenation to the phenol under the reaction conditions (Scheme 2-1(B)). Here, we report 

the identification of a different Pd catalyst system that enables selective dehydrogenation of 

cycloketones to afford enones rather than phenols. Cyclohexenones and related α,β-unsaturated 

carbonyl compounds are key intermediates in the synthesis of pharmaceuticals and other 

biologically active compounds.4 Their preparation typically requires two or more steps5-7 and/or 

the use of stoichiometric reagents, such as 2-iodoxybenzoic acid (IBX)8,9 or 2,3-dichloro-5,6-

dicyano-1,4-benzoquinone (DDQ).10 Catalytic methods for aerobic dehydrogenation of ketones 

to enones would provide appealing, atom-economical alternatives to these stoichiometric 

methods. 
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Scheme 2-1. Hydrogenation/Dehydrogenation of C–C Bonds (A) and Pd-Catalyzed 

Dehydrogenation of Cyclohexanones (B) 
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The synthesis of enones via PdII-mediated dehydrosilylation of silyl enol ethers was reported 

by Ito and Saegusa in 1978.6a In some cases, these reactions have been achieved with catalytic 

PdII,6b,c but the use of ≥ 0.5 equiv of PdII is commonly required to obtain good yields of 

products.4b,c,11 Methods for direct PdII-catalyzed dehydrogenation of ketones have been pursued 

as an alternative to Saegusa reactions; however, previous examples exhibit quite limited 

substrate scope.12-15 Both Saegusa-type dehydrosilylation and direct dehydrogenation reactions 

are expected to be initiated by formation of a PdII-enolate, followed by β-hydride elimination to 

afford the enone product (Scheme 2-2).16 The resulting PdII–hydride intermediate can be oxidized 

by O2 to regenerate the PdII catalyst.17,18 Recent advances in PdII-catalyzed aerobic oxidation and 

C–H functionalization reactions 19  provided useful starting points for our investigation of 

dehydrogenation catalysts.  
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Scheme 2-2. Proposed Mechanism for PdII-Catalyzed Dehydrogenation of Cyclic Ketones 
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2.2. Results and Discussions 

2.2.1 Optimization of Catalyst and Reaction Conditions for Aerobic α ,β-Oxidation of 

Cyclic Ketones 

Initial catalyst screening efforts focused on the dehydrogenation of 4-tert-

butylcyclohexanone 2-1 under relatively mild conditions: 1 atm O2, 80 °C, 12 h (Table 2-1). Use 

of the recently reported PdII catalyst for conversion of cyclohexanones to phenols3 resulted in 

incomplete conversion and, as expected, favored formation of phenol 2-3 over the enone 2-2 

(entry 1). The best previous catalyst for the conversion of cyclohexanone to cyclohexenone, 

reported by Tsuji and coworkers,12e forms enone 2-2 selectively, but only in 19% yield under 

these conditions (entry 2). Improved results were obtained by using catalytic Pd(OAc)2 in 

DMSO, 20 , 21  affording a mixture of enone and phenol products in 63% and 14% yield, 

respectively (entry 3). The best results were obtained by using DMSO as a ligand (10 mol %) 

with Pd(TFA)2 (5 mol %; TFA = trifluoroacetate) in acetic acid (entry 7). This catalyst system 

led to a 91% yield of the desired enone 2-2. Replacing DMSO with other monodentate and 
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bidentate ligands led to inferior results (entries 13–19).22 The benefit of using DMSO as a 

catalytic ligand, rather than a solvent, has been observed recently in two other Pd-catalyzed 

aerobic oxidation reactions, including chelate-directed C–H arylation of anilides23 and oxidative 

amination of alkenes.24 
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Table 2-1. Catalyst Optimization of Aerobic Oxidative Dehydrogenation of 4-tert-

Butylcyclohexanone 2-1a 

80 °C, O2, 12 h

O

tBu

O

tBu

OH

tBu

+5% PdX2, ligand

2-1 2-2 2-3  

Entry PdX2 Ligand (mol%) Solvent 2-2 (%)b 2-3 (%)b 
1 Pd(TFA)2 2-Me2N-pyridine (10)/TsOH(20) DMSO 23 33 
2 Pd(TFA)2 5,5'-Me2bpy (5)/4Å MS PhCl 19 0 
3 Pd(OAc)2  DMSO 63 14 
4 Pd(TFA)2  DMSO 34 56 
5 Pd(TFA)2  HOAc 24 1 
6 Pd(OAc)2 DMSO (10) HOAc 86 8 
7 Pd(TFA)2 DMSO (10) HOAc 91 8 
8 Pd(TFA)2 DMSO (10) Toluene 67 3 
9 Pd(TFA)2 DMSO (10) THF 66 8 
10 Pd(TFA)2 DMSO (10) Dioxane 84 10 
11 Pd(TFA)2 DMSO (10) EtOAc 30 6 
12 Pd(TFA)2 DMSO (10) PhCl 11 0 
13 Pd(TFA)2 pyridine (10) HOAc 55 2 
14 Pd(TFA)2 2-Me2N-pyridine (10) HOAc 3 1 
15 Pd(TFA)2 2-F-pyridine (10) HOAc 37 2 
16 Pd(TFA)2 bipyridine (5) HOAc 0 0 
17 Pd(TFA)2 5,5'-Me2bpy (5) HOAc 0 0 
18 Pd(TFA)2 phenanthroline (5) HOAc 0 0 
19 Pd(TFA)2 1,2-bis(phenyl-sulfinyl)ethane (5) HOAc 9 4 

a Conditions: [1] = 0.2 M (15.4 mg, 0.1 mmol), 5% PdX2 (0.005 mmol), 10% ligand (0.01 
mmol), Solvent (0.5 mL), 1 atm O2, 80 °C, 12 h. b Determined by GC, external standard = 
tetradecane. 
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2.2.2 Investigation of the Chemoselectivity of Pd(DMSO)2(TFA)2-Catalyzed 

Dehydrogenation 

The high selectivity for formation of the enone with the Pd(DMSO)2(TFA)2 catalyst system is 

noteworthy in light of the preferential formation of phenols with a Pd(TFA)2/2-N,N-

dimethylaminopyridine (2-Me2Npy) catalyst system.3 A comparison of time courses for reactions 

with the two catalyst systems (Figure 2-1) highlights the significant differences between the 

relative rates of the corresponding dehydrogenation steps (cf. Scheme 2-1(B)). Fitting of the 

time-course data to a simple sequential kinetic model, A → B → C,25 reveals that the first 

dehydrogenation step is 38-fold faster than the second step when Pd(DMSO)2(TFA)2 is used as 

the catalyst. In contrast, the first step is nearly 2-fold slower than the second step with the 

Pd(TFA)2/2-Me2Npy catalyst system. 26  Further mechanistic studies are ongoing, but the 

observations have important implications for use of the present catalyst system in the synthesis 

of enones. 
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Figure 2-1. Comparison of kinetic profiles of Pd(DMSO)2(TFA)2- and Pd(TFA)2/2-Me2Npy-

catalyzed dehydrogenation of 2-1. (A) Time course for Pd(DMSO)2(TFA)2-catalyzed 

dehydrogenation of 2-1. Reaction conditions: [2-1] = 0.2 M (0.1 mmol), 5% Pd(DMSO)2(TFA)2 

(0.005 mmol), AcOH (0.5 mL), 1 atm O2, 80 °C. (B) Time course for Pd(TFA)2/2-Me2Npy-

catalyzed dehydrogenation of 2-1. Reaction conditions: [2-1] = 0.2 M (0.1 mmol), Pd(TFA)2 

(0.005 mmol), 2-Me2Npy (0.01 mmol), TsOH (0.02 mmol), DMSO (0.5 mL), 1 atm O2, 80 °C. 

Internal standard = 1,4-dimethoxybenzene. Error bars represent standard deviations from 3 

independent measurements. 
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Besides α,β-dehydrogenation, IBX also serves as an efficient oxidant for converting alcohols 

into aldehydes and ketones.8 For example, in the presence of cyclohexanol, IBX conducted a 

two-step oxidation to afford the cyclohexenone (eq 2-1). In order to examine the selectivity of 

Pd(DMSO)2(TFA)2-catalyzed dehydrogenation over alcohol oxidation, we performed a 

competition experiment. An equimolar mixture of 2-1 and 2-octyl alcohol were submitted to the 

standard Pd(DMSO)2(TFA)2 catalyst system conditions. Oxidation of 2-1 proceeded smoothly to 

afford 85% cyclohexenone, whereas no alcohol oxidation product, 2-octanone, was observed (eq 

2-2). The majority of 2-octyl alcohol was recovered with trace quantities of 2-octyl acetate 

detected by GC-MS spectroscopy. The absence of 2-octanone highlighted the chemo-selectivity 

of this Pd(DMSO)2(TFA)2 catalyst for dehydrogenation with is superior to IBX oxidation.  

OH
IBX (2.3 equiv.)

2h, 65 °C

O

88%                                

(2-1)

 

Pd(DMSO)2(TFA)2 
5 mol%,

O

tBu

O

tBu

O2 (1 atm), HOAc
80 °C, 11 h

85% (15% phenol)

OH O

not observed

+ +
2-1

   

(2-2)

 

2.2.3 Substrate Scope 

A number of 4-substituted cyclohexanone derivatives underwent dehydrogenation in good 

yields with the Pd(DMSO)2(TFA)2 catalyst (Table 2-2, entries 1–5). Substrates with electron-

deficient substituents (entries 2 and 3) exhibited somewhat faster rates, and the conditions 
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tolerated various functional groups, including trifluoromethyl and siloxy groups (entries 2 and 5). 

The parent cyclohexanone (entry 1) decomposed under the acidic conditions, but a good yield of 

enone was obtained by performing the reaction in ethyl acetate.27 Dehydrogenation of 2- and 3-

substituted cyclohexanones can afford two different enone products, and reactions of 2- and 3-

phenylcyclohexanone proceeded with modest (~3:1) regioselectivity (entries 6 and 7). The 

ability to achieve highly regioselective dehydrogenation was demonstrated in the reactions of 

two steroid derivatives (entries 8 and 9), each of which afforded one of two possible enones in 

excellent yield. In both cases, the regioselectivity favored formation of the less substituted 

alkene. No dehydrogenation of the cyclopentanone fragment was observed in the reaction 

leading to 5α-androst-1-ene-3,17-dione (entry 9). The lower reactivity of cyclopentantones was 

also evident in the dehydrogenation of indanone, which afforded the corresponding enone in 

54% yield, with toluene as the optimal solvent (entry 10). In contrast, 1-benzosuberone 

underwent dehydrogenation in good yield (81%, entry 11).  

Chromones 28  and flavones have important biological activity, 29  and the saturated 

dihydrobenzopyranones are readily prepared via condensation of simple precursors.30 Aerobic 

dehydrogenation reactions to form chromone, 6-fluorochromone,31 and flavone32 proceeded in 

good yield (entries 12–14). Related N-methyl- and N-Boc-piperidone derivatives underwent 

successful dehydrogenation to the corresponding dihydro-4-pyridone derivatives (entries 15 and 

16). 
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Table 2-2. Pd-Catalyzed Aerobic Dehydrogenation of Diverse Cycloketones a 
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a Reactions conditions: [substrate] = 0.2 M (0.8 mmol), [Pd(TFA)2] = 0.01 M (0.04 mmol = 5 
mol %), [DMSO] = 0.02 M (0.08 mmol), solvent = AcOH (4 ml), 1 atm O2. b Isolated yield. c 
Ethyl acetate was used as solvent to prevent product decomposition in acetic acid, [substrate] = 
0.8 M (0.8 mmol), ethyl acetate (1 mL). d [substrate] = 0.4 M (0.8 mmol), [Pd(TFA)2] = 0.02 M, 
[DMSO] = 0.2 M, solvent = toluene (2 ml). e In DMSO; no additional ligand. 
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Cyclic enones are common intermediates in the synthesis of natural products, and the aerobic 

dehydrogenation reactions described here could find broad utility in this context. For example, 

α,α-disubstituted cyclohexenone 2-4 has been used as an intermediate in the synthesis of (–)-

mersicarpine. This enone was obtained in 85% yield using the Pd(DMSO)2(TFA)2 catalytic 

method (eq 2-3); the original protocol employed stoichiometric IBX and proceeded in 72% 

yield. 33  Catalytic Saegusa-type6c and stoichiometric IBX8 oxidation methods failed in the 

synthesis of a cyclopentene-α-dione precursor to the natural product (−)-terpestacin, and 

stoichiometric Pd(OAc)2 was used instead. 34  Application of the aerobic Pd(TFA)2/DMSO 

catalyst system to this reaction afforded the enedione in 90% yield (eq 2-4).  

O

Et
CO2Me

O

Et
CO2MePd(DMSO)2(TFA)2

5 mol %
1 atm O2

AcOH, 80 °C

N

N

Et
OH

O
(–)-mersicarpine85%

2-4

      

(2-3)

 

O
HO

Me

O
O

Me

Pd(TFA)2 10 mol %
DMSO 30 mol %

1 atm O2,
EtOAc, 40 °C

90%

MeO

HO

RO
Me

Me

OH

Me

Me

(–)-terpestacin      

(2-4)

  

2.2.4 Unsuccessful Substrates 

Oxidation of cyclopentanone led to clean formation of cyclopentenone in 25% yield after 8 h. 

Longer reaction times resulted in poor mass balance, as determined by 1H NMR spectroscopy. 

The lost material may arise from over-oxidation of cyclopentenone to the anti-aromatic 1,3-

cyclopentadienone, which subsequently undergoes fast decomposition (Table 2-3, entry 1). 
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Overoxidation was also observed for cyclic ketones with a ring size greater than 6. 

Cycloheptanone and cyclooctanone led to a mixture of dehydrogenation products, with 2,6-

cycloheptadien-1-one and 2,7-cyclooctadien-1-one formed as the major products in 24 and 25% 

yields, respectively (entries 2-3). 2-Acetylcyclohexanone favors aromatization over mono-

dehydrogenation to afford 2-hydroxylacetophenone in high yield (entry 4), whereas no reaction 

was observed with 2-acetylcyclopentanone (entry 5). The six-membered ketoester afforded the 

desired product with a fast rate, but the conversion is low due to catalyst decomposition (entry 

6). Despite the similar pKas compared to ketones,35 lactones and lactams exhibit no reactivity 

under these conditions (entries 7-9). 
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Table 2-3. Unsuccessful Substrates for Pd(DMSO)2(TFA)2-Catalyzed Aerobic Dehydrogenation 

Reactionsa 

O

O

O

25
O

O

O

26

25

OO OOH

95

O O
no reaction

O

O

NMe

O

no reaction

no reaction

Substrate Major Product Yield (%)bEntry

1

2

3

4

5

6

7

8
O O

no reaction

O

OEt

O O

OEt

O

14

9

 
a Reactions conditions: [substrate] = 0.2 M (0.1 mmol), [Pd(TFA)2] = 0.01 M (0.005 mmol = 5 
mol %), [DMSO] = 0.01 M (0.02 mmol), solvent = AcOH (0.5 ml), 1 atm O2. b determined by 
GC or 1H NMR spectroscopy. 
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2.2.5 Conclusion 

In summary, we have identified a PdII catalyst system that enables direct dehydrogenation of 

cyclic ketones to the corresponding enones with a number of important substrates. The high 

selectivity for enone rather than phenol formation sharply contrasts other PdII-catalyzed 

dehydrogenation methods3,13 and warrants further mechanistic investigation. The ability to 

replace stoichiometric reagents (e.g., Br2, organoselenium reagents, and IBX) with O2 as an 

oxidant has important implications for large-scale applications of these methods in 

pharmaceutical and fine-chemical synthesis.36  

2.3 Experimental 

2.3.1  General Procedure for Catalyst Optimization 

Catalytic aerobic oxidation reactions were performed using a custom reaction apparatus that 

enabled several reactions to be performed simultaneously under a constant pressure of O2 

(approx 1 atm) with controlled temperature and orbital agitation. Control experiments 

demonstrated that similar results can be obtained using a standard round-bottom flask equipped 

with a stir bar and a balloon of O2 (see below), or using a stainless steel (or Hastelloy) Parr 

pressure vessel for reactions carried out under elevated pressures of O2. 

O

tBu

O

tBu

OH

tBu
2-1 2-2 2-3

Pd(DMSO)2(TFA)2 5 mol%

O2 1 atm, - H2O, HOAc
+

 

To a disposable 13 mm thick-walled culture tube was added Pd(TFA)2, (1.65 mg, 0.005 

mmol, 0.05 equiv), DMSO (0.7 μL, 0.01 mmol, 0.1 equiv), and 0.25 ml acetic acid. The reaction 

tubes were placed in a 48-well parallel reactor mounted on a Glas-Col large capacity mixer. The 
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headspace was purged with O2 for 10 min, after which a solution of 4-tert-butylcyclohexanone 

(15.4 mg, 0.1 mmol, 1 equiv) in acetic acid (0.25 ml) was added via syringe. The solution was 

agitated vigorously at 80 °C for 12 h. After 12 h, the reaction vessel was vented. External 

standard (tetradecane, 10 µl, 0.038mmol) was added. The solution was then diluted with CH2Cl2 

and analyzed by GC. 

Table 2-3. Additional Catalyst Optimization Data for the Aerobic Oxidative Dehydrogenation of 

4-tert-Butylcyclohexanone 2-1a 

2-1 2-2 2-3

80 °C, O2, 12 h

O

tBu

O

tBu

OH

tBu

+5% PdX2, ligand

 

entry Pd ligand (mol%) solvent additive 2-2 
(%)b 

2-3 
(%)b 

1 Pd(OAc)2  DMSO  63 14 
2 Pd(TFA)2  DMSO  34 56 
3 Pd(TFA)2 2-Me2Npy (10) DMSO TsOH (20%) 23 33 
4 Pd(TFA)2 5,5-Me2bpy (5) PhCl 4Å MS, 50 mg 19 0 
5 Pd(TFA)2 5,5-Me2bpy (5) PhCl  23 0 
6 Pd(OAc)2  AcOH  13 0 
7 Pd(TFA)2  AcOH  24 1 
8 Pd(OAc)2 DMSO (10) AcOH  86 8 
9 Pd(TFA)2 DMSO (10) AcOH  91 8 
10 Pd(TFA)2 DMSO (10) AcOH 4Å MS, 50 mg 6 0 
11 Pd(TFA)2 DMSO (10) Toluene  67 3 
12 Pd(TFA)2 DMSO (10) Mesitylene  86 6 
13 Pd(TFA)2 DMSO (10) THF  66 8 
14 Pd(TFA)2 DMSO (10) Dioxane  84 10 
15 Pd(TFA)2 DMSO (10) EtOAc  30 6 
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16 Pd(TFA)2 DMSO (10) DMF  27 2 
17 Pd(TFA)2 DMSO (10) DMA  47 5 
18 Pd(TFA)2 DMSO (10) PhCN  16 2 
19 Pd(TFA)2 DMSO (10) PhCl  11 0 
20 Pd(TFA)2 DMSO (10) PhCl 4Å MS, 50 mg 12 0 
21 Pd(TFA)2 MePhSO (10) AcOH  22 0 

22 Pd(TFA)2 
tetramethylenesulfoxid
e (10) AcOH  65 4 

23 Pd(TFA)2 
trimethylenesulfoxide 
(10) AcOH  7 0 

24 Pd(TFA)2 Pyridine (10) AcOH  55 2 
25 Pd(TFA)2 2-MeOpy (10) AcOH  8 0 
26 Pd(TFA)2 2-Me2Npy (10) AcOH  3 1 
27 Pd(TFA)2 4-NH2py (10) AcOH  79 4 
28 Pd(TFA)2 2-NH2py (10) AcOH  1 0 
29 Pd(TFA)2 2-F py (10) AcOH  37 2 
30 Pd(TFA)2 3-Nitropy (10) AcOH  4 0 
31 Pd(TFA)2 bpy (5) AcOH  0 0 
32 Pd(TFA)2 6,6'-Me2bpy (5) AcOH  31 3 
33 Pd(TFA)2 5,5’-Me2bpy (5) AcOH  0 0 
34 Pd(TFA)2 4,4'-Me2bpy (5) AcOH  0 0 
35 Pd(TFA)2 4,4'-ditertbutyl-bpy (5) AcOH  11 0 
36 Pd(TFA)2 phenanthroline (5) AcOH  0 0 
37 Pd(TFA)2 6,6'-dimethylphen (5) AcOH  26 2 
38 Pd(TFA)2 bipyrimidine (5) AcOH  6 0 
39 Pd(TFA)2 Bissulfoxide (5) HOAc  9 4 
40 Pd(TFA)2 DMSO (10) AcOH NaOAc (10%) 85 6 
41 Pd(TFA)2 DMSO (10) AcOH NaOBn (10%) 82 4 
42 Pd(TFA)2 DMSO (10) AcOH Na2CO3 (10%) 83 5 

43 Pd(TFA)2 DMSO (10) AcOH pentamethylpipe
ridine (10%) 83 6 

44 Pd(TFA)2 DMSO (10) AcOH TsOH (10%) 5 20 
a Reaction conditions: see procedures above.  b GC yield. 
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2.3.2  General Procedure for Dehydrogenation of Cyclohexanones and Product Isolation 

Good gas-liquid mixing is critical for these reactions, and analysis of different reaction 

format revealed that the best results are obtained with orbital agitation. Nevertheless, the 

reactions could be carried out in a round-bottom flask equipped with a balloon of O2, with 

magnetic stirring, or by using high-pressure diluted O2 (9% in N2) in a Parr pressure vessel, with 

magnetic stirring. Representative procedures employing each of these formats is described 

below. 

Dehydrogenation of 2-1 with orbital agitation. To two disposable 13 mm thick-walled 

culture tubes were added Pd(TFA)2 (6.6 mg, 0.02 mmol, 0.05 equiv), DMSO (2.8 μL, 0.01 

mmol, 0.1 equiv), and acetic acid (1 ml). The reaction tubes were placed in a 48-well parallel 

reactor mounted on a Glas-Col large capacity mixer. The headspace was purged with O2 for 10 

min, after which a solution of 4-tert-butyl cyclohexanone (61.6 mg, 0.4 mmol, 1 equiv) in acetic 

acid (1 ml) was added via syringe. The solution was agitated vigorously at 80 °C for 12 h. After 

12 h, the reaction was cooled down, and O2 was vented from the reactor. The two reaction 

mixtures were combined and acetic acid was removed under vacuum using a rotovap. Silica gel 

was saturated with 1% triethylamine in hexane, and loaded onto a column. The column was then 

washed with hexane to remove excess triethylamine. The reaction mixture was loaded onto the 

column and flushed with 10% ethyl acetate in hexane. The cyclohexenone product 2-2 was 

obtained in 91% yield as a colorless liquid, and the phenol byproduct 2-3 was obtained as a white 

solid in 8% yield. 

Dehydrogenation of 2-1 in a round-bottom flask. To a 25 ml round-bottom flask equipped 

with a stir bar was added Pd(TFA)2 (13 mg, 0.04 mmol, 0.05 equiv) and  4-tert-butyl 
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cyclohexanone (123 mg, 0.8 mmol). A reflux condenser was place on the flask and sealed with a 

septum. A balloon was attached via a needle. The flask and balloon were purged and filled with 

O2, followed by addition of DMSO (5.6 μL, 0.02 mmol, 0.1 equiv) and acetic acid (4 ml). The 

flask was stirred at 80 °C for 12 h. After 12 h, O2 was vented from the flask. Acetic acid was 

removed under vacuum using a rotovap. Products 2-2 and 2-3 were isolated as described above 

and obtained in 90% and 6% yield, respectively.  

Dehydrogenation of 5α-Cholestan-3-one (Table 2-2, entry 8) in a round-bottom flask. To a 

25 ml round-bottom flask equipped with a stir bar was added Pd(TFA)2 (3.3 mg, 0.01 mmol, 0.05 

equiv) and  5α-Cholestan-3-one (78 mg, 0.2 mmol). A reflux condenser was place on the flask 

and sealed with a septum. A balloon was attached via a needle. The flask and balloon were 

purged and filled with O2, followed by addition of DMSO (1.4 μL, 0.02 mmol, 0.1 equiv) and 

acetic acid (1 ml). The stock solution of NMR internal standard, 1,3,5-trimethoxybenzene (0.001 

mmol, in DMSO-d6), was added. The mixture was then neutralized with saturated NaHCO3 

aqueous solution and extracted with CDCl3. The organic layer was transferred to an NMR tube 

via a pipet and analyzed by 1H NMR spectroscopy, which revealed the enone product was 

formed in 90% NMR, comparable to the yield obtained from the reaction carried out with orbital 

agitation.  

Dehydrogenation of unsubstituted cyclohexanone in a Parr pressure vessel. The oxidation of 

cyclohexanone in acetic acid afforded cyclohexenone in only modest yield (~50%) with poor 

mass balance. Improved mass balance was observed when the reaction was carried out in ethyl 

acetate. A good yield (72%) could be obtained with 1 atm O2 when the reaction was mixed via 

orbital agitation; however, attempts to perform the oxidation in a round-bottom flask with an O2 

balloon failed, due to fast decomposition of the Pd catalyst (the use of AcOH as the solvent 
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appears to stabilize the catalyst). We speculated that the catalyst would be more stable with 

elevated pressures of O2 and the reaction was analyzed under different pressures of O2 (Figure 2-

2). Low O2 pressure led to low conversion and observation of signficant amounts of Pd black. 

Elevated O2 pressure resulted in a significant increase in product formation. A typical protocol 

for this reaction format is as follows: 

To a 45 mL Hastelloy Parr pressure vessel equipped with a stir bar was added Pd(TFA)2 

(13.2 mg, 0.04 mmol, 0.05 equiv), DMSO (5.6 μL, 0.02 mmol, 0.1 equiv), ethyl acetate (1 ml) 

and cyclohexanone (80 µl, 0.8 mmol). The vessel was sealed and 70 atm of 9% O2 in N2 (6.3 atm 

partial pressure of O2) was supplied to the vessel. The reaction was heated to 60 °C with 

vigorous stirring for 24 h. After 24 h, the O2 was vented from the vessel. The product was 

purified as described above, and afforded a 70% yield of cyclohexenone and 20% phenol. 
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Figure 2-2. Dependence of the oxidation of cyclohexanone on the O2 pressure. Conditions: 

[cyclohexanone] = 0.8 M (0.8 mmol), 5% Pd(TFA)2 (0.04 mmol), 10% DMSO (0.08 mmol), 

ethyl acetate (1 mL). 

2.3.3  Procedure for Aerobic Dehydrogenation of Cyclohexanone 2-1 in a Flow Reactor 

The flow reactor used in these studies has been described previously.36 The total volume of 

the tube reactor is 66 mL. An oil bath set to 100 °C was used to regulate the reaction-zone 

temperature of the flow reactor. The flow reactor was first rinsed with toluene and dried by 

passing nitrogen gas through the tubing at 100 °C. The reactor was pressurized with a 500 psig 

of dilute O2 gas (8% O2 in N2). Four sequential metering valves connected to the O2 outlet were 

adjusted to obtain the desired gas flow rate. The total gas flow out of the vapor-outlet valve was 

maintained around 1.6 sccm. The reactor was then purged with the dilute oxygen gas for 10-15 

minutes (8% O2 in N2; 500 psig). Two syringe pumps were used for delivery of the reagents and 

catalyst. The first syringe pump was charged with Pd(DMSO)2(TFA)2 stock solution in acetic 

acid (0.02 M, 180 ml), and the second syringe pump was charged with 4-tert-
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butylcyclohexanone stock solution in acetic acid (0.4 M, 180 ml). The feed rates of both pumps 

were adjusted to 0.014 ml/min (residence time = 12 h). Both syringe pumps were started to 

initiate the flow of liquid solution with continuous delivery of dilute oxygen gas through the 

reactor. After starting the pumps (t = 0), the time when liquid started to accumulate in the liquid 

product tank was recorded as the actual liquid residence time. The product was analyzed by GC 

and isolated as described above (88% GC yield; 78% isolated yield). The discrepancy between 

GC and isolated yield was due to loss of material when the acetic acid solvent was removed 

under vacuum. 

2.3.4  Acquisition of Time Course Data 

The reactions were performed using orbital shakers under standard conditions, as described 

above. The catalyst was heated to 80 °C and the temperature was allowed to equilibrate for 5 min. 

A stock solution of internal standard (1,4-dimethoxybenzene) was injected via syringe. Injection 

of substrates dissolved in solvent established the t = 0 point. After various time intervals, aliquots 

were withdrawn from the reaction mixture via pipet, diluted with CH2Cl2 and analyzed by GC. 

Time course data were imported into the kinetic simulation software COPASI,37 and a simple 

sequential first-order kinetic model, A → B → C, was used to fit the data in COPASI using 

Levenberg-Marquardt numerical methods.  

2.3.5 Characterization Data of Enone Products  

All compounds in Table 2-2 and eqs 1 and 2 have been reported previously. In all cases, the 

product identities were established by comparison of the 1H NMR spectra with previously 

reported data. In one case (Table 2-2, entry 8), full characterization was not previously reported; 

these data are included below. 
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O

  

(Table 2-2, Entry 1): Prepared as described above. Purified by silica gel column 

chromatography using a 0-20% EtOAc in hexane gradient elution to give 72% yield of the 

product as a colorless oil. 1H NMR data match previously reported data.38 1H NMR (CDCl3): δ 

7.000 (dt, 1H, J = 10.1, 4.1 Hz), 6.03 (d, 1H, J = 10.1, 2.0 Hz), 2.44 (t, 2H, J = 6.4 Hz), 2.40-2.30 

(m, 2H), 2.09-1.97 (m, 2H). 

O

tBu   

(Table 2-2, Entry 2): Prepared as described above. Purified by silica gel column 

chromatography that has been saturated with 1% Et3N using a 0-10% EtOAc in hexane gradient 

elution to give 91% yield of the product as a colorless liquid. 1H NMR data match previously 

reported data.39 1H NMR (CDCl3): 7.02 (dd, 1H, J = 10.4, 2.0 Hz), 6.04 (dd, 1H, J = 10.4, 2.8 

Hz), 2.53 (dt, 1H, J = 16.6, 3.6 Hz), 2.34 (ddd, 1H, J = 16.6, 14.2, 4.8 Hz), 2.45-2.16 (m, 1H), 

2.16-2.03 (m, 1H), 1.82-1.66 (m, 1H), 0.98 (s, 9H). 

O

Ph  

(Table 2-2, Entry 3): Prepared as described above. Purified by silica gel column 

chromatography that has been saturated with 1% Et3N using a 0-10% EtOAc in hexane gradient 

elution to give 83% yield of the product as a white solid. 1H NMR data match previously 
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reported data.40 1H NMR (CDCl3): δ 7.40-7.32 (m, 2H), 7.32-7.27 (m, 1H), 7.25-7.19 (m, 2H), 

7.00 (ddd, 1H, J = 10.2, 2.9, 1.4 Hz), 6.17 (ddd, 1H, J = 10.2, 2.5, 0.6 Hz), 3.78-3.68 (m, 1H), 

2.62-2.45 (m, 2H), 2.45-2.30 (m, 1H), 2.13-1.98 (m, 1H). 

O

CF3   

(Table 2-2, Entry 4): Prepared as described above. Purified by silica gel column 

chromatography using a 0-20% EtOAc in hexane gradient elution to give 81% yield of the 

product as a colorless oil. 1H NMR data match previously reported data.41 1H NMR (CDCl3): δ 

6.88 (ddd, 1H, J = 10.3, 2.5, 1.5), 6.22 (dd, 1H, J = 10.3, 2.6 Hz), 3.30-3.11 (m, 1H), 2.65 (dt, 

1H, J = 17.4, 4.6 Hz), 2.51-2.40 (m, 1H), 2.36-2.28 (m, 1H), 2.21-2.06 (m, 1H). 

O

OTBS  

(Table 2-2, Entry 5): Prepared as described above. Purified by silica gel column 

chromatography using a 0-15% EtOAc in hexane gradient elution to give 76% yield of the 

product as a slightly yellow oil. 1H NMR data match previously reported data.42 1H NMR 

(CDCl3): δ 6.84 (dt, 1H, J = 10.3, 2.1 Hz), 5.93 (ddd, 1H, J = 10.3, 1.8, 1.0 Hz), 4.56-4.49 (m, 

1H), 2.58 (dt, 1H, J = 17.1, 5.1 Hz), 2.35 (ddd, 1H, J = 17.1, 12.7, 4.4 Hz), 2.21 (dqd, J = 14.4, 

4.4, 1.8 Hz), 2.00 (tdd, J = 12.7, 9.0, 4.4 Hz), 0.92 (9H, s), 0.13 (3H, s), 0.12 (3H, s). 

O
Ph
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(Table 2-2, Entry 6): Prepared as described above. Purified by silica gel column 

chromatography using a 0-20% EtOAc in hexane gradient elution to give 63% yield of the 

product as a colorless oil. 1H NMR data match previously reported data.43 1H NMR (CDCl3): δ 

7.39-7.24 (m, 5H), 7.03 (t, 1H, J = 4.4 Hz), 2.64-2.48 (m, 4H), 2.17-2.05 (m, 2H). 

O
Ph

 

(Table 2-2, Entry 6): Prepared as described above. Purified by silica gel column 

chromatography using a 0-20% EtOAc in hexane gradient elution to give 21% yield of the 

product as a colorless oil. 1H NMR data match previously reported data.44 1H NMR (CDCl3): δ 

7.38-7.22 (m, 3H), 7.20-7.12 (m, 2H), 7.04 (dt, 1H, J = 10.1, 4.2 Hz), 6.17 (dt, 1H, J = 10.1, 1.8 

Hz), 3.61 (t, 1H, J = 8.1 Hz), 2.53-2.43 (m, 2H), 2.34-2.23 (m, 2H). 

O

Ph   

(Table 2-2, Entry 7): Prepared as described above. Purified by silica gel column 

chromatography using a 0-20% EtOAc in hexane gradient elution to give 63% yield of the 

product as a colorless oil. 1H NMR data match previously reported data.45 1H NMR (CDCl3): δ 

7.41-7.31 (m, 2H), 7.31-7.15 (m, 3H), 7.05 (ddd, 1H, J = 9.9, 5.5, 2.4 Hz), 6.13 (ddt, 1H, J = 9.9, 

2.4, 0.6 Hz), 3.36 (h, 1H, J = 5.3 Hz), 2.73-2.65 (m, 2H), 2.65-2.60 (m, 1H), 2.56 (dt, 1H, J = 

10.7, 2.4 Hz) 

O

Ph   
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(Table 2-2, Entry 7): Prepared as described above. Purified by silica gel column 

chromatography using a 0-20% EtOAc in hexane gradient elution to give 23% yield of the 

product as a colorless oil. 1H NMR data match previously reported data.46 1H NMR (CDCl3): δ 

7.57-7.52 (m, 2H), 7.45-7.38 (m, 3H), 6.43 (t, 1H, J = 1.4 Hz), 2.78 (td, 2H, J = 5.8, 1.4 Hz), 

2.53-2.44 (m, 2H), 2.22-2.11 (m, 2H). 

O H

H H

H

 

(Table 2-2, Entry 8): Prepared as described above. Purified by silica gel column 

chromatography using a 0-15% EtOAc in hexane gradient elution to give 94% yield of the 

product as a white solid. This compound has been reported previously; 47  however, full 

characterization data have not been reported. 1H NMR (CDCl3): δ 7.14 (d, 1H, J = 10.0 Hz), 5.85 

(d, 1H, J = 10.0 Hz), 2.37 (dd, 1H, J = 17.4, 13.8 Hz), 2.21 (dd, 1H, J = 17.4, 4.2 Hz), 2.05 (dt, 

1H, J = 12.6, 3.4 Hz), 1.99-1.77 (m, 2H), 1.77-1.65 (m, 2H), 1.63-0.95 (m, 20H), 1.00 (s, 3H), 

0.91 (d, 3H, J = 6.9 Hz), 0.87 (d, 3H, J = 6.5 Hz), 0.86 (d, 3H, J = 6.5 Hz), 0.69 (s, 3H). 13C 

NMR (CDCl3): δ 200.5, 158.9, 127.6, 56.6, 56.4, 50.2, 44.5, 42.9, 41.2, 40.0, 39.7, 39.2, 36.3, 

36.0, 35.9, 31.5, 28.4, 28.2, 27.9, 24.3, 24.0, 23.0, 22.8, 21.5, 18.9, 13.2, 12.4. HRMS (ESI) [M 

+ Na+]/z calcd. 384.3387, found 384.3376. M.P. = 99–100 °C. 

O
H

H H

H

O
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(Table 2-2, Entry 9): Prepared as described above. Purified by silica gel column 

chromatography using a 20-40% EtOAc in hexane gradient elution to give 93% yield of the 

product as a white solid. 1H NMR data match previously reported data.48 1H NMR (CDCl3): δ 

7.14 (d, 1H, J = 10.5 Hz), 5.87 (d, 1H, J = 10.5 Hz), 2.53-2.32 (m, 2H), 2.24 (ddd, 1H, J = 17.7, 

4.3, 0.8 Hz), 2.17-2.06 (m, 1H), 2.02-1.81 (m, 5H), 1.67 (qd, 1H, J = 10.6, 4.2 Hz), 1.60-1.27 (m, 

6H), 1.15-0.99 (m, 2H), 1.05 (s, 3H), 0.91 (s, 3H). 

O

  

(Table 2-2, Entry 10): Prepared as described above. 50% DMSO was used as ligand and 

toluene was the solvent. The reaction was heated to 60 °C for 24 h, then 80 °C for another 24 h. 

Purified by silica gel column chromatography using a 0-10% EtOAc in hexane gradient elution 

to give 81% yield of the product as a slightly yellow oil. 1H NMR data match previously reported 

data.49 1H NMR (CDCl3): δ 7.75 (dd, 1H, J = 7.5, 1.4 Hz), 7.42 (td, 1H, J = 7.5, 1.4 Hz), 7.31 (td, 

1H, J = 8.8, 1.4 Hz), 7.19 (d, 1H, J = 7.5 Hz), 6.75 (dt, 1H, J = 12.2, 4.9 Hz), 6.28 (dt, 1H, J = 

12.2, 2.0 Hz), 3.11-2.98 (m, 2H), 2.65-2.53 (m, 2H). 

O

 

(Table 2-2, Entry 11): Prepared as described above. 50% DMSO was used as ligand and 

toluene was the solvent. Purified by silica gel column chromatography using a 0-20% EtOAc in 

hexane gradient elution to give 54% yield of the product as a yellow oil. 1H NMR data match 

previously reported data.50 1H NMR (CDCl3): δ 7.57 (d, 1H, J = 6.2 Hz), 7.43 (d, 1H, J = 7.0 
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Hz), 7.35 (t, 1H, J = 7.0 Hz), 7.23 (t, 1H, J = 7.0 Hz), 7.06 (d, 1H, J = 7.0 Hz), 5.89 (d, 1H, J = 

6.2 Hz). 

O

O

  

(Table 2-2, Entry 12): Prepared as described above. Purified by silica gel column 

chromatography using a 20-40% EtOAc in hexane gradient elution to give 80% yield of the 

product as a white solid. 1H NMR data match previously reported data.51 1H NMR (CDCl3): δ 

8.22 (dd, 1H, J = 8.0, 1.4 Hz), 7.87 (d, 1H, J = 6.1 Hz), 7.68 (ddd, 1H, J = 8.6, 8.0, 1.4 Hz), 7.47 

(d, 1H, J = 8.6 Hz), 7.42 (t, 1H, J = 8.0 Hz), 6.36 (d, 1H, J = 6.1 Hz). 

O

O
F

  

(Table 2-2, Entry 13): Prepared as described above. Purified by silica gel column 

chromatography using a 30% EtOAc in hexane gradient elution to give 78% yield of the product 

as a white solid. 1H NMR data match previously reported data.52 1H NMR (CDCl3): δ 7.87 (d, 

1H, J = 6.0 Hz), 7.85 (dd, 1H, J = 8.2, 3.2 Hz), 7.48 (dd, 1H, J = 9.0, 4.4 Hz), 7.40 (ddd, 1H, J = 

9.0, 7.5, 3.2 Hz), 6.34 (d, 1H, J = 6.0 Hz). 

O

O

Ph   

(Table 2, Entry 14): Prepared as described above. The reaction mixture was washed with 

water and extracted with ethyl acetate. The mixture was purified by silica gel column 

chromatography using a gradient 0%-30% EtOAc in hexane elution to give 88% yield of the 



71 

 

product as a white solid. 1H NMR data match previously reported data.53 1H NMR (CDCl3): δ 

8.25 (dd, 1H, J = 8.0, 1.6 Hz), 7.99-7.89 (m, 2H), 7.72 (ddd, 1H, J = 8.6, 7.1, 1.6 Hz), 7.59 (dd, 

1H, J = 8.6, 1.0 Hz), 7.57-7.49 (m, 3H), 7.44 (ddd, 1H, J = 8.0, 7.1, 1.0), 6.88 (s, 1H). 

N
Me

O

  

(Table 2-2, Entry 15): Prepared as described above. Purified by filtration through a pipette of 

Al2O3, eluted with pure ethyl acetate to give 74% yield of the product as a colorless oil. 1H NMR 

data match previously reported data.54 1H NMR (CDCl3): δ 6.98 (d, 1H, J = 7.4 Hz), 4.92 (d, 1H, 

J = 7.4 Hz), 3.44 (t, 2H, J = 7.7 Hz), 2.48 (t, 2H, J = 7.7 Hz). 

N
Boc

O

 

(Table 2-2, Entry 16): Pd(TFA)2 in DMSO was used for this substrate. No ligand was added. 

Purified by silica gel column chromatography using a 30-40% EtOAc in hexane gradient elution 

to give 72% yield of the product as a white solid. 1H NMR data match previously reported data.55 

1H NMR (CDCl3): δ 7.82 (br, 1H), 5.31 (d, 1H, J = 8.3 Hz), 3.98 (t, 2H, J = 7.4 Hz), 2.55 (t, 2H, 

J = 7.4 Hz), 1.54 (s, 9H). 

O

Et
CO2Me

 

(eq 2-1): Prepared as described above. Purified by silica gel column chromatography using a 

10-20% EtOAc in hexane gradient elution to give 85% yield of the product as a pale yellow oil. 

1H NMR data match previously reported data.56 1H NMR (CDCl3): δ 6.85 (dt, 1H, J = 10.0, 4.0 
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Hz), 5.90 (dt, 1H, J = 10.0, 2.0 Hz), 3.66 (s, 3H), 2.45-2.35 (m, 2H), 2.35-2.16 (m, 2H), 1.98-

1.77 (m, 4H), 1.70-1.46 (m, 2H), 0.84 (t, 3H, J = 7.7 Hz). 

O

O
Me

  

(eq 2-2): Prepared as described above. Good gas-liquid mixing is very crucial to this 

substrate to prevent catalyst decomposition. After catalyst and solvent were mixed and purged 

with O2, the substrate was added via syringe while agitating. Reaction conditions: [substrate] = 

0.025 M, [Pd(TFA)2] = 0.0025 M (10%), [DMSO] = 0.0075 M (30%), 1 atm O2. Purified by 

silica gel column chromatography using a 0-20% EtOAc in hexane gradient elution to give 90% 

yield of the product as a yellow oil. 1H NMR data match previously reported data.34 1H NMR 

(CDCl3): δ 7.83 (d, 1H, J = 7.3 Hz), 6.88 (d, 1H, J = 7.3 Hz), 5.59 (dddd, 1H, J = 17.5, 10.4, 7.9, 

7.3 Hz), 5.16-5.01 (m, 2H), 2.47 (dd, 1H, J = 13.8, 7.9 Hz), 2.36 (ddt, 1H, J = 13.8, 7.1, 1.0 Hz), 

1.28 (s, 3H).  
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 Palladium/4,5-Diazafluorenone-Catalyzed 

Aerobic α ,β-Dehydrogenation of Carbonyl Compounds 
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3.1 Introduction to Dehydrogenation of Carbonyl Compounds 

Enones and other α,β-unsaturated carbonyl compounds are important intermediates in the 

synthesis of pharmaceuticals and other complex organic molecules.1  Such compounds are 

frequently prepared via stepwise protocols, including α-bromination-dehydrobromination,2 α-

selenylation followed by oxidation to a selenoxide and elimination, 3,4 and formation of a silyl 

enol ether, followed by PdII-mediated dehydrosilylation ("Saegusa" oxidation).5 Direct α,β-

dehydrogenation of ketones and aldehydes has also been achieved using stoichiometric reagents, 

such as 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ)6 and 2-iodoxybenzoic acid (IBX).7,8 

PdII-catalyzed direct dehydrogenation of carbonyl compounds with O2 as the oxidant represents 

an appealing atom-economical alternative to these methods.9,10 Here, we report the discovery of a 

new Pd(TFA)2/4,5-diazafluorenone (TFA = trifluoroacetate) catalyst system that overcomes key 

limitations of previously reported catalysts for these reactions. Comparison between this catalyst 

system and other catalysts, as well as preliminary mechanistic insights into these reactions are 

described below. 

N N

O

4,5-diazafluoren-9-one
 

Early studies of Pd-catalyzed dehydrogenation reactions focused on cyclohexanone 

derivatives;11 however, low yields and/or limited substrate scope restricted the synthetic utility of 

these methods. We recently reported a Pd(DMSO)2(TFA)2 catalyst system that overcomes many 

of these limitations and enables aerobic dehydrogenation of a variety of substituted 

cyclohexanones and other cyclic ketones, including heterocycles (Scheme 3-1).12 Independently, 

we discovered a different PdII catalyst system, Pd(TFA)2/2-Me2Npy (2-Me2Npy = 2-(N,N-
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dimethylamino)pyridine), that affords substituted phenols via aerobic dehydrogenation of 

cyclohexanone and cyclohexenone derivatives (Scheme 3-1).13 Subsequent efforts in our lab to 

apply these methods to specific target molecules of interest have revealed limitations. In 

particular, the bicyclic cyclopentanone derivative 3-2 is a key precursor to a pharmaceutically 

important anatagonist of the metabotropic glutamate receptor (mGluR) (Scheme 3-2).14 This 

molecule was previously prepared from 1 using IBX as the oxidant.14b An aerobic 

dehydrogenation method could provide a scalable route to this molecule,15 but efforts to apply 

the Pd(DMSO)2(TFA)2 and Pd(TFA)2/2-Me2Npy catalyst systems to this reaction resulted in 

unsatisfactory yields (≤37%, Scheme 3-2). Dehydrogenation of acyclic aldehydes and ketones 

have less precedent than reactions of cyclic ketones. 3-Arylpropanal (i.e., hydrocinnamaldehyde) 

derivatives were recently shown to undergo Pd(OAc)2-catalyzed aerobic dehydrogenation in the 

presence of an amine cocatalyst, possibly via in situ formation of an enamine intermediate 

(Scheme 3-3).16 Analogous ketones (e.g., R = Me) were unreactive, however.  
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Scheme 3-1. Palladium-catalyzed Dehydrogenation of Cyclohexanones 

O O OH
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R R R

– H2O
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Scheme 3-2. Attempted Dehydrogenation of a Pharmaceutically Important Cyclopentanone 

derivative 
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Scheme 3-3. Dehydrogenation of β-Aryl Carbonyl Compounds 
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3.2  Results and Discussions 

3.2.1 Optimization of Catalyst and Reaction Conditions for Aerobic α ,β-Oxidation of 

Cyclopentanone 3-1  

Efforts to address these limitations were initiated by exploring possible Pd catalysts for 

aerobic dehydrogenation of cyclopentanone 3-1 at 80 °C under 1 atm of O2. As noted above, the 

previously reported Pd(DMSO)2(TFA)2 catalyst exhibited poor reactivity (Table 3-1, entry 1). 

Use of the Pd(TFA)2/2-Me2Npy catalyst system in DMSO or Pd(TFA)2 in the absence of an 

added ligand led to a slightly improved result (37% and 32% yield, respectively; entries 2 and 3). 

Other PdII sources were less effective than Pd(TFA)2 (entries 4-7), and no reactivity was 

observed with traditional heterogeneous Pd catalysts (entries  8 and 9). A number of ancillary 

ligands were tested in combination with Pd(TFA)2 (entries 10-19). In general, the ancillary 

ligands had little benefit or were deleterious relative to the reactivity of Pd(TFA)2 alone. The best 

yield was observed with 4,5-diazafluorenone as a ligand; however, the yield maximized at 40% 

when the reaction was performed under 1 atm O2 (entry 20). We reasoned that catalyst stability 

and turnover numbers could be improved by increasing the pressure of O2 (used as a mixture of 

9% O2 in N2 to minimize safety risks). Upon testing this hypothesis, a 61% yield of 

cyclopentenone product 2 was obtained with the Pd(TFA)2/2-Me2Npy catalyst system when the 

reaction was carried out under 7.2 atm O2 (entry 21). The optimal yield, however, was achieved 

with the 4,5-diazafluorenone ligand (85% GC, 79% isolated yield; entry 22). The beneficial 

effect of diazafluorenone in this reaction complements our recent discovery of the utility of this 

ligand in other Pd-catalyzed aerobic oxidation reactions (allylic C–H oxidation and direct biaryl 

coupling).17 
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Table 3-1. Catalyst Optimization for the Aerobic Dehydrogenation of 3-1a 

H

H

CO2Et

O

H

H

CO2Et

O
[Pd] 5 mol%,

80 °C, 24 h

3-1 3-2  

entry Pd source ligand solvent yield (%)b	  

1 Pd(TFA)2 DMSO HOAc 13 
2 Pd(TFA)2 2-Me2Npy/TsOH DMSO 37 
3 Pd(TFA)2 none DMSO 32 
4 Pd(OAc)2 none DMSO 21 
5 Pd(BF4)2(CH3CN)4 none DMSO 21 
6 PdCl2 none DMSO 6 
7 Pd2(dba)3 none DMSO 8 
8 Pd/C none DMSO 0 
9 Pd(OH)2/charcoal none DMSO 0 
10 Pd(TFA)2 pyridine DMSO 27 
11 Pd(TFA)2 2-F pyridine DMSO 31 
12 Pd(TFA)2 2-MeO-pyridine DMSO 32 
13 Pd(TFA)2 3-NO2-pyridine DMSO 21 
14 Pd(TFA)2 2,2'-bipyridine (bpy) DMSO 33 
15 Pd(TFA)2 6,6’-Me2bpy DMSO 15 
16 Pd(TFA)2 5,5’-Me2bpy DMSO 12 
17 Pd(TFA)2 phenanthroline DMSO 36 
18 Pd(TFA)2 2,9-Me2phenanthroline DMSO 14 
19 Pd(TFA)2 bipyrimidine DMSO 19 
20 Pd(TFA)2 4,5-diazafluorenone DMSO 40 
21 Pd(TFA)2 2-Me2Npy/TsOH DMSO 61c 
22 Pd(TFA)2 4,5-diazafluorenone DMSO 85c [79]d 

a Conditions: [3-1] = 0.2 M (16.8 mg, 0.1 mmol), 5% catalyst (0.005 mmol), solvent (0.5 mL), 
1 atm O2, 80 °C, 24 h. b Determined by GC. c 7.2 atm O2 (9% in N2), 48 h. d Isolated yield. 
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3.2.2 Applications of the Pd(TFA)2/4,5-Diazafluorenone Catalyst in the Dehydrogenation 

Carbonyl Molecules 

The success of Pd(TFA)2/4,5-diazafluorenone in the dehydrogenation of 3-1 prompted us to 

explore the utility of this catalyst system in reactions of acyclic ketones. As noted above, 

previously reported catalyst systems were essentially unreactive in the dehydrogenation of 

benzylacetone (3-3, Eqn. (3-1)): 0% yield of 4 with Pd(OAc)2/diphenylprolinol16a and 4% yield 

with Pd(DMSO)2(TFA)2.12 The poor reactivity of ketone 3 relative to hydrocinnamaldehyde (cf. 

Scheme 3-3) probably reflects the higher pKa of the α-C–H bond of ketones relative to aldehydes 

(see further discussion below).18 In contrast, use of the optimized Pd(TFA)2/diazafluorenone 

catalyst system to the dehydrogenation of 3 afforded enone 4 in 87% isolated yield (eqn (3-1)). 

With this substrate, the reaction was compatible with 1 atm O2. To the best of our knowledge, 

this reaction represents the first example of aerobic dehydrogenation of acyclic ketones. 

Ph Me

O

Ph Me

O[Pd]
O2 (1 atm)

– H2O
3-3 3-4

[Pd] = 10% Pd(OAc)2/20% diphenylprolinol
5% Pd(DMSO)2(TFA)2 
5% Pd(TFA)2/diazafluorenone

0%
4%

87%
(see Table 3-2 for reaction conditions)  

(3-1)

 

Apigenin is a flavone natural product that has attracted considerable interest as a cancer 

chemopreventative agent.19 The saturated precursor, naringenin, and related analogs can be 

readily obtained via condensation of simple benzaldehyde and o-acetylphenol precursors 

(Scheme 3-4).20 An apigenin analog was recently prepared in 66% yield by DDQ-promoted 

dehydrogenation of the corresponding naringenin derivative.21 The Pd(DMSO)2(TFA)2 catalyst 
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system was completely unreactive in an attempted dehydrogenation of naringenin, whereas the 

Pd(TFA)2/4,5-diazafluorenone catalyst afforded the desired product in 81% yield (Scheme 3-4). 

Scheme 3-4. Aerobic Dehydrogenation of Naringenin with the Pd(TFA)2/4,5-Diazafluorenone 

Catalyst System 

O

OOH

HO

OH

O

OOH

HO

OHapigenin

OH

HO OH

Me

O O

H

OH
+

naringenin
81%

O2 1 atm
DMSO, 100 °C

72 h

Pd(TFA)2 5 mol%

           [Pd(DMSO)2(TFA)2:   0%]

O

N N

 

A number of related acyclic β-arylaldehyde and -ketone substrates and chroman-4-one and 

flavanone derivatives underwent successful aerobic dehydrogenation with this catalyst system 

(Table 3-2). Hydrocinnamaldehyde underwent facile dehydrogenation to afford cinnamaldehyde 

in 91% yield (entry 1). A small amount of benzaldehyde (8%) was formed as a by-product in this 

reaction. Other benzyl acetone derivatives, including those with electron-donating and electron-

withdrawing substituents, and a phenyl ketone derivative underwent successful dehydrogenation 

(Table 3-2, entries 2-5). Dehydrogenation of methyl 3-benzoylpropanoate afforded the expected 

alkene in a 13:1 trans:cis isomeric ratio (entry 6). Chromones22 and flavones23 have important 

biological activities, and the Pd(TFA)2/4,5-diazafluorenone catalyst exhibits excellent reactivity 

in the dehydrogenative synthesis of these compounds (Table 3-2, entries 7-10), including chloro- 

and fluoro-substituted derivatives. 
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Table 3-2. Pd-Catalyzed Aerobic Dehydrogenation of Aldehydes and Ketonesa 

O

R2R1 O2 1 atm
DMSO, 80 °C

O

R2R1

Pd(TFA)2 5 mol%

O

N N

 

substrate enonetime (h) temp (°C) yield (%)bentry

2

3

4

5

6

10

48

48

48

91
Ph H

O

Ph H

O

Me

O

X

1 80

Ph Ph

O

Ph Ph

O

Ph

O

O

MeO Ph

O

O

MeO

8

87

X = OMe

   = H
   
   = CF3

100

10036

Me

O

X

74

trans : cis = 13 : 1

48

O Ph

8824 100

O

O

Ph
Flavone

O

O

O7

8

9 O

O

83

87

86

80

80

100

X
= H

= Cl

= F

X
X

32

32

32

80

80

80

96

94

94

 
a Conditions: [substrate] = 0.8 M (0.4 mmol), Pd(TFA)2 (6.6 mg, 0.02 mmol), 4,5-

diazafluorenone (3.6 mg, 0.02 mmol), DMSO (0.5 mL), 1 atm O2. b Isolated yield.  
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3.2.3 Limitations of the Pd(TFA)2/4,5-Diazafluorenone Catalyst System 

Preliminary efforts to expand the substrate scope beyond that indicated above have revealed 

some limitations. Acyclic substrates lacking an aryl group in the β position to the carbonyl are 

susceptible to further dehydrogenation at the γ,δ-position, resulting in a mixture of enone and 

dienone products. For example, an unoptimized reaction of 2-octanone afforded oct-3-en-2-one 

in 17% yield and octa-3,5-dien-2-one in 6% yield after 18 h, with 35% recovered starting 

material (Table 3-3, entry 1). 4-Cyclohexylbutan-2-one is sterically similar to benzylacetone and 

undergoes dehydrogenation to afford 4-cyclohexylbutenone (entry 2). However, 4-

cyclohexylbutenone readily undergoes decomposition under oxidative conditions to form the 

cyclohexanecarboxaldehyde. 5-Nonanone exhibits no dehydrogenation reactivity, which may 

due to steric hinderance (entry 3). The reaction of propyl phenyl ketone, which cannot undergo a 

second dehydrogenation step, afforded the enone in only low yield (20%) after 48 h (entry 4). 

The low substrate conversion in this reaction possibly reflects deactivation of the catalyst by 

formation of an inactive Pd-π-allyl species. Alternatively, the Pd catalyst could form inactive 

metallocycles via directed aryl C–H activation. Decompositions are observed in molecules 

containing heterocycles under the oxidative conditions (entries 5-7). Finally, esters such as ethyl 

hydrocinnamate were unreactive under the optimized conditions and increasing the reaction 

temperature to 100 °C failed to promote reactivity (entries 8-11). This lack of reaction probably 

reflects the reduced acidity of the α-C–H bond of esters relative to ketones and aldehydes.18 

Lactones that have a more acidic α-C–H, however, undergo hydrolysis, which is likely to be 

catalyzed by PdII as a Lewis acid. 
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Table 3-3. Unsuccessful Substrates for Pd(TFA)2/4,5-Diazafluorenone-Catalyzed Aerobic 

Dehydrogenation Reactionsa 

20

17

NH

O

no reaction

no reaction

Substrate Major Product Yield (%)bEntry

1

2

3

4

O O
OH

OH

O

75

NTs

O

no reaction

O O

R

O

O O

O
6

O O

O

8

O

R =  OH
        SPh
        OEt

10

N
O substrate decomposition

O substrate decomposition
TMS

OO OO
33

no reaction

Substrate Major Product Yield (%)bEntry

5

6

7

8

9

10

11

 
a Reactions conditions: [substrate] = 0.8 M (0.4 mmol), [Pd(TFA)2] = 0.04 M (0.005 mmol = 5 
mol%), [4,5-diazafluorenone] = 0.01 M (0.02 mmol), solvent = DMSO (0.5 ml), 1 atm O2. b 
determined by GC or 1H NMR spectroscopy. 

 

3.2.4 Mechanistic Investigation of Pd(TFA)2/4,5-diazafluorenone catalyzed 

Dehydrogenation Reaction 

Future efforts to expand the scope of these reactions will benefit from mechanistic insights, 

and a thorough study of the different aerobic dehydrogenation catalysts has been initiated. A few 

preliminary results are worth noting. The Pd(TFA)2/4,5-diazafluorenone catalyst was evaluated 
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in the dehydrogenation of 4-tert-butylcyclohexanone (Table 3-4) in order to compare its 

reactivity with the recently reported Pd(DMSO)2(TFA)2
12 and Pd(TFA)2/2-Me2Npy catalyst 

systems.13 Analysis of the reaction time courses for each of these reactions shows that the 

Pd(TFA)2/4,5-diazafluorenone catalyst behaves similarly to the Pd(TFA)2/2-Me2Npy catalyst.24 

Both of these catalysts show a preference for formation of the phenol product, owing to faster 

dehydrogenation of the cyclohexenone to the phenol relative to the initial dehydrogenation step 

to afford the enone. In contrast, the first dehydrogenation step (k1) is much faster than the second 

(k2) when Pd(DMSO)2(TFA)2 is used as the catalyst, resulting in high selectivity for the enone 

product. The basis for these reactivity differences remains to be elucidated, but the results are 

consistent with the observation of single and double dehydrogenation products in the reaction of 

2-octanone with the Pd(TFA)2/4,5-diazafluorenone catalyst system.  

Table 3-4. Comparison of Pd Catalysts in the Oxidation of 4-tert-Butylcyclohexanonea 

O

tBu

O

tBu

OH

tBu

1/2 O2, – H2O
k1

1/2 O2, – H2O
k2

Catalyst

Pd(TFA)2/ 4,5-diazafluorenone

Pd(TFA)2/2-Me2Npy/TsOH

Pd(DMSO)2(TFA)2

k1 (h-1) k2 (h-1) k1/k2

0.19 0.0057 33

0.086 0.14 0.61

0.036 0.099 0.36
 

a Conditions: [substrate] = 0.2 M (15.4 mg, 0.1 mmol), [catalyst] = 0.05 M (0.005 mmol), 
solvent (0.5 mL), 1 atm O2, 80 °C. 

Deuterium kinetic isotope effects in the reaction of benzylacetone were evaluated by 

comparing the reaction rate of the parent substrate 3-3 with those of the α- and β-deuterated 
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derivatives 3-3-d5 and 3-3-d2 (Scheme 3-5).25 A primary kinetic isotope effect (kH/kD = 2.6) was 

observed with the α-deuterated substrate, whereas a negligible isotope effect was observed from 

deutera- tion of the β position. This observation suggests that cleavage of the α-C–H bond is the 

turnover-limiting step of the catalytic reaction while β-hydride elimination from a presumed Pd-

enolate intermediate is comparatively fast. These results are consistent with the correlation 

between the acidity of the α-C–H bond of the substrate and catalytic reactivity: aldehydes > 

ketones >> esters. A proposed catalytic cycle is shown in Scheme 6. The reaction is initiated by 

turnover-limiting "activation" (i.e., deprotonation) of the α-C–H bond. Subsequent fast β-hydride 

elimination from a PdII-enolate intermediate affords the enone product and a PdII–hydride 

intermediate.26 The latter species can be oxidized by O2 to regenerate the PdII catalyst (Scheme 3-

6).27 

Scheme 3-5. Deuterium Kinetic Isotope Effects Based on Independent Initial-rate Measurements 

3-3

O

MePh

O

MePh
3-4

O2 1 atm
DMSO, 80 °C

Pd(TFA)2 5 mol%

O

MePh

O

MePh

O

Ph
DD

D

D D

D D

 KIE = 2.6
(!-C"H activation)

KIE = 0.94
(#"H elimination)

initial rated5 = 0.013 M$h-1

initial rateH = 0.034 M$h-1

initial rated2 = 0.036 M$h-1

0.8 M

3-3-d5

3-3-d2

O

N N
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Scheme 3-6. Proposed Catalytic Cycle for Pd-catalyzed α,β-Dehydrogenation of Carbonyl 

Compounds 

LnPd

LnPd0

LnPdIIX2

HX

2 HX

O
O

O2

H2O2
(1/2 O2 + H2O)

LnPd
X
H

LnPd
X

HX

O

R1

R2

H
O

R1

R2

O

R1

R2

 

3.2.5 Conclusion 

In summary, we have identified a new catalyst, Pd(TFA)2/4,5-diazafluorenone, that 

significantly expands the utility of direct aerobic dehydrogenation of carbonyl compounds. 

Noteworthy results include the first demonstration of aerobic dehydrogenation of acyclic ketones 

and the application of this catalyst to pharmaceutically important target molecules that were 

unreactive with previously reported catalysts.  

 

3.3 Experimental 

3.3.1  General Considerations 

All commercially available compounds were used as received. Substrates that were not 

commercially available were prepared according to literature procedures: 4-(4-methoxyphenyl)-

2-butanone (Table 3-2, entry 2) and 4-[4-(trifluoromethyl)phenyl]-2-butanone (Table 3-2, entry 
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4),28 1,3-diphenyl-propan-1-one (Table 3-2, entry 5),29 and 4-methyl 3-benzoylpropionate (Table 

3-2, entry 6).30 The bicyclo[3.1.0]hexane-2-one-6-carboxylic acid ethyl ester 3-1 was donated by 

Eli Lilly. 

1H and 13C NMR spectra were recorded on a Bruker AC-300 MHz or a Varian Mercury-300 

MHz spectrometer. The chemical shifts (δ) are given in parts per million and referenced to 

residual solvent peaks or a TMS internal standard. Gas chromatography was performed on a 

Shimadzu GC-17A using a Stabilwax®-DB column (15 m) and referenced to an internal 

standard (nitrobenzene). Flash column chromatography was performed on an Isco Combiflash 

system using silica gel 60 (Silicycle) and eluted with ethyl acetate/hexane.  

The combination of organic solvents and O2 creates the risk of an explosion. To minimize 

risks, all reactions carried out at pressures above 1 atm utilized a dilute oxygen gas mixture (9% 

O2 in N2) to ensure that the O2 content remains below the lower explosive limit of O2/organic 

mixtures.31 All reactions should be performed with care and carried out behind a blast shield. 

3.3.2  General Procedure for Catalyst Optimization 

Catalytic aerobic oxidation reactions were performed using a custom reaction apparatus that 

enabled several reactions to be performed simultaneously under a constant pressure of O2 

(approximately 1 atm) with controlled temperature and orbital agitation (Table 3-1). To a 

disposable 13 mm thick-walled culture tube was added 3-1 (0.1 mmol, 16.8 mg). The reaction 

tubes were placed in a 48-well parallel reactor mounted on a Glas-Col large capacity mixer. The 

headspace was purged with O2 for 10 min, after which a stock solution of Pd(TFA)2, (1.65 mg, 

0.005 mmol, 0.05 equiv) and diazafluorenone (0.9 mg, 0.01 mmol, 0.1 equiv) in DMSO (0.5 mL) 

was injected via syringe. The solution was agitated vigorously at 80 °C for 24 h. After 24 h, the 
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reaction vessel was cooled to room temperature and vented. The solution was then diluted with 

CH2Cl2 and analyzed by GC. 

3.3.3 Procedure for Dehydrogenation of 3-1 in a Parr Pressure Vessel and Product 

Isolation 

The oxidation of 3-1 under 1 atm O2 afforded 40% conversion due to catalyst decomposition. 

We speculated that the catalyst would be more stable with elevated pressures of O2, and the 

reaction was carried out in a Hastelloy Parr pressure vessel. A supply of dilute O2 (9% in N2) was 

used to avoid explosion hazard, and a typical protocol for this reaction format is as follows: 

To a 2 ml GC vial with a stir bar was added 3-1 (33.6 mg, 0.2 mmol), followed by a solution 

of Pd(TFA)2 (3.3 mg, 0.01 mmol, 0.05 equiv) and 4,5-diazafluorenone (1.8 mg, 0.01 mmol, 0.05 

equiv) in DMSO (0.5 mL). The vial was immediately placed in a 45 mL Hastelloy Parr pressure 

vessel, and sealed. 80 atm of 9% O2 in N2 (7.2 atm partial pressure of O2) was introduced and the 

vessel was heated to 80 °C with vigorous stirring for 48 h. After 48 h, the vessel was vented. The 

solution was diluted with H2O and extracted three times with CH2Cl2. The CH2Cl2 solution was 

concentrated and loaded on silica gel and placed on Isco Combiflash column. The product was 

isolated with an eluent gradient of 10%-40% ethyl acetate in hexane, affording 3-2 in 79% as a 

white solid. 

3.3.4  Procedure for Dehydrogenation of Benzylacetone 3-3  

Good gas-liquid mixing is critical for these aerobic oxidation reactions. Analysis of different 

reaction formats showed that the best results are obtained with orbital agitation. Nevertheless, 

similar results can be obtained on bench using a standard cultured tube equipped with a balloon 

of O2 and magnetic stir bar. 
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Dehydrogenation of 3-3 with orbital agitation. To a disposable 13 mm thick-walled culture 

tube were added Pd(TFA)2 (6.6 mg, 0.02 mmol, 0.05 equiv), 4,5-diazafluorenone (3.6 mg, 0.02 

mmol, 0.05 equiv), and DMSO (0.5 ml). The reaction tubes were placed in a 48-well parallel 

reactor mounted on a Glas-Col large capacity mixer. The headspace was purged with O2 for 10 

min, after which benzylacetone (60 µl, 0.4 mmol, 1 equiv) was added via syringe. The solution 

was agitated vigorously at 80 °C for 48 h. After 48 h, the reaction was cooled down, and O2 was 

vented from the reactor. The reaction mixture was purified as described above. The 4-

phenylbutenone product 3-4 was obtained in 87% yield as a colorless liquid. The by-product, 

benzaldehyde, was obtained as a colorless liquid in 8% yield. 

Dehydrogenation of 3-3 in a cultured tube with magnetic stirring. To a cultured tube (VWR 

89000-488) equipped with a stir bar was added Pd(TFA)2 (6.6 mg, 0.02 mmol, 0.05 equiv), 4,5-

diazafluorenone (3.6 mg, 0.02 mmol, 0.05 equiv), and DMSO (0.5 ml). The tube was sealed with 

a septum. A balloon was then attached via a long needle. The tube and balloon were purged and 

refilled with O2 three times, submerging the needle in catalyst solution during purging to allow 

O2 saturation via bubbling. After filling the balloon with O2 a final time, the solution was stirred 

and benzylacetone 3-3 (60 µl, 0.4 mmol, 1 equiv) was injected via syringe. After reacting at 80 

°C for 48 h, the mixture was cooled to room temperature, and an external standard (nitrobenzene, 

10 µl, 0.097 mmol) was added. The mixture was diluted with CH2Cl2, and analyzed by GC to 

afford 79% GC yield. 
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3.3.5  Synthesis of the Deuterated Substrates 3-3-d5 and 3-3-d2 

Synthesis of [1,1,1,3,3-d5]-4-Phenyl-2-butanone (3-3-d5)32  

O O

D D

D

D
D

34 mol% NaOD
5 eq CH3OD

3-3-d5
D2O, reflux, 21 h

 

An oven-dried 100 mL round bottom flask was equipped with a stir bar and condenser. After 

purging with N2, the flask was charged with 8.5 mL D2O, benzylacetone (1.48 g, 10.0 mmol), 

CH3OD (1.72 g, 52.0 mmol, 5.2 equiv.), and a solution of 40% NaOD in D2O (300 µL, 3.40 

mmol, 0.34 equiv.) with stirring. The reaction mixture was stirred at reflux for 21 h and allowed 

to cool to room temperature before 8 mL diethyl ether was added via syringe. Following 1 h of 

stirring, the layers were separated and the aqueous layer was washed with ether (1 x 20 mL). The 

combined organic layers were washed with water (2 x 20 mL) and brine (1 x 20 mL), dried over 

Na2SO4, and concentrated by evaporation. The crude product was shown to be ca. 95 % 

deuterated material, and was distilled in vacuo to yield 3-d5 (1.06 g, 70%) as a colorless oil. 1H 

NMR data match previously reported data.32 1H NMR (CDCl3): δ 7.31-7.17 (m, 5H), 2.88 (s, 

2H). 
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Synthesis of [4,4-d2]-4-Phenyl-2-butanone (3-3-d2) 

O

OH OH

D D

THF, 0 °C, 21 h

5 mol% [Cu(MeCN)4]OTf
5 mol% 2,2'-bipyridyl

5 mol% TEMPO
10 mol% N-methylimidazole D

O

30 mol% piperidine
30 mol% HOAc Me

OD

H

 1 mol% Ph2S 
10 mol% Pd/C

D2 (1 atm) Me

O

D

DD

34 mol% NaOH
5 eq CH3OH

3-5 3-6

3-7 3-8

1.1 eq LiAlD4

MeCN, r.t., 22 h

acetone, reflux, 4 h MeOH, r.t., 19 h

Me

ODD

3-3-d2

H2O, reflux, 20 h

 

 [1,1-d2]-Benzyl alcohol (3-5). An oven-dried 250 mL round bottom flask was equipped with 

a stir bar. After purging with N2, the flask was charged with LiAlD4 (513 mg, 13.5 mmol, 1.1 

equiv.) and 50 mL THF and stirred at 0 °C. A oven-dried 100 mL round bottom flask equipped 

with stir bar and septum was purged with N2. A solution of benzoic acid (1.50 g, 12.3 mmol, 1 

equiv) in 50 mL THF were added to the 100 mL flask and stirred at 0 °C. Above benzoic acid 

solution were added dropwise to the LiAlD4 suspension at 0 °C using a cannula. The reaction 

mixture was slowly warmed to room temperature and allowed stirring for overnight. The mixture 

was diluted to 2 x its original volume with ethyl acetate and quenched by dropwise addition of 

water at 0 °C. The mixture was extracted with diethyl ether (3 x 50 mL), and the combined 

organic layers were washed with brine (2 x 50 mL), dried over Na2SO4, and concentrated by 
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evaporation. Distillation in vacuo yielded 3-5 (450 mg, 33%) as a colorless oil. 1H NMR data 

match previously reported data.33 1H NMR (CDCl3): δ 7.37-7.25 (m, 5H), 1.73 (s, 1H). 

[1-d]-Benzaldehyde (3-6).34 A 100 mL round bottom flask equipped with a stir bar was 

charged with 20 mL acetonitrile and S1 (380 mg, 3.44 mmol). A solution of [Cu(CH3CN)4]OTf 

(64 mg, 0.17 mmol, 0.05 equiv.) and 2,2’-bipyridine (27 mg, 0.17 mmol, 0.05 equiv.) in 4 mL 

acetonitrile, a solution of TEMPO (27 mg, 0.17 mmol, 0.05 equiv.) in 4 mL acetonitrile, and N-

methylimidazole (27 μL, 0.34 mmol, 0.10 equiv.) were added with stirring. The solution was 

stirred at room temperature and consumption of starting material was monitored by TLC. Upon 

reaction completion, the reaction mixture was diluted to 2 x its original volume with a 1:1 

ether:pentane solution, filtered through a plug of silica. Removal of solvent afforded 3-6 (330 

mg, 90%) as a colorless oil. 1H NMR data match previously reported data.35 1H NMR (CDCl3): δ 

7.91-7.88 (m, 2H), 7.68-7.62 (m, 1H), 7.57-7.52 (m, 2H). 

[4-d]-4-Phenyl-3-buten-2-one (3-7).36 A 25 mL three-neck flask equipped with condenser 

and stir bar was purged with N2. An acetone (3 mL) solution of 3-6 (330 mg, 3.08 mmol) was 

added, followed by dropwise addition of piperidine (90 μL, 0.91 mmol, 0.30 equiv) and acetic 

acid (52 μL, 0.91 mmol, 0.30 equiv). The mixture was stirred under reflux for 4 h. The resulting 

mixture was diluted with EtOAc, quenched with saturated NaHCO3 (1 x 10 mL), and washed 

with water (2 x 10 mL). The mixture was extracted with EtOAc (3 x 10 mL) and the combined 

organic layers were washed with brine (1 x 10 mL), dried over Na2SO4 and concentrated by 

evaporation. Purification by flash column chromatography (Hex:EtOAc, 0-15% EtOAc) yielded 

3-7 (174 mg, 39%) as a colorless oil. 1H NMR data match previously reported data.37 1H NMR 

(CDCl3) δ 7.56-7.53 (m, 2H), 7.41-7.38 (m, 3H), 6.71 (t, 1H, J = 2.1 Hz), 2.38 (s, 3H). 
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[3,4,4-d3]-4-Phenyl-2-butanone (3-8).38 A 50 mL round bottom flask equipped with stir bar 

and septum was charged with methanol (4 mL), 3-7 (174 mg, 1.19 mmol), diphenyl sulfide (2.2 

mg, 0.012 mmol, 0.01 equiv.), and 5% Pd/C (20 wt % of the substrate).  A balloon was purged 

three times with D2, and introduced to the reaction via a needle. The reaction was allowed to stir 

at room temperature under D2 (ca. 1 atm) for 19 h. Filtration through a plug of celite and 

concentration by evaporation afforded 3-8 (171 mg, 96%) as a colorless oil. 1H NMR (CDCl3): δ 

7.31-7.26 (m, 2H), 7.22-7.16 (m, 3H), 2.75 (s, 1H), 2.14 (s, 3H). 

[4,4-d2]-4-Phenyl-2-butanone (3-3-d2).32 A 50 mL round bottom flask equipped with a stir 

bar and condenser was charged 3-8 (171 mg, 1.13 mmol), 1 mL H2O, CH3OH (223 μL, 5.66 

mmol, 5.0 equiv.), and a solution of NaOH (15.0 mg, 0.38 mmol, 0.34 equiv.) in 1 mL H2O with 

stirring. The reaction mixture was stirred at reflux for 20 h and allowed to cool to room 

temperature. 2 mL diethyl ether was added via syringe. After stirring for 30 min, the solution 

was quenched with 0.1 M HCl. The aqueous layer was washed with ether (2 x 10 mL). The 

combined organic layers were washed with brine (1 x 10 mL), and dried over MgSO4. 

Purification by flash column chromatography (Hex:EtOAc, 0-15% EtOAc) yielded 3-3-d2 (53 

mg, 31%) as a colorless oil. 1H NMR (CDCl3): δ 7.32-7.13 (m, 5H), 2.74 (s, 2H), 2.13 (s, 3H). 

2H NMR (CHCl3): δ 2.88 (s, 2D). 13C NMR (CDCl3): δ 208.15, 141.12, 128.70, 128.48, 126.32, 

45.24, 30.28. HRMS (ESI) [M + Na+]/z calcd. 150.1009, found 150.1010. 
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3.3.6  Reaction Profiles and Kinetic Fittings of Oxidizing 4-tert-Butylcyclohexanone with 

Different Catalystsa 

Oxidation of 4-tert-butylcyclohexanone was performed with three catalyst systems: 

Pd(TFA)2/2-Me2Npy/TsOH, Pd(DMSO)2(TFA)2 and Pd(TFA)2/4,5-diazafluorenone. The 

timecourses were monitored by GC and fitted into an A→B→C kinetic model by Copasi® 

(Figure 3-1).  
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(C) Pd(TFA)2/4,5-diazafluorenone 
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Figure 3-1. Timecourses and fittings of Pd-catalyzed aerobic dehydrogenation of 4-tert-

butylcyclohexanone. (A) Reactions catalyzed by the Pd(TFA)2/2-Me2Npy/TsOH system; (B) 

reactions catalyzed by the Pd(DMSO)2(TFA)2 catalyst system; (C) reactions catalyzed by the 

Pd(TFA)2/4,5-diazafluorenone catalyst system. Conditions: [substrate] = 0.2 M (15.4 mg, 0.1 

mmol), [catalyst] = 0.05 M (0.005 mmol), solvent (0.5 mL), 1 atm O2, 80 °C. 
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3.3.7  Investigation of Kinetic Isotope Effects 

Reactions were performed using orbital shakers under standard conditions, as described 

above. The catalyst was heated to 80 °C and the temperature was allowed to equilibrate for 5 min. 

Nitrobenzene (10 µL) was injected via syringe as internal standard. Injection of substrates 

dissolved in solvent established the t = 0 point. At various time intervals, aliquots were 

withdrawn from the reaction mixture via pipet, diluted with CH2Cl2 and analyzed by GC. 

Accordingly, initial rates were determined as the slope of [3-4] vs. time at 10% conversion 

(Figure 3-2). 
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Figure 3-2. Initial rates of dehydrogenation of proteo- and deuteral benzylacetone. Conditions: 

[3-3] = 0.8 M (30 µL, 0.2 mmol), [Pd(TFA)2] = 0.04 M (0.01 mmol), [4,5-diazafluorenone] = 

0.04 M (0.01 mmol), DMSO = 0.25 mL, 1 atm O2, 80 °C. 
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3.3.8  1H NMR Spectroscopic Data  

All compounds in Table 3-1, Scheme 3-4 and eqn 3-1 have been reported previously. In all 

cases, the product identities were established by comparison of the 1H NMR spectra with 

previously reported data. In one case (scheme 3-5, 3-3-d2), full characterization was not 

previously reported; these data are included below. 

H

H

CO2Et

O

  

(3-2, Table 3-1, entry 22): Prepared as described above. Purified by silica gel column 

chromatography using a gradient of 10%-40% EtOAc in hexane elution to give 79% yield of the 

product as a white solid. 1H NMR matches previously reported data.39 1H NMR (CDCl3): δ 7.61 

(ddd, 1H, J =5.6, 2.6, 0.7 Hz), 5.74 (d, 1H, J = 5.6 Hz), 4.15 (q, 2H, J = 7.2 Hz), 2.85 (dt, 1H, J = 

4.7, 2.6 Hz), 2.47 (ddd, 1H, J = 4.7, 2.6, 0.7 Hz), 2.26 (t, 1H, J = 2.6 Hz), 1.27 (t, 3H, J = 7.2 

Hz). 

 

O

O

OH

OH

HO

  

(apigenin, Scheme 3-4): Prepared as described above. The reaction mixture was washed with 

water and extracted with ethyl acetate. The mixture was purified by silica gel column 

chromatography using a gradient 30-70% EtOAc in hexane elution to give 81% yield of the 

product as a yellow solid. 1H NMR matches previously reported data.40 1H NMR (DMSO-d6): δ 
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12.96 (s, 1H), 10.81 (br, 1H), 10.36 (br, 1H), 7.93 (d, 2H, J = 8.9 Hz), 6.92 (d, 2H, J =8.9 Hz), 

6.78 (s, 1H), 6.48 (d, 1H, J = 2.2), 6.19 (d, 1H, J = 2.2). 

 

O

HPh   

(Table 3-2, entry 1): Prepared as described with orbital agitation. Purified by silica gel 

column chromatography using a 10% EtOAc in hexane elution to give 91% yield of the product 

as a colorless solid. 1H NMR matches previously reported data.41 1H NMR (CDCl3): δ 9.71 (d, 

1H, J = 7.6 Hz), 7.62-7.49 (m, 2H), 7.48 (d, 1H, J = 15.8 Hz), 7.46-7.41 (m, 3H), 6.72 (dd, 1H, J 

= 15.8, 7.6 Hz). 

 

Me

O

MeO   

(Table 3-2, entry 2): Prepared as described above. Purified by silica gel column 

chromatography using a gradient 10%-20% EtOAc in hexane elution to give 83% yield of the 

product as a white solid. 1H NMR matches previously reported data.43 1H NMR (CDCl3): δ 7.50 

(d, 2H, J = 8.9 Hz), 7.48 (d, 1H, J = 16.5 Hz), 6.92 (d, 2H, J = 8.9 Hz), 6.61 (d, 1H, J = 16.5 Hz), 

3.85 (s, 3H), 2.36 (s, 3H). 

 

Ph Me

O

  

(Table 3-2, entry 3): Prepared as described above. Purified by silica gel column 

chromatography using a gradient 0%-15% EtOAc in hexane elution to give 87% yield of the 
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product as a colorless liquid. 1H NMR matches previously reported data.42 1H NMR (CDCl3): δ 

7.60-7.49 (m, 3H), 7.46-7.37 (m, 3H), 6.72 (1H, d, J = 16.2 Hz), 2.39 (s, 3H). 

 

Me

O

F3C   

(Table 3-2, entry 4): Prepared as described above. Purified by silica gel column 

chromatography using a gradient 0%-20% EtOAc in hexane elution to give 86% yield of the 

product as a colorless oil. 1H NMR matches previously reported data.43 1H NMR (CDCl3): δ 7.66 

(s, 4H), 7.53 (d, 1H, J= 16.1 Hz), 6.78 (d, 1 H, J = 16.1 Hz), 2.42 (s, 3H). 

 

 

Ph

O

Ph  

(Table 3-2, entry 5): Prepared as described above. Purified by silica gel column 

chromatography using a 20% EtOAc in hexane elution to give 87% yield of the product as a 

white solid. 1H NMR matches previously reported data.44 1H NMR (CDCl3): δ 8.07-7.99 (m, 2H), 

7.70-7.62 (m, 2H), 7.61-7.48 (m, 3H), 7.82 (d, 1H, J = 15.8 Hz), 7.54 (d, 1 H, J = 15.8 Hz), 7.46-

7.39, (m, 3 H). 

 

Ph

O

O

MeO
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(Table 3-2, entry 6): Prepared as described above. Purified by silica gel column 

chromatography using a gradient 0%-15% EtOAc in hexane elution to give 74% yield of the 

product as a colorless liquid. 1H NMR matches previously reported data.45 1H NMR (CDCl3): δ 

8.03-7.80 (m, 2H), 7.94 (d, 1H, J = 15.5 Hz), 7.67-7.60 (m, 1H), 7.56-7.48 (2H, m), 6.90 (d, 1H, 

J = 15.5 Hz), 3.86 (s, 3H). 

 

O

O

  

(Table 3-2, entry 7): Prepared as described above. Purified by silica gel column 

chromatography using a 20-40% EtOAc in hexane gradient elution to give 96% yield of the 

product as a white solid. 1H NMR data match previously reported data.46 1H NMR (CDCl3): δ 

8.22 (dd, 1H, J = 8.0, 1.4 Hz), 7.87 (d, 1H, J = 6.1 Hz), 7.68 (ddd, 1H, J = 8.6, 8.0, 1.4 Hz), 7.47 

(d, 1H, J = 8.6 Hz), 7.42 (t, 1H, J = 8.0 Hz), 6.36 (d, 1H, J = 6.1 Hz). 

 

O

O
Cl

 

(Table 3-2, entry 8): Prepared as described above. Purified by silica gel column 

chromatography using a 20-40% EtOAc in hexane gradient elution to give 94% yield of the 

product as a white solid. 1H NMR data match previously reported data.47 1H NMR (CDCl3): δ 

8.18 (d, 1H, J = 2.6 Hz), 7.86 (d, 1H, J = 6.2 Hz), 7.62 (dd, 1H, J = 8.9, 2.6 Hz), 7.43 (d, 1H, J = 

8.9 Hz), 6.36 (d, 1H, J = 6.2 Hz). 
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O

O
F

  

(Table 3-2, entry 9): Prepared as described above. Purified by silica gel column 

chromatography using a 30% EtOAc in hexane gradient elution to give 94% yield of the product 

as a white solid. 1H NMR data match previously reported data.48 1H NMR (CDCl3): δ 7.87 (d, 

1H, J = 6.0 Hz), 7.85 (dd, 1H, J = 8.2, 3.2 Hz), 7.48 (dd, 1H, J = 9.0, 4.4 Hz), 7.40 (ddd, 1H, J = 

9.0, 7.5, 3.2 Hz), 6.34 (d, 1H, J = 6.0 Hz). 

 

 

O

O

Ph   

(Table 3-2, entry 10): Prepared as described above. The reaction mixture was washed with 

water and extracted with ethyl acetate. The mixture was purified by silica gel column 

chromatography using a gradient 0%-30% EtOAc in hexane elution to give 88% yield of the 

product as a white solid. 1H NMR matches previously reported data.49 1H NMR (CDCl3): δ 8.25 

(dd, 1H, J = 8.0, 1.6 Hz), 7.99-7.89 (m, 2H), 7.72 (ddd, 1H, J = 8.6, 7.1, 1.6 Hz), 7.59 (dd, 1H, J 

= 8.6, 1.0 Hz), 7.57-7.49 (m, 3H), 7.44 (ddd, 1H, J = 8.0, 7.1, 1.0), 6.88 (s, 1H). 

 

3.4 Contributions 

Synthesis of deuterated compounds for the study of kinetic isotope effects, 3-3-d2 and 3-3-d5 , 

were performed by Tyler J. Wadzinski. T. J. Wadzinski also assisted in the synthesis of several 
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substrates, including the ketones in Table 3-2, entires 2, 4, 5 and 6, and Table 3-3, entries 5, 6, 7 

and 11. 
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4.1  Introduction 

A number of homogeneous palladium catalysts have been developed over the past decade for 

selective aerobic oxidation of organic molecules.1 One of the earliest reported catalyst systems 

consists of Pd(OAc)2 in DMSO as the solvent, which was first reported by the groups of Larock 

and Hiemstra in the mid-1990s.2 This simple catalyst system has been used in a variety of 

oxidative transformations, including alcohol oxidation, intramolecular hetero- and 

carbocyclization of alkenes, and cycloalkenylation of silyl enol ethers.3 In these reactions, DMSO 

has been proposed to serve as a ligand and is believed to play a vital role in stabilizing Pd0 and 

promoting the reoxidation of Pd0 by O2.4 Characterization of the coordination properties of DMSO 

in these reactions is complicated by the large excess of DMSO and insights thus far have been 

limited to computational studies.5  

Sulfoxides, including DMSO, bis-sulfoxides, have been used as ligands or additives to 

promote a variety of Pd-catalyzed oxidation reactions, often using benzoquinone or AgI as the 

stoichiometric oxidants.6 Recently, we have reported that Pd(DMSO)2(TFA)2, in which DMSO is 

present in catalytic quantities, is an effective catalyst system for a number of oxidation reactions 

capable of using O2 as the oxidant, including α,β-dehydrogenation of carbonyl compounds (eq 4-

1)7 and oxidative amination of alkenes (eqs 4-2 and 4-3).8 A similar catalyst system has been 

reported by Buchwald and coworkers for chelate-directed C–H arylation of anilides (eq 4-4).9 

Pd(TFA)2 (TFA = trifluroacetate) was the palladium source for dehydrogenation reactions and 

oxidative amination, while Pd(OAc)2 in combination with trifluoroacetic acid was used as the 

catalyst in the biaryl-coupling reaction.  
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O OPd(TFA)2 5 mol%
DMSO 10 mol%

O2 (1 atm)
EtOAc or AcOH, 60 °C

    (4-1) 

BnN S NHBn

O O
Pd(TFA)2 5 mol% 
DMSO 10 mol%

Na2CO3 20%, 4Å MS
O2 (1 atm), THF, r.t.

NBn
S

BnN

O O

  

(4-2)

 

O

NHTs

Pd(TFA)2 5 mol% 
DMSO 10 mol%

4Å MS
O2 (60 psi), Toluene, 60 °C

N
Ts

O

  

(4-3) 
 

O OPd(TFA)2 5 mol%
DMSO 10 mol%

O2 (1 atm)
EtOAc or AcOH, 60 °C  

(4-4)  

The coordination chemistry of DMSO to late transition metals has been the subject of 

considerable investigation.10 Depending on the identity of the metal and other ancillary ligands, 

DMSO can exhibit S-, O- or bridging µ–S,O-bound coordination modes. Soft metals, such as RuII, 

OsII, RhI and PtII, typically favor DMSO coordination via the sulfur atom, but O-coordination has 

also been observed.10 Representative d8 metal-DMSO complexes include [Rh(S-DMSO)2(O-

DMSO)2][PF6], 11  [Pt(bpy)(S-DMSO)Cl][BF4] (bpy = 2,2’-bipyridine) and [Pd(phen)(O-

DMSO)Cl][PF6] (phen = phenanthroline).12 IR and 1H NMR spectroscopic methods provide a 

valuable complement to X-ray crystallography in establishing the coordination mode of DMSO to 

transition metals.10,13 In the aforementioned complexes, S-coordinated DMSO ligands exhibit S–O 

stretching frequencies that range from 1080 to 1154 cm−1, while O-bound DMSO ligands exhibit 

lower vibrational frequencies, ranging from 862 to 997 cm−1 (Table 4-1). In the 1H NMR spectra, 

S-bound DMSO ligands exhibit 1H NMR chemical shifts approximately 1 ppm downfield relative 
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to free DMSO (~2.53 ppm), whereas O-bound DMSO exhibits a smaller downfield shift (Table 4-

1).14  

 

Table 4-1. IR and 1H NMR Spectroscopic Data of DMSO and Transition Metal-coordinated 
DMSO Reported in the Literature10 

 IR (S–O) (cm-1) 1H NMR (ppm) 
Free DMSO 1005 ~ 2.53 

S-DMSO ligands 1080 – 1154 3.80 – 3.30 
O-DMSO ligands 862 – 997 3.03 – 2.59 

 

PdII complexes have been identified with both S- and O-DMSO coordination. For example, in 

Pd(DMSO)2Cl2 both DMSO ligands are S-bound,15 whereas [Pd(phen)(O-DMSO)Cl][PF6] features 

an O-bound DMSO.12 Complexes containing both S- and O-bound DMSO ligands are also known, 

including [Pd(DMSO)4](BF4)2, which has two S-bound and two O-bound DMSO ligands.15  

Pd(DMSO)2(TFA)2 was first characterized by IR spectroscopy in the solid state in 1965 by 

Wilkinson and coworkers,16 and the data provided evidence for S-bound DMSO. Cotton and 

coworkers then reported a crystal structure of this complex, which revealed the presence of trans-

DMSO ligands, one S-bound and one O-bound.17 In light of the growing significance of DMSO-

ligated PdII complexes in aerobic oxidation reactions and the difficulty in characterizing the 

DMSO coordination chemistry in DMSO solvent, we wanted to establish the coordination 

chemistry of Pd(DMSO)2(TFA)2 in solution. Here, we report the characterization of this complex 

by 1H and 19F NMR spectroscopy in catalytically relevant solvents, EtOAc, THF, AcOH and 

toluene. The results are supplemented by X-ray crystallographic and IR spectroscopic data, and 

they provide valuable insights into the structure and dynamic properties of this complex in 

solution.  
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4.2 Results and Discussion 

4.2.1  Solid-State Structures of DMSO-Ligated Pd(TFA)2 Complexes 

Deep orange crystals were obtained from a solution of Pd(TFA)2 and 2 equiv. of DMSO in 

EtOAc, and X-ray diffraction analysis established the structure of trans-Pd(S-DMSO)(O-

DMSO)(TFA)2 4-3a(s) (Figure 4-1), which exhibits only slight variations relative to the structure 

originally reported by Cotton and workers.17 The S-bound DMSO ligand has a shorter S–O bond 

[1.4633(17) Å] and the O-bound DMSO ligand has a longer S–O bond [1.5509(16) Å] relative to 

that of free DMSO (1.52 Å18). The solid-state infrared absorption spectrum of this complex reveals 

absorption bands at 1149 cm-1 and 923 cm-1 (Figure 4-2). These bands, which are blue- and red-

shifted relative to free DMSO, νS–O = 1005 cm-1, correspond to the S–O stretching frequencies of 

the S- and O-bound DMSO ligands, respectively.19  

 

 

Figure 4-1. Molecular structure of Pd(S-DMSO)(O-DMSO)(TFA)2 4-3a(s), with 50% probability 

ellipsoids. Selected bond lengths, Å: Pd1-O1: 2.0158(15), Pd1-O3: 2.0170(16), Pd1-O6: 

2.0554(16), Pd1-S1: 2.1994(5), S1-O5: 1.4633(17), S2-O6: 1.5509(16).  
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Figure 4-2. IR spectrum of Pd(S-DMSO)(O-DMSO)(TFA)2 4-3a(s). Infrared absorption bands 

(cm-1): 1702, 1686, 1409, 1181, 1149, 1012, 922, 830, 789, 730. 

A mono-DMSO-ligated PdII complex was obtained from an EtOAc solution of Pd(TFA)2 

containing only 1 equiv. of DMSO. X-ray diffraction analysis established the structure of trans-

Pd(S-DMSO)(OH2)(TFA)2 4-2a(s) (Figure 4-3). The H2O molecule, coordinated trans to the S-

DMSO ligand, is hydrogen bonded to the carboxylates of adjacent molecules (see Supporting 

Information for details). An IR spectrum of the solid Pd(S-DMSO)(OH2)(TFA)2 4-2a(s) exhibits 

an absorption band at 1155 cm-1 (Figure 4-4), consistent with S-coordination of DMSO (cf. Table 

4-1). The lack of absorption bands between 860 and 1000 cm-1 is consistent with the absence of an 

O-bound DMSO ligand.  
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Figure 4-3. Molecular structure of Pd(S-DMSO)(OH2)(TFA)2 4-2a(s), with 50% probability 

ellipsoids. The half molecule of co-crystallized solvent ethyl acetate is not shown. Selected bond 

lengths, Å: Pd1-O1: 2.0205(13), Pd1-O3: 2.0171(13), Pd1-O5: 2.0564(13), Pd1-S1: 2.1979(8), S1-

O6: 1.4677(13).  

 

Figure 4-4. IR spectrum of Pd(S-DMSO)(OH2)(TFA)2 4-2a(s). Infrared absorption bands (cm-1): 

3094 (br), 1689, 1428, 1182, 1155, 850, 792, 736. 
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4.2.2 The Solution-Phase Structure of Pd(TFA)2/DMSO in EtOAc 

Discrepancies can exist between solid-state and solution structures of transition-metal 

complexes. For example, the DMSO ligand in [Pd(bpy)(DMSO)Cl][PF6] (bpy = 2,2’-bipyridine) 

was determined to be O-bound by X-ray crystallography; however, a mixture of O- and S-DMSO 

ligated species was observed in CD3NO2 by 1H NMR spectroscopy.12 In order to probe the 

similarities and differences between solid-state and solution structures of Pd(TFA)2/DMSO 

complexes, a combination of 1H and 19F NMR spectroscopy was used to determine the 

coordination properties of DMSO to PdII in catalytically relevant solvents.  

The Pd(TFA)2/DMSO-catalyzed dehydrogenation of cyclohexanone was performed in EtOAc 

(eq 4-1), and our initial spectroscopic studies were carried out in this solvent.7 A titration 

experiment was carried out by adding DMSO to a solution of Pd(TFA)2 in EtOAc-d0. The initial 

titration experiments were performed at –60 °C in order to slow dynamic processes. Pd(TFA)2 

completely dissolves in EtOAc and no 1H resonances are observed in the 1H NMR spectrum 

between 2.3 and 3.7 ppm (Figure 4-5). Addition of 0.5 equiv. of DMSO relative to Pd results in 

the appearance of a singlet at 3.47 ppm. This peak grows upon addition of another 0.5 equiv. of 

DMSO (1 equiv. total), with concomitant formation of three new smaller peaks at 3.58, 3.42 and 

2.95 ppm. Further addition of DMSO results in diminishment of the peak at 3.47 ppm and growth 

of the peaks at 3.58, 3.42 and 2.95 ppm. With 2 equiv. of DMSO, the peak at 3.47 ppm is not 

present, but a new peak at 3.08 ppm is evident.20 A broad peak, corresponding to free DMSO, 

appears at 2.64 ppm and the peak at 2.95 ppm is broadened in the presence of 3 equiv. DMSO. 
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Figure 4-5. 1H NMR spectra of Pd(TFA)2 in EtOAc in the presence of various quantities of 

DMSO at –60 °C. Conditions: [Pd(TFA)2] = 30 mM (6.6 mg, 0.02 mmol), EtOAc = 0.65 mL, –60 

°C, [DMSO] = 0, 15, 30, 39, 48, 60 and 90 mM. 

The same DMSO titration solutions were analyzed by 19F NMR spectroscopy (Figure 4-6). In 

EtOAc, Pd(TFA)2 exhibits a singlet at –76.76 ppm. Multiple minor species are evident between  

–73.50 and –75.30 ppm, the integrations of which vary at different temperatures and Pd(TFA)2 

concentrations. A singlet at –74.74 ppm appears upon addition of 0.5 equiv. of DMSO. Further 

addition of DMSO leads to decreased integration of the Pd(TFA)2 peak at –76.76 ppm, with 

concomitant growth of the peak at –74.74 ppm and appearance of two new singlets at –74.80 and 

(4-2a) 

(4-3b) 

(4-3a) 

(4-3a) 
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–75.00 ppm. With 2 and 3 equiv. of DMSO, the peaks at  –74.80 and –75.00 ppm are the sole 

peaks present in the 19F NMR spectrum.  

 

 

Figure 4-6. 19F NMR spectra of Pd(TFA)2 in EtOAc in the presence of various quantities of 

DMSO at –60 °C. Conditions: [Pd(TFA)2] = 30 mM (6.6 mg, 0.02 mmol), EtOAc = 0.65 mL, –60 

°C, [DMSO] = 0, 15, 30, 39, 48, 60 and 90 mM. 

The temperature dependence of equilibra between different Pd(TFA)2/DMSO complexes has 

been investigated with the sample containing 1.6 equiv. of DMSO, in which multiple species are 

evident in the NMR spectra. Both 1H and 19F NMR spectra exhibit peak broadening as the 

temperature is increased (Figure 4-7). At temperatures above –20 °C, the 1H peaks at 3.47 and 

3.42 ppm coalesce into one peak with concomitant broadening of the peak at 2.95 ppm. Similar 

(4-2a) 

(4-3b) 

(4-3a) 
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coalescence occurs for the 19F peaks at –74.74 and –74.80 ppm. In contrast, the 1H peak at 3.58 

ppm and 19F peak at –75.00 ppm remain sharp throughout the temperature range.  

 

(A)

  

(B)

 

Figure 4-7. NMR spectra of Pd(TFA)2/DMSO (1:1.6) in EtOAc at various temperatures. (A) 1H 

NMR spectra; (B) 19F NMR spectra. Conditions: [Pd(TFA)2] = 30 mM (6.6 mg, 0.02 mmol), 

[DMSO] = 48 mM (1.6 equiv.), EtOAc = 0.65 mL, T = –60, –50, –40, –20, 0 and 24 °C. 

Assignments of the peaks in the 1H NMR spectra presented above are facilitated by the 

literature precedents, and peaks in the 19F NMR spectra may be correlated to those in the 1H NMR 

spectra and assigned accordingly. The solid-state structure of Pd(TFA)2 is trimeric;21 however, 

Wilkinson has reported osmometry data suggesting that Pd(TFA)2 dissociates into a monomer 4-1 

in EtOAc (eq 4-5).16 The peak that appears at 3.47 ppm upon addition of DMSO is assigned to an 

S-bound DMSO ligand by analogy to previously characterized S-DMSO ligands (cf. Table 4-1), 

and integration of this peak and the corresponding new TFA peak in the 19F NMR spectrum at –

74.74 ppm relative to an internal standard (C6H5F) reflects formation of a 1:1 DMSO:Pd(TFA)2 

(4-2a) (4-3a) 

(4-3a) (4-3b) 
(4-2a) 

(4-3a) 

(4-3b) 
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complex (4-2a, eq 4-6), analogous to Pd(S-DMSO)(OH2)(TFA)2 4-2a(s) (cf. Figure 4-3). An S-

DMSO-ligated Pd(TFA)2 dimer, such as 4-2b, is an alternative possible structure, particularly in 

light of analogous crystallographically characterized structures, [Pd(S-DMSO)(OAc)2]2
22 and the 

phenylsulfoxide-ligated Pd(TFA)2 dimer (Scheme 4-1).23,24 
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Scheme 4-1. Dimeric Carboxylate-Bridged PdII Complexes Reported in the Literature22,23 
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The peaks that appear in the 1H and 19F NMR spectra upon addition of ≥ 1 equiv. of DMSO are 

consistent with bis-DMSO coordinated Pd species. The 1H peaks at 3.54 ppm and 3.42 ppm 

represent two different S-bound DMSO ligands, whereas the peak at 2.95 ppm is consistent with 

an O-bound DMSO ligand. The 1H resonances at 3.42 ppm and 2.95 ppm correlate with the peak 

at –74.80 ppm in the 19F NMR spectra, and their respective integrations correspond to a ligand 

ratio of 1 S-DMSO : 1 O-DMSO : 2 TFA, consistent with the assignment of this species as Pd(S-

DMSO)(O-DMSO)(TFA)2 4-3a (eq 4-7). The remaining S-bound DMSO peak at 3.58 ppm 

correlates with an 19F peak at –75.00 ppm, and integrations of these peaks correspond to a 1:1 

DMSO : TFA ligand ratio. This complex is assigned as Pd(S-DMSO)2(TFA)2 4-3b, in which both 

DMSO ligands coordinate via the sulfur atom (eq 4-7). 
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Me
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H2O PdII
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S O
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PdII

TFA
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DMSO O
Me
Me

4-2a 4-3a 4-3b   

(4-7)

 

 

Based on above assignments, the 1H and 19F NMR data can be used to plot the concentrations 

as a function of added DMSO (Figure 4-8), and the plot derived from the 1H NMR spectra is in 

good agreement with that derived from the 19F NMR spectra. To summarize the results, initial 

addition of DMSO results in formation of a mono-DMSO-ligated Pd(TFA)2 complex with DMSO 

coordinated via the S atom. Higher concentrations of DMSO leads to conversion of this species 

into an equilibrium mixture of bis-DMSO-ligated Pd(TFA)2 complexes 4-3a and 4-3b. The bis-
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DMSO coordination to PdII is sufficiently favored that unbound DMSO is not evident until >2 

equiv. of DMSO is added.  
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Figure 4-8. Plots of Pd(TFA)2/DMSO complexes present in solution as a function of added 

[DMSO] on the basis of 1H and 19F NMR data, (A) and (B), respectively. Conditions: [Pd(TFA)2] 

= 30 mM (6.6 mg, 0.02 mmol), EtOAc = 0.65 mL, –60 °C, [DMSO] = 0, 15, 30, 39, 48, 60 and 90 

mM.  

In the presence of 3 equiv. of DMSO, the significant line broadening is evident for the peaks 

corresponding to unbound DMSO and the O-bound DMSO ligand in 4-3a. This observation 

suggests that fast exchange takes place between them, and further implies that the O-bound 

DMSO ligand is more labile than the S-bound DMSO ligand. Complementary observations are 

obtained from the variable-temperature spectra of Pd(TFA)2 in the presence of 1.6 equiv. of 

DMSO (Figure 4-7). This study reveals that 4-2a and 4-3a undergo fast exchange at elevated 

temperature (eq 4-8). Ligand exchange of the labile O-DMSO ligand in 4-3a with 4-2a, possibly 

catalyzed by the EtOAc solvent, can account for these observations. The kinetics of this exchange 

process will be discussed further below. The lack of peak broadening of 4-3b suggests that 

analogous exchange of the S-bound DMSO ligands in 4-3b does not take place on the NMR 

timescale. 
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The temperature dependence plots shown in Figure 4-9 also reveal that the concentration of 4-

3b decreased with concomitant increase of 4-3a at increased temperature, indicating a 

temperature-dependent equilibrium between 4-3a and 4-3b (eq 4-9). The equilibrium constants at 

various temperatures are calculated based on the 19F NMR spectra. van’t Hoff analysis reveals a 

linear relationship between the ln(Keq) and 1/T (Figure 4-10) and enables determination of ΔH and 

ΔS, (–2.7 kcal/mol and –13 e.u., respectively). The relatively large negative ΔS suggests that 4-3b 

has a more ordered structure than 4-3a.  
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Figure 4-9. Concentrations of 4-3a and 4-3b at different temperatures, based on analysis of the 19F 

NMR spectra. Conditions: [Pd(TFA)2] = 15 mM (3.3 mg, 0.01 mmol), [DMSO] = 30 mM (2 

equiv.), EtOAc = 0.65 mL, T = –60, –40, –20, 0, 10, 15 and 24 °C. 
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Figure 4-10. van’t Hoff plot of the equilibrium between 4-3a and 4-3b. Conditions: [Pd(TFA)2] = 

15 mM (3.3 mg, 0.01 mmol), [DMSO] = 30 mM (2 equiv.), EtOAc = 0.65 mL, T = –60, –40, –20, 

0, 10, 15 and 24 °C. 
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The catalytic oxidation of cyclohexanone in EtOAc employs Pd(TFA)2 with 2 equiv. of 

DMSO at 60 °C. The data presented above suggest that only bis-DMSO coordinated Pd 

compounds 4-3a and 4-3b are present under these conditions (eq 4-10). At 60 °C, significant peak 

broadening is observed among all species (data not shown), suggesting that fast exchange can take 

place between both S- and O-bound DMSO ligands at this temperature. The equilibrium constant 

between 4-3a and 4-3b was calculated to be 0.17 at 60 °C, based on the van’t Hoff analysis 

described above (eq 4-9). Therefore, under the catalytic condition of dehydrogenation, 4-3a is 

favored over 4-3b by a 6:1 ratio. 
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4.2.3 Effect of the Anionic Ligand: Coordination Chemistry of DMSO to Pd(OAc)2 in 

EtOAc  

The use of trifluoroacetate as an anionic ligand is important to the success of the Pd/DMSO 

catalyst systems in eqs 4-1 to 4-3;7,8 replacement of Pd(TFA)2 with Pd(OAc)2 has been shown to 

result in decreased yields. These observations prompted us to analyze the coordination chemistry 

of DMSO to Pd(OAc)2 in EtOAc. Pd(OAc)2 fully dissolves in EtOAc to form an orange solution. 

Titration of DMSO into the solution results in the appearance of two broad peaks at 3.50 and 3.43 

ppm in the 1H NMR spectra, consistent with S-bound DMSO ligands, together with a peak at 2.60 

ppm corresponding to free DMSO (Figure 4-11). Further addition of DMSO increases the 

concentration of bound DMSO ligands; however, the sum of the bound DMSO ligands maximizes 

at a DMSO:PdII ratio of approximately 2:3, when ≥ 10 equiv. of DMSO have been added (Figure 

4-12).  
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Figure 4-11. 1H NMR spectra of Pd(OAc)2 in EtOAc with various quantities of DMSO at 24 °C. 

Conditions: [Pd(OAc)2] = 30 mM (4.4 mg, 0.02 mmol), EtOAc = 0.65 mL, 24 °C, [DMSO] = 0, 

7.5, 15 and 30 mM.  
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Figure 4-12. Titration curves of DMSO into the solution of Pd(OAc)2 in EtOAc at 24 °C. 

Conditions: [Pd(OAc)2] = 30 mM (4.4 mg, 0.02 mmol), EtOAc = 0.65 mL, 24 °C, [DMSO] = 0, 

15, 30, 60, 120, 300 and 600 mM. 

The solid state structures of Pd(TFA)2 and Pd(OAc)2 have both been characterized previously 

to be trimeric by X-ray crystallography,21 and Pd(OAc)2 has been proposed to remain trimeric in 

EtOAc.16 The 2:3 DMSO:PdII stoichiometry evident from the titration experiments in Figure 4-12 
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suggests that DMSO coordination might partially cleave the trimeric Pd(OAc)2 structure forming 

linear trimers, such as complexes 4-5a and 4-5b (eq 4-11). A number of structurally similar 

acetate-bridged trimeric Pd complexes have been reported previously in the literature.25 If this 

assignment is correct, the two distinct 1H signals could arise from the Cs and C2 isomers, 4-5a and 

4-5b.  

Despite the tentative nature of the Pd(OAc)2/DMSO structural assignments, a distinction 

between DMSO coordination to Pd(TFA)2 and Pd(OAc)2 is clearly evident. The differences 

presumably reflect the different basicity of the carboxylate ligands. The more-basic acetate ligand 

should be a more effective bridging ligand, and cleavage of the trimeric structure by DMSO will 

be less favored. Such effects undoubtedly contribute to the different activities of Pd(TFA)2 and 

Pd(OAc)2 in the catalytic reactions. More detailed understanding of the catalytic implications of 

these observations requires further investigation. 
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4.2.4 The Solution Phase Structure of Pd(TFA)2/DMSO in THF-d8 

Pd(DMSO)2(TFA)2 in THF serves as an effective catalyst for oxidative amination reactions (eq 

4-2),8 and we performed DMSO titration experiments similar to those described above with a 

solution of Pd(TFA)2 in THF-d8. The spectra reveal trends similar to those observed in EtOAc, as 

well as differences associated with dynamics of the exchange processes (Figures 4-13 and 4-14). 

Addition of 0.5 equiv. of DMSO leads to the appearance of a resonance at 3.29 ppm in the 1H 
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spectrum and a peak at –74.73 ppm in the 19F NMR spectrum. These peaks are assigned to the 

mono-DMSO complex 4-2a. Addition of more DMSO results in the appearance of peaks at 2.76 

ppm and 3.35 ppm in the 1H NMR spectra, and a peak at –74.97 ppm in the 19F NMR spectra. 

Meanwhile, the peak at 3.29 ppm in the 1H NMR spectra and –74.73 ppm in the 19F NMR spectra 

shift upfield. Based upon the analysis of the EtOAc solutions, the peak at 3.35 ppm in the 1H NMR 

spectra and –74.97 ppm in the 19F NMR spectra are assigned to Pd(S-DMSO)2(TFA)2, 4-3b. The 

peak at 2.76 ppm in the 1H NMR spectra corresponds to an O-bound DMSO ligand, consistent 

with formation of Pd(S-DMSO)(O-DMSO)(TFA)2, 4-3a.  

The S-bound DMSO ligand of 4-3a was not observed as an independent peak, but was 

manifested as an upfield shift of the S-bound DMSO resonance of 4-2a. This observation reflects 

fast exchange between 4-2a and 4-3a (cf. eq 4-8), resulting in coalescence of their S-bound DMSO 

resonances. Similarly, 4-2a and 4-3a exhibit a single broadened peak at –74.73 ppm in the 19F 

NMR spectra. Analogous coalescence of 4-2a and 4-3a has been observed in EtOAc at 

temperatures higher than 20 °C (cf. Figure 4-7). When >2 equiv. of DMSO are present, however, 

this peak appears at –74.81 ppm and is considerably sharpened, consistent with complete 

conversion of 4-2a into 4-3a (and 4-3b). Complexes 4-2a and 4-3a do not interconvert rapidly 

with 4-3b at –60 °C; however, when the spectra were recorded at room temperature, fast exchange 

was observed among all three species (4-2a, 4-3a and 4-3b; Figure 4-15).  



137 

 

 

Figure 4-13. 1H NMR spectra of Pd(TFA)2 in THF-d8 with various quantities of DMSO at –60 °C. 

Conditions: [Pd(TFA)2] = 15 mM (3.3 mg, 0.01 mmol), THF-d8 = 0.65 mL, –60 °C, [DMSO] = 0, 

7.5, 15, 19.5, 24, 30 and 60 mM.  

 

(4-2a) 

(4-3a) 
(4-2a + 4-3a) 

(4-3b) 



138 

 

 

Figure 4-14. 19F NMR spectra of Pd(TFA)2 in THF-d8 with various quantities of DMSO at –60 °C. 

Conditions: [Pd(TFA)2] = 15 mM (3.3 mg, 0.01 mmol), THF-d8 = 0.65 mL, –60 °C, [DMSO] = 0, 

7.5, 15, 19.5, 24, 30 and 60 mM.  

(4-2a) 

(4-2a + 4-3a) (4-3b) 
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Figure 4-15. 1H NMR spectra of Pd(TFA)2 in THF-d8 with various quantities of DMSO at 24 °C. 

Conditions: [Pd(TFA)2] = 15 mM (3.3 mg, 0.01 mmol), THF-d8 = 0.65 mL, 24 °C, [DMSO] = 0, 

7.5, 15, 19.5, 24, 30 and 60 mM. 

The broad peak corresponding to 4-2a and 4-3a exhibits a chemical shift that depends on the 

relative concentrations of 4-2a and 4-3a. We reasoned that with 0.5 equiv. of DMSO, when 4-3a 

has not yet started to form, the peak at 3.29 ppm in the 1H NMR spectrum and –74.73 ppm in the 

19F NMR spectrum arise solely from 4-2a. With 4 equiv. DMSO, when 4-2a is consumed, the 

peaks at 3.26 ppm in the 1H NMR spectrum and –74.81 ppm in the 19F NMR spectrum solely 

represent 4-3a. The concentrations of 4-2a and 4-3a can be calculated on the basis of the chemical 

shift of the merged peaks, and the concentrations of all of the individual species are plotted as a 

(4-2a) 

(4-3a) 

(4-2a + 4-3a) 

(4-3b) 
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function of added DMSO in Figure 4-16. In the presence of ≥ 2 equiv. of DMSO at –60 °C, and 

equilibrium mixture of the two bis-DMSO coordinated PdII complexes, 4-3a and 4-3b, is present 

in very similar concentrations. 
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Figure 4-16. Titration curve of DMSO into the solution of Pd(TFA)2 in THF-d8. (A) Pd species 

derived from 1H NMR spectra; (B) Pd species derived from 19F NMR spectra. Conditions: 

[Pd(TFA)2] = 15 mM (3.3 mg, 0.01 mmol), THF-d8 = 0.65 mL, –60 °C, [DMSO] = 0, 7.5, 15, 

19.5, 24, 30 and 60 mM. 

4.2.5  Comparison of the Kinetics of DMSO Ligand Exchange in EtOAc and THF-d8 

The interconversion between 4-2a and 4-3a (eq 4-8) resulted in line broadening of the 

separated peaks in EtOAc and coalescence of the peaks in THF-d8. The rate of this process can be 

estimated by the peak width at half height, when the intensities of both peaks are equal.26 At –60 

°C, the concentrations of 4-2a and 4-3a are approximately equal when 1.3 and 1.4 equiv. of 

DMSO are present in EtOAc and THF-d8, respectively. The exchange rates are calculated to be 3.3 

sec-1 and 116 sec-1, in EtOAc and THF-d8, respectively, based on the 19F NMR spectra under these 

conditions.27 These results, showing that ligand exchange in THF-d8 is substantially faster than in 

EtOAc, can be rationalized by a solvent-catalyzed ligand exchange mechanism, in which the better 

coordination ability of THF28 relative to EtOAc leads to faster exchange.29  
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The exchange between bound and unbound DMSO was analyzed by 1D NOESY saturation-

transfer experiments, commonly called 1D EXSY (Exchange Spectroscopy).30 When 3 equiv. of 

DMSO are added to Pd(TFA)2 in EtOAc or THF-d8, the solutions contain a mixture of 4-3a, 4-3b 

and unbound DMSO. The EXSY experiments performed on these solution at –60 °C reveal that 

saturation of the signal of 4-3b does not affect other peaks. In contrast, excitation of 4-3a causes 

inversion of the signal for the unbound DMSO (Figures 4-21 and 4-22). The lack of saturation 

transfer of 4-3b to other species indicates that the DMSO ligands on 4-3b are not exchanging with 

the unbound DMSO on the time scale of this experiment (eq 4-12). In contrast, the saturation 

transfer from 4-3a to the unbound DMSO suggests that the DMSO ligand on 4-3a undergoes fast 

exchange with the unbound DMSO (eq 4-13). These results have shown that the O-bound DMSO 

ligands are kinetically more labile than S-bound DMSO ligands. The exchange of both O- and S-

bound DMSO ligands with free DMSO has been previously observed in a solution of 

[Pd(bpy)(DMSO)Cl][PF6] in CD3NO2 at 35 °C.12  
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4.2.6 Solution Structures of Pd(TFA)2/DMSO in AcOH-d4 and Toluene-d8  

Pd-catalyzed aerobic oxidation reactions with Pd(TFA)2/DMSO catalyst systems have also 

been carried out in AcOH and toluene (eqs 4-1 and 4-4); however, NMR spectroscopic analyses of 

mixtures of Pd(TFA)2 and DMSO suggest that DMSO coordination to PdII is not as favorable in 

these solvents as in EtOAc and THF (Figure 4-17). Upon addition of 1 equiv. of DMSO to 

Pd(TFA)2 in AcOH-d4, unbound DMSO (2.77 ppm) is the major DMSO species, evident in the 1H 

NMR spectrum. Smaller broad peaks present at 3.27–3.56 ppm suggest the presence of a mixture 

of minor S-bound DMSO-ligated PdII species (cf. Table 4-1). 19F NMR spectra obtained from the 

titration experiments similarly exhibit a mixture of different species (Figure 4-18). Integration of 

the bound DMSO peaks approaches a 1:1 DMSO:Pd stoichiometry, but only after addition 20 

equiv. of DMSO (Figure 4-19). Possible structures consistent with a 1:1 DMSO:Pd stoichiometry 

include the monomeric and dimeric species 4-2a and 4-2b (see above). The high freezing point of 

AcOH-d4 limits the utility of variable-temperature studies to gain further insights into this system.  
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Figure 4-17. 1H NMR spectra of Pd(TFA)2 in AcOH-d4 with various quantities of DMSO at 24 

°C. Conditions: [Pd(TFA)2] = 15 mM (3.3 mg, 0.01 mmol), AcOH-d4 = 0.65 mL, 24 °C, [DMSO] 

= 0, 15, 30, 90, 300 and 600 mM. 
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(A)

 

(B)

  

Figure 4-18. 19F NMR spectra of Pd(TFA)2 in AcOH-d4 with various quantities of DMSO at 24 

°C. (A) spectra on fully scale; (B) zoomed-in spectra. Conditions: [Pd(TFA)2] = 15 mM (3.3 mg, 

0.01 mmol), AcOH-d4 = 0.65 mL, 24 °C, [DMSO] = 0, 15, 30, 90, 300 and 600 mM. 
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Figure 4-19. Titration curves of DMSO into the solution of Pd(TFA)2 in AcOH-d4 at 24 °C. 

Conditions: [Pd(TFA)2] = 15 mM (3.3 mg, 0.01 mmol), AcOH-d4 = 0.65 mL, 24 °C, [DMSO] = 0, 

15, 30, 90, 300 and 600 mM. 

Pd(TFA)2 does not dissolve readily in toluene-d8. Addition of 2 equiv. of DMSO to the 

suspension of Pd(TFA)2 in toluene-d8 leads to a bright yellow solution but does not fully dissolve 

Pd(TFA)2. These observations indicate that DMSO coordinates to Pd(TFA)2; however, a 1H NMR 

spectrum of this suspension reveals a broad resonance in the region of free DMSO as the major 

species (Figure 4-20). A mixture of broad DMSO peaks approximately 0.6 ppm downfield of free 

DMSO supports the presence of S-bound DMSO ligands coordinated to PdII. Further 

characterization of this system was not pursued because of complications associated with the 

heterogeneity of this system.  
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(A)

 

 (B)

  

Figure 4-20. NMR spectra of Pd(TFA)2/DMSO in toluene-d8 at 24 °C. (A) 1H NMR spectrum; (B) 

19F NMR spectrum. Conditions: [Pd(TFA)2] = 15 mM (3.3 mg, 0.01 mmol), [DMSO] = 30 mM  (2 

equiv.), toluene-d8 = 0.65 mL, 24 °C. 

4.2.7 Summary and Analysis 

The coordination chemistry of the Pd(TFA)2/DMSO catalyst system in various solvents 

highlights the complexity of DMSO coordination to PdII and subtle, but potentially important, 

difference between the linkage-isomer coordination modes of DMSO in solution relative to the 

solid state. The solid-state structure of trans-Pd(DMSO)2(TFA)2 exhibits one S- and one O-bound 

DMSO ligand, whereas our solution-state studies suggest that the structure with two S-bound 

DMSO ligands is nearly isoenergetic in EtOAc and THF (cf. Figures 4-6 and 4-13). When only 1 

equiv. of DMSO is present, both the crystallographic and solution-phase spectroscopic data show 

that DMSO coordinates to PdII via the sulfur atom. 
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The solvent identity has a significant impact on the Pd(TFA)2/DMSO coordination chemistry. 

In Scheme 4-2, the major PdII complexes formed in the presence of 2 equiv. of DMSO in different 

solvents are highlighted in boxes. In EtOAc and THF-d8, DMSO coordination to Pd affords an 

equilibrium mixture of monomeric Pd(DMSO)2(TFA)2 linkage isomers. DMSO coordinates less 

effectively to Pd(OAc)2, relative to Pd(TFA)2, and also less effectively to Pd(TFA)2 in AcOH and 

toluene, relative to EtOAc and THF-d8. In these cases, the substoichiometric coordination of 

DMSO to PdII is evident from the spectroscopic data, probably reflecting the presence of bi- or 

trinuclear PdII-carboxylate species that are not fully cleaved by DMSO.  

 

Scheme 4-2. Summary of Solution Structures of Pd(TFA)2/DMSO in Various Solvents 
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O-Bound DMSO ligands are considerably more labile than S-bound DMSO in 

Pd(TFA)2/DMSO complexes. It seems reasonable that O- and S-bound DMSO ligands may work 

cooperatively in successful catalytic reactions. For example, a labile O-DMSO ligand might be 

important to enable weakly coordinating L-type ligands such as carbonyl oxygen atoms, alkenes, 
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sulfonamide nitrogen atoms, and arene C–H bonds (cf. eqs 4-1 to 4-4) to access the coordination 

sphere of PdII. This insight might explain the lack of catalytic activity exhibited by Pd(TFA)2 

coordinated with a bidentate bis(phenylsulfinyl)ethane ligand in dehydrogenation and oxidative 

amination.7,8 This ligand coordinates to PdII via the sulfur atom of the two sulfoxides.31 On the 

other hand, the more-strongly-coordinating S-DMSO ligand might be important in other steps of 

the catalytic mechanism. For example, the present studies do not address DMSO coordination to 

Pd0; however, the "softer" character of Pd0 relative to PdII suggests that DMSO will coordinate to 

Pd0 preferentially via the sulfur atom.5 Such coordination of DMSO to Pd0 should stabilize the Pd0 

intermediate by inhibiting its aggregation into Pd black and facilitating oxidation of the catalyst by 

O2.We speculate that the beneficial effect of DMSO in catalytic reactions carried out in AcOH and 

toluene might reflect this interaction of DMSO with Pd0, despite the poor coordinating ability of 

DMSO to PdII in these solvents.  

 

4.3 Experimental 

4.3.1 General Considerations and Procedures 

All commercially available compounds were ordered from Sigma-Aldrich except for 

Pd(TFA)2, which was obtained from Strem. EtOAc was purified by fractional distillation under N2. 

All samples were prepared and experiments carried out in air.  

1H and 19F NMR spectra were acquired on a Varian INOVA-500 MHz spectrometer. The 

chemical shifts (δ) of 1H NMR spectra are given in parts per million and referenced to solvent, 

non-deuterated CH3CO2Et (2.05 ppm) and the residual C3/C4 ethylene protons of THF-d8 (1.73 

ppm). The chemical shifts (δ) in the 19F NMR spectra were referenced relative to the 

corresponding 1H spectra. Spectra were processed with MestReNovaTM software. Infrared spectra 
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were obtained with a Bruker Tensor 27 spectrometer equipped with a single reflection MIRacle 

Horizontal ATR ZnSe crystal by Pike Technologies. 

Preparation of Pd(S-DMSO)(O-DMSO)(TFA)2 4-3a(s). Crystals of Pd(S-DMSO)(O-

DMSO)(TFA)2 were obtained by vapor diffusion of hexane into an EtOAc solution of Pd(TFA)2 

and 2 equiv. of DMSO at room temperature. Pd(TFA)2 (8.4 mg, 0.25 mmol) was dissolved in 0.5 

mL of EtOAc, forming a deep red solution. The solution turned bright yellow upon addition of 

DMSO (3.6 µL, 0.5 mmol). This solution was filtered through glass wool into a 4 mL vial and 

then transferred into a 15 mL vial containing 4 mL hexane. The vial was sealed with a Teflon cap 

and maintained at room temperature overnight. Deep orange crystalline needles formed. 

Preparation of the Pd(S-DMSO)(OH2)(TFA)2 Complex 4-2a(s). Crystalline Pd(S-

DMSO)(OH2)(TFA)2 was obtained by vapor diffusion of pentane into an EtOAc solution of 

Pd(TFA)2 and 1 equiv. of DMSO at low temperature. Pd(TFA)2 (8.4 mg, 0.25 mmol) was 

dissolved in 0.5 mL of EtOAc to form a deep red solution. Upon addition of DMSO (1.8 µL, 0.25 

mmol), the solution turned bright yellow. The solution was filtered through glass wool into a 4 mL 

vial, and then transferred into a 15 mL vial containing 4 mL pentane. The vial was sealed with a 

Teflon cap and placed in refrigerator at –15 °C. After 4 days, orange crystalline needles formed. 

NMR Spectroscopic Study of Pd(TFA)2/DMSO in EtOAc. Pd(TFA)2 (6.6 mg, 0.02 mmol) 

was weighed into a vial, followed by injection of EtOAc (0.64 mL). The suspension transformed 

into a deep red solution upon sonicating for 10 min. Fluorobenzene (4 µL, 0.041 mmol) was 

injected as an internal standard. The solution was transferred into an NMR tube. The spectrometer 

probe was pre-cooled to the desired temperature and allowed to equilibrate for 30 minutes. The 

sample was unlocked and the 1H channel was used to perform gradient shimming. A 1H NMR 

spectrum was acquired followed by tuning the probe for 19F and acquiring a 19F NMR spectrum. 
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Additional quantities of DMSO were then added from a stock solution into the same sample. The 

volume change caused by titration was controlled to be less than 5% over the course of the 

experiments.  

NMR Spectroscopy Study of Pd(TFA)2/DMSO in THF-d8. Pd(TFA)2 (3.3 mg, 0.01 mmol) 

was weighed into a vial. THF-d8 (0.64 mL) was injected to form a deep red solution and then 

fluorobenzene (4 µL, 0.041 mmol) was added as an internal standard. The solution was transferred 

into an NMR tube. The spectrometer probe was pre-cooled to the desired temperature and allowed 

to equilibrate for 30 minutes. A 1H NMR spectrum was acquired followed by tuning the probe for 

19F and acquiring a 19F NMR spectrum. Additional quantities of DMSO were then added from a 

stock solution into the same sample. The volume change caused by titration was controlled to be 

less than 5% over the course of the experiments.  

This procedure was also used for the NMR Spectroscopy studies of Pd(TFA)2/DMSO in 

AcOH-d4 and Pd(OAc)2/DMSO in EtOAc. 

NMR Spectroscopy Study of Pd(TFA)2/DMSO in toluene-d8. Pd(TFA)2 (3.3 mg, 0.01 

mmol) was weighed out in a vial and formed a suspension with addition of toluene-d8 (0.64 mL). 

Pd(TFA)2 dissolved to afford a yellow solution upon addition of 2 equiv. of DMSO. 

Fluorobenzene (4 µL, 0.041 mmol) was injected as the internal standard. The NMR spectra were 

acquired the same way as described above. 

  
4.3.2  Investigation of the DMSO Ligand Exchange in EtOAc and THF-d8 

We performed 1D EXSY NMR experiments in order to determine if the equilibriums shown in 

eqs 4-12 and 4-13 are occurring in EtOAc or THF solutions of Pd(TFA)2 in the presence of 3 

equiv. of DMSO. At –60 °C, when 3 equiv. of DMSO are present, 4-3a, 4-3b and the unbound 

DMSO are the major species in both EtOAc and THF-d8. Each peak of these species was excited 
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(denoted by an arrow in the spectra) (Figures 4-21 and 4-22). The 1D EXSY experiments reveal 

that saturation of the signal of 4-3b does not affect other peaks. In contrast, when 4-3a is excited, 

the unbound DMSO is inverted, which corresponds to saturation transfer from 4-3a to the free 

DMSO. Consistently, saturation transfer from the free DMSO to 4-3a was also observed when the 

free DMSO was excited, whereas the 4-3b peak was not affected.  

 

Figure 4-21. 1D EXSY NMR spectra of Pd(TFA)2 with 3 equiv. of DMSO in EtOAc (mix time = 

0.28 sec). Conditions: [Pd(TFA)2] = 30 mM (6.6 mg, 0.02 mmol), [DMSO] = 90 mM (3 equiv.), 

EtOAc = 0.65 mL, –60 °C.  
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Figure 4-22. 1D EXSY NMR spectra of Pd(TFA)2/DMSO in THF-d8 (mix time = 0.25 sec). 

Conditions: [Pd(TFA)2] = 15 mM (3.3 mg, 0.01 mmol), [DMSO] = 45 mM (3 equiv.), THF-d8 = 

0.65 mL, –60 °C. 

Calculation of the rate constants for DMSO ligand exchange in EtOAc and THF-d8 was based 

on the peak line broadening in NMR spectra. The PdII complexes, Pd(S-DMSO)(TFA)2 4-2a and 

Pd(S-DMSO)(O-DMSO)(TFA)2 4-3a, undergo fast exchange on the NMR time scale (eq 4-8). 

This exchange process leads to line broadening of the 1H peaks in EtOAc and a coalescence in 

THF-d8 at –60 °C. The kinetics of the exchange process could be measured by the extent of line-

broadening. Before coalescence, faster exchange results in broader peaks; after coalescence, faster 

exchange results in sharper peaks. When the intensities of the two exchanging species are 

equivalent, the following equations shown in Scheme 4-3 can be used to quantify the kinetics. 
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Scheme 4-3. Equations for Calculation of Ligand Exchange Rates Based on Line Broadening 

For broadening of a single peak well before coalescence

k = !("# - "#ref)

"# = peak width at half height of exchanging singlet
"#ref = peak width at half height of non-exchanging reference singlet
#$% = chemical shift (in Hz) between A and B
k = rate constant in sec-1

For residual broadening of a peak after coalescence

k =
2("# - "#ref)

! #$%
2

 

The peak widths at half-height of the peaks of interest have been determined and are presented 

in Table 4-2. In EtOAc, peaks for both 4-2a and 4-3a are used in the calculation (Scheme 4-4). 

Since 4-3b doesn’t undergo ligand dissociation, the peak width of 4-3b was used as the ∆νref for 

experiments in EtOAc. In THF, the 19F singlet of trifluorotoluene was used as the internal standard 

for the 19F NMR spectrum. The peak width of the internal standard was used as the ∆νref.  

Table 4-2. Estimated Rate Constants for the Equilibrium Between 4-2a and 4-3a Derived from the 

Peak Line Broadeninga 

Solvent

EtOAc

(before
coalescence)

THF

(after
coalescence)

Peak width at half height
!" (Hz)

k (sec-1)

4-3b
4.22

(!"ref)

4-2a
5.50

4-3a
5.07

4.02 (4-2a)
2.67 (4-3a)

kavg = 3.34

4-2a + 4-3aTrifluorotoluene
4.64
(!"ref)

11629.68

 
a Reaction conditions: in EtOAc, [Pd(TFA)2] = 30 mM (6.6 mg, 0.02 mmol), [DMSO] = 39 mM 
(1.3 equiv.), –60 °C. In THF-d8, [Pd(TFA)2] = 15 mM (3.3 mg, 0.01 mmol), [DMSO] = 21 mM 
(1.4 equiv.), internal standard: trifluorotoluene (19F), –60 °C. 
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Scheme 4-4. Representative Equations for DMSO Ligand Exchange Rates 

For Pd(TFA)2/DMSO in EtOAc (before coalescence)
k = !("# - "#ref)

= !(5.50 - 4.22)

= 4.02 sec-1
 

For Pd(TFA)2/DMSO in THF (after coalescence)

k =
2(!" # !"ref)

$ "%&
2

=
2(29.64 # 4.64)

$ 43.092

= 116 sec-1  

 

4.4 Contributions 

Paul White performed calculations on the ground state structure of Pd(TFA)2/DMSO 

complexes in various solvents. These results are not included in this chapter. Ilia Guzei solved the 

X-ray crystal structure of 4-2a(s). Lara Spencer solved the X-ray crystal structure of 4-3a(s). 
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CHAPTER 5 

 

Mechanistic Investigation of Pd(DMSO)2(TFA)2-Catalyzed Aerobic 

Dehydrogenation of Cyclohexanones 
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5.1 Introduction to Pd(DMSO)2(TFA)2-Catalyzed Aerobic Oxidation of Ketones 

Dehydrogenation of saturated C–C bonds has emerged as an increasingly prominent 

approach to introduce C=C bonds into organic molecules. In particular, α,β-dehydrogenation of 

carbonyl compounds to prepare unsaturated carbonyl derivatives has found broad applications in 

organic syntheses. 1  Current stoichiometric oxidation methods, despite their wide utilities, 

produce large quantities of by-product.2 Catalytic methods that use cheap and readily available 

oxidants would provide an appealing alternative, and could potentially have important impact in 

sustainable organic syntheses. While heterogeneous catalyzed H2 evolution from ketones require 

high reaction temperatures and constant gas flow to remove H2,3,4 transfer dehydrogenation 

employs a sacrificial alkene as the hydrogen acceptor to enhance the thermodynamic driving 

force.5 However, formation of iner metallacycles between α,β-unsaturated ketones and common 

transfer dehydrogenation catalysts, such as pincer ligated-Ir complexs, are shown to result in 

deactivation of the catalysts.6,7 Numerous studies of C–H activation by Pd, as well as β-hydride 

elimination from Pd-alkyls in recent decades8 provide the basis for Pd-mediated dehydrogenation 

of ketones.9 Employing O2 as the hydrogen acceptor provides further leverage for Pd-mediated 

dehydrogenation, resulting in a sustainable and affordable catalytic approach for organic 

chemists.10 

Catalytic dehydrogenation of a cyclohexanone could lead to cyclohexenone and/or phenol 

(Scheme 5-1). Both products are synthetically important, and we recently reported three different 

PdII catalyst systems for dehydrogenation adjacent to carbonyl groups, each of which exhibited 

somewhat different scope and utility. A Pd(TFA)2/2-Me2Npy (2-N,N-

dimethylaminopyridine)/TsOH catalyst system exhibited good activity for dehydrogenation of 

cyclohexanones and cyclohexenones to phenols. 11  A Pd(TFA)2/4,5-diazafluorenone catalyst 
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exhibited similar reactivity, but was especially useful for α,β-dehydrogenation of heterocyclic 

carbonyl compounds and showed some for dehydrogenation of acyclic carbonyl compounds.12,13 

Finally, a Pd(DMSO)2(TFA)2 catalyst enabled highly selective dehydrogenation of 

cyclohexanones to cyclohexenones.14 The unique selectivity of Pd(DMSO)2(TFA)2 is clearly 

evident in the reactivity of cyclohexanone. The other two catalyst systems favor formation of 

phenol rather than cyclohexenone, and preliminary kinetic studies show that the first two 

catalysts promote further dehydrogenation of cyclohexenone to phenol (k2) relative to the first 

dehydrogenation step (k1). In contrast, with Pd(DMSO)2(TFA)2, the first step (k1) is substantially 

faster than the second (k2) (Scheme 5-1). These kinetic differences have important synthetic 

implications.  

Scheme 5-1. Comparison of Rate Constants of the Oxidation of 4-tert-Butylcyclohexanone 

O O OH
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The mechanism of Pd-catalyzed α,β-dehydrogenation of carbonyl compounds is expected to 

be initiated by formation of a Pd-enolate intermediate,15 followed by β-hydride elimination to 

afford the enone (Scheme 5-2). Analogous to other Pd-catalyzed aerobic oxidation reactions, the 

resulting Pd-hydride intermediate can be oxidized to PdII by oxygen.16 A repeat of this sequence 

with the cyclohexenone as the substrate would lead to the corresponding phenol.17 We present 

here a detailed mechanistic study of the Pd(DMSO)2(TFA)2-catalyzed oxidation of 

cyclohexanone, aiming to shed light on three important mechanistic questions: (1) the identity of 

the turnover-limiting step; (2) the role of ligand in the catalyst system; (3) the origin of the 

chemoselectivity for enone relative to phenol. 

Scheme 5-2. Proposed Mechanism for Pd-catalyzed Dehydrogenation of Cyclohexanones 
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5.2  Results 

5.2.1  Kinetic Data of Pd(DMSO)2(TFA)2-Catalyzed Oxidation of Cyclohexanone 

The catalytic dehydrogenation of cyclohexanone with Pd(DMSO)2(TFA)2 in EtOAc proceeds 

smoothly and reaches complete conversion after 24 h at 60 °C under 1 atm O2 (Figure 5-1). The 
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time course data fit well to an A → B → C kinetic model (Figure 5-1). Good mass balance 

reveals that negligible side reactions occur conservation of mass reveals that no side reaction is 

present. The rate constants for the first (k1) and second (k2) oxidation steps are estimated to be 

0.131 h-1 and 0.125 h-1, respectively, resulting in a ratio of 10 (k1/k2).  

O OPd(TFA)2 5 mol%

O2 (1 atm), EtOAc, 60 °C
DMSO 10 mol% +

OH
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Figure 5-1. Reaction time course of Pd(DMSO)2(TFA)2-catalyzed aerobic oxidation of 

cyclohexanone. Reaction conditions: [cyclohexanone] = 0.8 M (0.8 mmol), [Pd(TFA)2] = 0.04 M 

(0.04 mmol), [DMSO] = 0.08 M (0.08 mmol), O2 (1 atm), EtOAc (1 mL), 60 °C. 

The lack of an induction period in the reaction time course of Pd(DMSO)2(TFA)2-catalyzed 

oxidation of cyclohexanone allowed us to obtain kinetic orders of each reaction component via 

initial-rates methods. The conversion of enone to phenol was negligible within the first two 

turnovers and was thus neglected. The reaction exhibits a first order dependence on [substrate] 

and [catalyst] (Figure 5-2(A) and (B)). Attempts were made to assess the [O2] dpendence; 

however, the acquisition of results was complicated by Pd black formation in the gas-uptake 

apparatus used to monitore kinetics. Analysis of the O2 dependence for 4-tert-
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butylcyclohexanone under modified conditions, using AcOH as the solvent (cf. Figure 5-15), 

showed no dependence of the rate on [O2]. 
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Figure 5-2. Kinetic orders for Pd(DMSO)2(TFA)2-catalyzed oxidation of cyclohexanone to 

cyclohexenone: dependence of the initial rate on substrate concentration (A); dependence of the 

initial rate on catalyst concentration, where the “catalyst” is a 1:2 mixture of Pd(TFA)2 and 

DMSO (B). Reaction conditions: EtOAc (1 mL), O2 (1 atm), 60 °C; (A) [Pd(TFA)2] = 0.01 M 

(0.01 mmol), [DMSO] = 0.02 M (0.02 mmol); (B) [cyclohexanone] = 0.2 M (0.2 mmol). 

Variation of [DMSO] at fixed [cyclohexanone] and [Pd(TFA)2], revealed that changing the 

quantity of DMSO has minimal impact on the reaction rate (Figure 5-3(A)). Comparison of the 

time courses in the absence and presence of 2 equiv. of DMSO reveals that the catalyst 

undergoes rapid deactivation in the absence of DMSO (Figure 5-3(B)). Concomitant formation 

of Pd black was observed under these ligandless conditions. Increasing the concentration of 

DMSO results in less Pd black formation. 
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Figure 5-3. (A) Effect of the DMSO ligand on Pd-catalyzed oxidation of cyclohexanone to 

cyclohexenone evident from the dependence of the initial rate on the DMSO/Pd ratio. (B) 

Comparison of time courses for the dehydrogenation of cyclohexanone in the absence and 

presence of DMSO. Reaction conditions: EtOAc (1 mL), O2 (1 atm), 60 °C; (A) [cyclohexanone] 

= 0.2 M (0.2 mmol), [Pd(TFA)2] = 0.01 M (0.01 mmol); (B) [cyclohexanone] = 0.8 M (0.8 

mmol), [Pd(TFA)2] = 0.04 M (0.04 mmol), (DMSO = 0.08 M (0.08 mmol) (blue)). 

Deaterium kinetic isotope effects (KIE) were determined by independent measurements of 

initial rates with the protio, α-deuterated (cyclohexanone-d4) and fully deuterated 

(cyclohexanone-d10) substrates (Scheme 5-3). Cyclohexanone reacts 2.5 (± 0.1) times faster than 

cyclohexanone-d4, reflecting a primary KIE for cleavage of the α-C–H. The reaction time 

courses for cyclohexanone-d4 and cyclohexanone-d10 are nearly identical, and the ratio of the 

rates, 1.2 (± 0.2) reflects a negligible KIE for cleavage of the β-C–H. GC-MS and 1H NMR 

spectroscopy reveal that no α-H/D scrambling of deuterated substrates takes place under the 

reaction conditions. 
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Scheme 5-3. Deuterium Kinetic Isotope Effects (KIE) Derived from Independent Measurement 

of Initial Rates of Dehydrogenation of Cyclohexanone to Cyclohexenone a 
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a Reaction conditions: [Substrate] = 0.2 M (0.2 mmol), [Pd(TFA)2] = 0.01 M (0.01 mmol), 
[DMSO] = 0.02 M (0.02 mmol), EtOAc (1 mL), O2 (1 atm), 60 °C.  

 

The identity of the carboxylate ligand on Pd influences the reaction rate. Replacement of 

Pd(TFA)2 with Pd(OAc)2 led to reduced initial rate (Figure 5-4). When a mixture of Pd(TFA)2 

and Pd(OAc)2 was used as the Pd source, with the total [Pd] fixed to 5 mol%, increased initial 

rates were observed, with a maximum increase at an acetate:trifluoroacetate ratio of 1:1.  
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Figure 5-4. Dependence of the initial rate of Pd-catalyzed oxidation of cyclohexanone on 

different anionic ligands of Pd. Reaction conditions: [cyclohexanone] = 0.2 M (0.2 mmol), 

[Pd]total = 0.01 M (0.01 mmol), [DMSO] = 0.02 M (0.02 mmol), EtOAc (1 mL), O2 (1 atm), 60 

°C.    

5.2.2 Kinetic Study of Pd(DMSO)2(TFA)2-Catalyzed Oxidation of Cyclohexenone to 

Phenol  

Independent examination of the second dehydrogenation step, which results in the conversion 

of cyclohexenone to phenol, was possible by increasing the catalyst loading to 10 mol%, in order 

to achieve good conversion at 60 °C. In contrast to the straightforward time course for 

Pd(DMSO)2(TFA)2-catalyzed dehydrogenation of cyclohexanone to cyclohexenone, the 

dehydrogenation of cyclohexenone exhibits an induction period at the beginning of the reaction 

(Figure 5-5). Accordingly, the time course for formation of phenol exhibits a sigmoidal curve 

(cf. Figure 5-13). When unligated-Pd(TFA)2 was used as the catalyst, cyclohexenone 

dehydrogenation proceeds to high conversion without an induction period.  
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Figure 5-5. Time courses of Pd(TFA)2-catalyzed oxidation of cyclohexenone to phenol in the 

presence (blue) and absence (black) of DMSO. Reaction conditions: [cyclohexenone] = 0.8 M 

(0.8 mmol), [Pd(TFA)2] = 0.08 M (0.08 mmol), ([DMSO] = 0.16 M (0.16 mmol)), EtOAc (1 

mL), O2 (1 atm), 60 °C.  

Product-associated auto catalysis is one possible origin of the sigmoidal time course; 

however control experiments reveal that addition of phenol or H2O to the reaction mixture does 

not eliminate the induction period, and identical rates are observed relative to the standard 

reaction conditions (Figure 5-6).  
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Figure 5-6. Effect of products on the induction period in Pd(DMSO)2(TFA)2-catalyzed oxidation 

of cyclohexenone to phenol. Reaction conditions: [cyclohexenone] = 0.8 M (0.8 mmol), 

[Pd(TFA)2] = 0.04 M (0.04 mmol), ([DMSO] = 0.08 M (0.08 mmol)), EtOAc = 1 ml, 1 atm O2, 

60 °C. 

The duration of the induction period increases as [DMSO] is increased (Figure 5-7). Further 

analysis of the induction period reveals that DMSO has a dramatic inhibitory effect on the 

reaction (Figure 5-8). With 2 equiv. of DMSO, reflecting the stoichiometry used in the catalytic 

dehydrogenation of cyclohexanone, the reaction of cyclohexenone is almost 10-fold slower than 

the reaction carried out in the absence of DMSO. 
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Figure 5-7. Dependence of the length of induction period on the Pd-catalyzed oxidation of 

cyclohexenone to phenol on [DMSO]. Reaction conditions: [cyclohexenone] = 0.8 M (0.8 

mmol), [Pd(TFA)2] = 0.08 M (0.08 mmol), EtOAc (1 mL), O2 (1 atm), 60 °C. 
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Figure 5-8. Dependence of the initial rate of Pd-catalyzed oxidation of cyclohexenone to phenol 

on the DMSO/Pd ratio. Reaction conditions: [cyclohexenone] = 0.8 M (0.8 mmol), [Pd(TFA)2] = 

0.08 M (0.08 mmol), EtOAc (1 mL), O2 (1 atm), 60 °C. 

Cleavage of both the α-C–H and the C–H at the forth position can occur as the key step for 

Pd(DMSO)2(TFA)2-catalyzed dehydrogenation of cyclohexenone. The α-C–H of cyclohexenone 

appears at 2.42 ppm in the 1H NMR spectrum (CDCl3), whereas the C–H at the forth position 

displays a resonance at 2.37 ppm. Under basic conditions, for example in the presence of lithium 

diisopropylamide (LDA), cyclohexenone can be exclusivey converted to the 2-oxylcyclohexa-
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1,3-dienyl lithium rather than the linear conjugated dienolate (eq 5-1), suggesting a more acidic 

α-C–H relative to the C–H at the forth position. 18,19 In addition, Brønsted acid conditions lead to 

H/D scrambing at the α-C–H, whereas the allylic C–H is unaffected. 20  In contrast, 

cyclohexenone is reported to react with sodium tetrachloropalladate to afford the di-µ-chloro-di-

(6-oxo-cyclohex-2-enyl)-dipalladium, from cleavage of the allylic C–H (eq 5-2).21,22 

O OLiOLi

not observed

LDA

 

(5-1)

 

O

+ Na2PdCl4

O

Pd
Cl

reflux
15 min

  

(5-2)

 

Deuterium kinetic isotope effects are used to probe the turnover-limiting step and the 

position at which the C–H cleavage of the key step takes place for Pd(DMSO)2(TFA)2-catalyzed 

dehydrogenation of cyclohexenone. Cleavage of the α-C–H exhibits a primary kinetic isotope 

effect (3.1 ± 0.2), when comparing the independently acquired initial rates of cyclohexenone-d0 

versus 2,6,6-cyclohexenone-d3, with deuteration at the α-position (Scheme 5-4). Meanwhile, 

2,4,4,6,6-cyclohexenone-d5, with deuteration at both allylic and α-position, reacts with a same 

rate as 2,6,6-cyclohexenone-d3 (Scheme 5-4).23 
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Scheme 5-4. Deuterium Kinetic Isotope Effects of Dehydrogenation of Cyclohexenone to Phenol 

Derived from Independent Measurement of Initial Ratesa 
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a Reaction conditions: [substrate] = 0.8 M (0.4 mmol), [Pd(TFA)2] = 0.08 M (0.04 mmol), 
([DMSO] = 0.16 M (0.08 mmol)), EtOAc (0.5 mL), O2 (1 atm), 60 °C.  

 

5.3 Discussion 

5.3.1 Mechanism of Pd(DMSO)2(TFA)2-Catalyzed Oxidation of Cyclohexanone to 

Cyclohexenone.  

The mechanistic observations presented above for the catalytic dehydrogenation of 

cyclohexanone to cyclohexenone may be summarized as follows. The reaction exhibits first 

order dependences on [substrate] and [catalyst]. The concentration of DMSO has minimal effect 

on the reaction rate; however, the absence of DMSO results in significant decomposition of the Pd 

catalyst into the inactive Pd black. Cleavage of the α-C–H of cyclohexanone exhibits a primary 

KIE, whereas cleavage of β-C–H has a negligible KIE. No scrambling of the α-C–H with 

deuterium was observed at the end of the reaction.  



173 

 

In Scheme 5-5, we present a catalytic cycle that accounts for the above observations. Our study 

in chapter 4 has established the solution-phase structure of the Pd(DMSO)2(TFA)2 catalyst in 

EtOAc to be a mixture of Pd(S-DMSO)(O-DMSO)(TFA)2 and Pd(S-DMSO)2(TFA)2 (eq 5-3). 

Under the catalytic conditions at 60 °C, the Pd(S-DMSO)(O-DMSO)(TFA)2 is moderately 

favored over Pd(S-DMSO)2(TFA)2 by a ratio of 6:1. Cyclohexanone coordinates to the bis-

DMSO ligated Pd catalyst via the carbonyl oxygen atom. This have PdII-substrate adduct 5-1 

undergoes turnover limiting α-C–H cleavage to afford a PdII-enolate intermediate, with 

concomitant release of TFAH. Subsequent β-H elimination proceeds fast to afford 

cyclohexenone and a PdII-hydride. Oxidation of a PdII-hydride is expected to be initiated by 

reductive elimination of TFAH followed by aerobic oxidation of Pd0 to regenerate the PdII 

catalyst.16 

O
PdII

TFA

TFA

S
S

Me

Me O

Me Me

S
PdII

TFA

TFA

S O

Me Me

O
Me

Me
Keq = 0.174 

at 60 °C

   

(5-3)
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Scheme 5-5. Proposed Mechanism for Pd(DMSO)2(TFA)2-Catalyzed Dehydrogenation of 

Cyclohexanone 
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Application of the steady-state approximation to intermediate 5-1 results in the rate law 

shown in eq 5-4. The rate law exhibits a first-order dependence on [substrate] and [catalyst], as 

observed experimentally. Irreversible and turnover limiting α-C–H cleavage (k2 step) is 

supported by the primary KIE observed (cf. Scheme 5-3).  

 

 = k1k2[cyclohexanone][Pd(DMSO)2(TFA)2]
k2 + k-1

d[cyclohexenone]
dt   

(5-4)
	 

 

The associative interaction between the Pd catalyst and cyclohexanone arises from the fact 

that DMSO is a better σ-donor relative to the carbonyl of a ketone, and is therefore unlikely to be 
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substituted by ketone.24 The lack of a rate dependence on DMSO concentration supports this 

argument. If DMSO dissociates from Pd upon treatment with cyclohexanone, an inhibitory effect 

by DMSO would have been observed. In addition, formation of Pd-ketone adduct 5-1 is also 

evidenced by the slower reaction rate when Pd(TFA)2 is replaced with Pd(OAc)2 (cf. Figure 5-4), 

as the less electrophilic Pd center exhibits less favorable binding of the ketone.  

The subsequent C–H cleavage from 5-1 is speculated to proceed via intramolecular 

deprotonation by the carboxylate ligand on Pd, for example, via transition-state structure 5-3. 

The beneficial rate effect, when one of the TFA ligands in Pd(TFA)2 is replaced with acetate (cf. 

Figure 5-4), may arise from the enhanced basicity of acetate relative to TFA. The maximized rate 

observed at a 1:1 OAc:TFA ratio could reflect the balance between basicity and electrophilicity. 

Analogous carboxylate-mediated cleavage of O–H bonds has been proposed for Pd(py)2(OAc)2-

catalyzed (py = pyridine) alcohol oxidation.25  

O
DMSO

PdII
TFA DMSO

O

O CF3

H

5-3  

5.3.2 Mechanism of Pd(DMSO)2(TFA)2-Catalyzed Oxidation of Cyclohexenone and the 

Origin of the Chemoselectivity  

An induction period is evident in the Pd(DMSO)2(TFA)2-catalyzed oxidation of 

cyclohexenone to phenol, the length of which increases as [DMSO] is increased at fixed 

[Pd(TFA)2] and [substrate]. In contrast to the oxidation of cyclohexanone, where DMSO exhibits 
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negligible effect on the reaction rate, the oxidation of cyclohexenone is dramatically inhibited at 

increased [DMSO].  

The precise origin of the induction period and the nature of the catalyst and/or catalytic 

mechanism following the induction period are not well understood and will require further 

investigation. However, the KIE studies show that cleavage of the α-C–H is associated with the 

induction period (eq 5-5). The absence of the activation at the allylic position is evident from the 

lack of a KIE for the allyic C–H. This selectivity is consistent with the higher acidity of the α-C–

H relative to the C–H at the forth position (cf. eq 5-1),19 but contradicts the formation of (π-

allyl)Pd complexes from the reaction of cyclohexenone with Na2PdCl4 (cf. eq 5-2).21  

O
(TFA)(DMSO)Pd

O
Pd(DMSO)2(TFA)2

- TFAH, DMSO
slow

 (5-5)

 

The DMSO ligand to Pd(TFA)2 exhibits a dramatic inhibitory effect on dehydrogenation of 

cyclohexenone, whereas minimal effect of DMSO is observed for dehydrogenation of 

cyclohexanone. These remarkable kinetic observations provide the basis for the selective 

dehydrogenation of cyclohexanone to generate cyclohexenone relative to the formation of 

phenol. We speculate that this chemoselectivity is associated with the favorable coordination of 

cyclohexenone to PdII via the alkene relative to the carbonyl.26 This coordination mode requires 

dissociation of the DMSO ligand to PdII. In contrast, cyclohexanone approaches the 

Pd(DMSO)2(TFA)2 catalyst via the carbonyl, forming a Pd-cyclohexanone adduct 5-1 (cf. 

Scheme 5-5). The DMSO ligands stay coordinated during this pathway, and therefore have 

minimal effect on the reaction rate.  
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5.3.3 Conclusion 

Collectively, the dehydrogenation of cyclohexanone undergoes turnover-limiting α-C–H 

cleavage and fast β-H elimination to afford the cyclohexenone product. The chemoselectivity of 

Pd(DMSO)2(TFA)2-catalyzed oxidation of cyclohexanone to generate cyclohexenone relative to 

phenol originates from the different kinetic effect of DMSO on the two dehydrogenation steps. 

DMSO has minimal impact on the reaction rate in the first dehydrogenation step, whereas it 

strongly inhibits the second step. These results have important implications in understanding the 

role of ligands and design of catalysts for Pd-catalyzed dehydrogenation reactions.  

 

5.4 Experimental 

5.4.1 General Considerations 

All commercially available compounds were used as received and purchased from Sigma 

Aldrich. Cyclohexanone-d10 was purchased from CDN Isotopes. The deuterated substrates 

2,4,4,6,6-d5-cyclohexenen-one and 2,6,6-d3-cyclohexenen-one are not commercially available, 

and are prepared according to literature procedures.23  

1H and 13C NMR spectra were recorded on a Bruker AC-300 MHz or a Varian Mercury-300 

MHz spectrometer. The chemical shifts (δ) are given in parts per million and referenced to 

residual solvent peaks or a TMS internal standard. Gas chromatography was performed on a 

Shimadzu GC-17A using a Stabilwax®-DB column or an RTX-5MS column and referenced to 

an internal standard (tetradecane). Flash column chromatography was performed on an Isco 

Combiflash system using silica gel 60 (Silicycle) and eluted with ethyl acetate/hexane.  
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5.4.2 General Procedure for Acquiring Kinetic Data 

O OPd(TFA)2 5 mol%

O2 (1 atm), EtOAc, 60 °C
DMSO 10 mol% +

OH

 

Catalytic aerobic oxidation reactions were performed using a custom reaction apparatus that 

enabled several reactions to be performed simultaneously under a constant pressure of O2 

(approx. 1 atm) with controlled temperature and orbital agitation. To a disposable 13 mm thick-

walled culture tube was added Pd(TFA)2, (13.2 mg, 0.04 mmol, 0.05 equiv.), DMSO (5.6 µL, 

0.04 mmol, 0.1 equiv), and 1 mL EtOAc to form a bright yellow solution. The reaction tube was 

placed in a 48-well parallel reactor mounted on a Glas-Col large capacity mixer. The headspace 

was purged with O2 for 10 min, after which tetradecane (20 µL, 0.077 mmol) was added via 

syringe. The reactor temperature was set to 60 °C and allowed to equilibrate for 5 min. Injection 

of cyclohexanone (80 µL, 0.8 mmol) established the t = 0 point. After various time intervals, 

aliquots were withdrawn from the reaction mixture via pipette, diluted with CH2Cl2 and analyzed 

by GC. 

 

5.4.3  Raw Kinetic Data 

Most kinetic data and orders presented above are derived from the initial rates of the 

reactions. Unless specified, the initial rate was defined as the slope of [cyclohexenone] versus 

time from the beginning of the reaction to 10% conversion. Figures 5-9 to 5-12 represent the 

reaction time courses under different conditions, which are the raw data for Figures 5-2, 5-3(A), 

5-4, 5-7 and 5-8. Experiments in each figure were performed in parallel using the same stock 

solutions and in the same large capacity mixer. 
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Figure 5-9. Time courses for the oxidation of cyclohexanone with varying concentrations in the 

presence of a fixed catalyst concentration. Reaction conditions: [Pd(TFA)2] = 0.01 M (0.01 

mmol), [DMSO] = 0.02 M (0.02 mmol), EtOAc (1 mL), O2 (1 atm), 60 °C, [cyclohexanone] = 

0.05, 0.1, 0.2, 0.3, 0.6 and 1 M.  
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Figure 5-10. Time courses for oxidation of cyclohexanone in the presence of different catalyst 

loadings, where the “catalyst” is a 1:2 mixture of Pd(TFA)2 and DMSO. Reaction conditions: 

[cyclohexanone] = 0.2 M (0.2 mmol), EtOAc (1 mL), O2 (1 atm), 60 °C, [Pd(TFA)2] = 0.005, 

0.01, 0.02 and 0.04 M, [DMSO] = 0.01, 0.02, 0.04 and 0.08 M, respectively. 
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Figure 5-11. Time courses for oxidation of cyclohexanone in the presence of different quantities 

of DMSO with fixed Pd(TFA)2 concentration. Reaction conditions: [cyclohexanone] = 0.2 M 

(0.2 mmol), [Pd(TFA)2] = 0.01 M (0.01 mmol), EtOAc (1 mL), O2 (1 atm), 60 °C, [DMSO] = 0, 

0.0025, 0.005, 0.01, 0.02, 0.04 and 0.08 M. 
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Figure 5-12. Time courses of Pd-catalyzed oxidation of cyclohexanone on different anionic 

ligands of Pd. Reaction conditions: [cyclohexanone] = 0.2 M (0.2 mmol), [Pd]total = 0.01 M (0.01 

mmol), [Pd(TFA)2]:[Pd(OAc)2] = 0:100, 12:88, 25:75, 50:50, 75:25, 88:12, 100:0.  [DMSO] = 

0.02 M (0.02 mmol), EtOAc (1 mL), O2 (1 atm), 60 °C. 
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Figure 5-13. Dependence of the initial rate of Pd-catalyzed oxidation of cyclohexenone to 

phenol on the DMSO/Pd ratio. Reaction conditions: [cyclohexenone] = 0.8 M (0.8 mmol), 

[Pd(TFA)2] = 0.08 M (0.08 mmol), EtOAc (1 mL), O2 (1 atm), 60 °C, [DMSO] = 0, 0.04, 0.08, 

0.16, 0.32 and 0.64 M. 

5.4.4 Methods for Determining the Length of Induction Period 

Figure 5-14 shows a representative reaction time course for oxidation of cyclohexenone to 

phenol under the standard conditions. The time course clearly consists of an induction period and 

a subsequent post-induction period. The data point at which the induction period ends is picked 

based on most linear points approximation. We fit the data from t = 0 to the end of induction 

period into a linear function, and the data from the end of induction period to the point of 10% 

conversion into a second linear function. The lengths of the induction period presented in Figure 

5-7 are calculated as the time at intersection of the two lines. The initial rates presented in Figure 

5-8 are calculated as the slope from t = 0 to the time at the intersection. 
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Figure 5-14. Time course of Pd(DMSO)2(TFA)2-catalyzed oxidation of cyclohexenone to 

phenol. Reaction conditions: [cyclohexenone] = 0.8 M (0.4 mmol), [Pd(TFA)2] = 0.08 M (0.04 

mmol), [DMSO] = 0.16 M (0.08 mmol), EtOAc = 0.5 mL, 1 atm O2, 60 °C.  

5.4.5 O2 Dependence for Pd(DMSO)2(TFA)2-Catalyzed Oxidation of 4-tert-

Butylcyclohexanone 

The dependence of initial rates on O2 has been investigated with 4-tert-butylcyclohexanone. 

Reactions were performed under different O2 partial pressures, with N2 to make up the total 

pressure to 700 torr. Reactions were allowed to stir at 60 °C in parallel for 3.5 h. GC analysis 

revealed that 10% conversion was achieved in each reaction, despite under different O2 

pressures. We employed the ratio of [product]:time to represent the initial rate for each reaction. 

The plot of the initial rates as a function of the O2 pressure revealed a zero order dependence of 

the reaction on O2 pressure (Figure 5-15). Catalyst decomposition, as Pd black, was observed for 

reactions with < 200 Torr O2. The lack of rate dependence on O2 pressure suggests that substrate 

oxidation is the turnover-limiting stage of the reaction.  
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Figure 5-15. Dependence of the initial rate of Pd(DMSO)2(TFA)2-catalyzed aerobic oxidation of 

4-tert-butylcyclohexanone on O2 pressure. Reaction conditions: [4-tert-butylcyclohexanone] = 

0.2 M, [catalyst] = 0.01 M, AcOH = 1 ml, 60 °C, time = 3.5 h.  
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CHAPTER 6 

 

Additional Results for Mechanistic Study of  

Pd(DMSO)2(TFA)2-Catalyzed Aerobic Oxidation of Cyclohexanone 
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6.1 Introduction  

Molecular oxygen represents a superior, sustainable and environmentally benign oxidant, and 

recent progresses in the development of Pd catalysts have enabled a wide variety of organic 

reactions using O2 as the stoichiometric oxidant.1 The generic catalytic cycle of Pd-catalyzed 

oxidative reactions consists of two independent half-reactions: PdII-mediated oxidation of the 

organic substrate and dioxygen-coupled oxidation of Pd0 (Scheme 6-1).1 The majority of these 

reactions features substrate oxidation as the turnover-limiting step. However, inefficient O2 

mixing of Pd0 often leads to a competing catalyst decomposition pathway via Pd0-aggregation, 

which represents a common problem in Pd-catalyzed aerobic oxidation reactions.2 The catalyst 

decomposition will reduce the population of the active homogeneous catalyst; however, in some 

cases, the resulting Pd0 nanoparticles proved to be catalytically active.3 Critical investigation of 

several operational homogeneous transition metal catalysts revealed that they are no more than 

precursors to heterogeneous nanoparticle catalysts.4,5 

 

Scheme 6-1. The Generic Catalytic Cycle of Pd-Catalyzed Aerobic Oxidation Reactions 

LnPd(II)X2

LnPd(0)

– nL

heterogeneous Pd

SubredH2

Subox + 2 HXO2 + 2 HX

H2O2
(H2O + 1/2 O2)
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Pd-catalyzed aerobic dehydrogenation reactions have emerged as an appealing way to 

introduce unsaturation into molecules. Oxidation of a cyclohexanone could lead to phenol and/or 

cyclohexenone (eq 6-1), which are both synthetically important products. Until recently, only 

heterogeneous catalysts, such as Pd/C, were reported to catalyze the aromatization of 

cyclohexenone to phenol. 6  With regards to cyclohexenone, early efforts of making 

cyclohexenone derivatives are limited with low yields and the narrow substrate scope.7,8 A more 

synthetically useful variation is the Pd-mediated/catalyzed Saegusa reaction, converting a broad 

range of silyl enol ethers to the corresponding α,β-enones, but this alternative does require 

multiple steps.9 Our recent discovery of three Pd catalyst systems have overcome some of the 

limitations presented above for the dehydrogenation of carbonyl compounds: (1) a Pd(TFA)2/ 2-

Me2Npy (2-N,N-dimethylaminopyridine)/TsOH catalyst for full dehydrogenation of 

cyclohexanones/cyclohexenone to phenols;10 (2) a Pd(DMSO)2(TFA)2 catalyst for selective 

oxidation of cyclohexanones to cyclohexenones;11 (3) a Pd(TFA)2/4,5-diazafluorenone catalyst 

for dehydrogenation of β-benzylacetone derivatives into arylbutenone products.12 

O O

O2 (1 atm)

5 mol% Pd catalyst
+

OH

   

(6-1)

 

In this chapter, I present additional mechanistic data for Pd(DMSO)2(TFA)2-catalyzed 

aerobic dehydrogenation of cyclic ketones, with a focus on the kinetic data for oxidation of 

cyclohexenone to phenol and the characterization of the homogeneity of the reaction conditions.  

These results provide complementary insights into this catalyst system in addition to those 

described in Chapter 5. 
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6.2 Results 

6.2.1 Variable Temperature Studies of Three Catalyst Systems for Dehydrogenation of 

Cyclohexanone 

Oxidation of the parent cyclohexanone under a constant O2 pressure (1 atm) is employed as 

the model reaction for the variable temperature study of three catalyst systems. The Pd(TFA)2/2-

Me2Npy/TsOH-catalyzed dehydrogenation at 80 °C exhibits an initial “burst” with fast formation 

of cyclohexenone during the first catalytic turnover (Figure 6-1(A)). Similar “bursts” are 

observed at different temperatures: 40 and 60 °C. At 40 °C, the “burst” reactivity leads to a more 

rapid initial conversion of cyclohexanone than at 60 °C, reflected as an interception of the time 

courses for 40 and 60 °C. The irreproducible kinetics under identical conditions complicated 

further study of this catalyst system. Dehydrogenations catalyzed by the Pd(TFA)2/4,5-

diazafluorenone catalyst exhibit initial “bursts” as well, at 60 and 80 °C. At 40 °C, however, the 

reaction proceeds with an induction period. In contrast to these two catalysts, the time courses of 

Pd(DMSO)2(TFA)2-catalyzed dehydrogenations fit well to an exponential-decay function at 

different temperatures (Figure 6-1(C)). At 60 °C, the substrate half-life is about 2 h, considerably 

shorter than that with former two catalysts. The ΔH≠ and ΔS≠ for Pd(DMSO)2(TFA)2-catalyzed 

dehydrogenation of cyclohexanone are calculated to be 12.7 kcal/mol and 40.9 e.u. based on 

Eyring analysis of the temperature dependence of the reaction (Figure 6-2).       
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Figure 6-1. Reaction time courses for the dehydrogenation of cyclohexanone with different 

catalyst systems. Reaction conditions: [cyclohexanone] = 0.8 M (0.4 mmol), [Pd(TFA)2] = 0.04 

M (0.02 mmol), 1 atm O2, T = 40, 60, 80 °C; (A) [Me2Npy] = 0.08 M (0.04 mmol), [TsOH] = 

0.16 M (0.08 mmol), DMSO = 0.5 mL; (B) [diazafluorenone] = 0.04 M (0.02 mmol), DMSO = 

0.5 mL; (C) [DMSO] = 0.08 M (0.08 mmol), AcOH = 0.5 mL.  
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Figure 6-2. Eyring plot for Pd(DMSO)2(TFA)2-catalyzed dehydrogenation of cyclohexanone. 

Reaction conditions: [cyclohexanone] = 0.8 M (0.4 mmol), [Pd(TFA)2] = 0.04 M (0.02 mmol), 

[DMSO] = 0.08 M (0.08 mmol), AcOH = 0.5 mL, 1 atm O2, T = 40, 60, 80 °C. 

 

6.2.2 Additional Kinetic Data for Pd(DMSO)2(TFA)2-Catalyzed Dehydrogenation of 

Cyclohexanone 

Pd(DMSO)2(TFA)2-catalyzed oxidation of most cyclohexanone substrates has been carried 

out in AcOH in order to obtain the best selectivity for enones.11 The plot in Figure 6-3 suggests 

that Pd(DMSO)2(TFA)2-catalyzed oxidation of the parent cyclohexanone proceeds with a good 

selectivity in AcOH. However, decomposition of cyclohexenone is observed at a longer reaction 

time (Figure 6-3). As discussed in Chapter 5, we employed Pd(DMSO)2(TFA)2 in EtOAc as the 

catalyst system for our kinetic investigation. The use of EtOAc as the solvent features several 

advantages for mechanistic investigations: (1) the lower selectivity for generating cyclohexenone 

relative to phenol in EtOAc (k1/k2 = 10) is not as good as that in AcOH, facilitates investigation 

of the second dehydrogenation step leading to phenol; (2) the neutral conditions avoid 

mechanistic complications arising from an acidic solvent, which could play a role in formation of 

the enolate intermediate. 	 



194 

 

0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8

0 5 10 15 20 25
C

on
ce

nt
ra

tio
n 

(M
)

Time (h)

Product 
decomposition

O O

OH

	 

Figure 6-3. Reaction time course of Pd(DMSO)2(TFA)2-catalyzed aerobic oxidation of 

cyclohexanone in AcOH. Reaction conditions: [cyclohexanone] = 0.8 M (0.8 mmol), [Pd(TFA)2] 

= 0.04 M (0.04 mmol), [DMSO] = 0.08 M (0.08 mmol), AcOH = 1 mL, 1 atm O2, 60 °C. 

The conversion of [cyclohexanone] in Pd(TFA)2-catalyzed dehydrogenations exhibits a 

strong dependence on the sulfoxide ligand (Figure 6-4). Replacement of DMSO with 

tetramethylene sulfoxide leads to a comparable reaction rate and conversion, whereas other 

sulfoxide ligands, including methyl methylsulfinate, methyl phenyl sulfoxide, diphenyl sulfoxide 

and trimethylene sulfoxide, result in substantially decreased yields. 
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Figure 6-4. Dependence of Pd(TFA)2-catalyzed oxidation of cyclohexanone on sulfoxide 

ligands. Reaction conditions: [cyclohexanone] = 0.8 M (0.8 mmol), [Pd(TFA)2] = 0.04 M (0.04 

mmol), [ligand] = 0.08 M (0.08 mmol), EtOAc = 1 mL, 1 atm O2, 60 °C. 
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Addition of catalytic quantities (10 mol%) of carboxylic acids into the standard reaction 

conditions leads to faster reaction rates for coverting cylohexanone to cyclohexenone (Figure 6-

5). Addition of more acidic TFAH results in faster rate relative to AcOH. However, a stronger 

acid TsOH13 almost completely inhibits the reaction. Addition of a non-coordinating base, 

1,2,2,6,6-pentamethylpiperidine, is also detrimental. 
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Figure 6-5. Dependence of Pd(DMSO)2(TFA)2-catalyzed oxidation of cyclohexanone on acid 

and base additives. Reaction conditions: [cyclohexanone] = 0.8 M (0.8 mmol), [Pd(TFA)2] = 

0.04 M (0.04 mmol), [DMSO] = 0.08 M (0.08 mmol),  [additive] = 0.08 M (0.08 mmol), EtOAc 

= 1 ml, 1 atm O2, 60 °C. 

6.2.3  Additional Kinetic Data for Pd(DMSO)2(TFA)2-Catalyzed Dehydrogenation of 

Cyclohexenone 

Pd(DMSO)2(TFA)2-catalyzed dehydrogenation of cyclohexenone to phenol proceeds with an 

induction period (cf. Figure 5-5). The kinetics from different runs appear to be reproducible, 

allowing us to explore the mechanism by further examining the kinetic orders for both induction 

and post-induction periods. The plot in Figure 6-6 reveals that both induction and post-induction 

periods exhibit an approximately first order dependence on [cyclohexenone]. 
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Figure 6-6. Dependence of the initial rate on [cyclohexenone] for Pd(DMSO)2(TFA)2-catalyzed 

oxidation of cyclohexenone to phenol. Reaction conditions: [Pd(TFA)2] = 0.08 M (0.04 mmol), 

[DMSO] = 0.16 M (0.08 mmol), EtOAc = 0.5 mL, 1 atm O2, 60 °C.  

When [Pd(TFA)2] and [DMSO] are varied at a 1:2 ratio, representing [catalyst], the reaction 

rate exhibits a non-linear dependence on [catalyst] (Figure 6-7(A)). Fitting the rate versus 

[catalyst]1/2 reveals a linear relationship for both induction and post-induction periods (Figure 6-

7(B)). When [Pd(TFA)2] is varied at a fixed [DMSO], 1 equiv. relative to [substrate], the reaction 

rates for both induction and post-induction periods still exhibits a half-order dependences on 

[Pd(TFA)2] (Figure 6-8).	 
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Figure 6-7. Dependence of the initial rate on the [catalyst], where the “catalyst” is an 1:2 

mixture of Pd(TFA)2 and DMSO, for Pd(DMSO)2(TFA)2-catalyzed oxidation of cyclohexenone 

to phenol.  Reaction conditions: [cyclohexenone] = 0.8 M (0.4 mmol), EtOAc = 0.5 mL, 1 atm 

O2, 60 °C.  
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Figure 6-8. Dependence of the initial rate on the [Pd(TFA)2] in the presence of excess DMSO 

ligand for Pd(DMSO)2(TFA)2-catalyzed oxidation of cyclohexenone to phenol. Reaction 

conditions: [cyclohexenone] = 0.8 M (0.4 mmol), [DMSO] = 0.8 M (0.4 mmol), EtOAc = 0.5 

mL, 1 atm O2, 60 °C. 	 

The dependence of the rate on [DMSO] for the post-induction period is similar to that for the 

induction period (cf. Figure 5-8). Increasing [DMSO] dramatically inhibits the reaction rate 
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(Figure 6-9). At high [DMSO], noticeably less precipitation of Pd black was observed relative to 

at low [DMSO]. 
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Figure 6-9. Dependence of the initial rate of Pd(DMSO)2(TFA)2-catalyzed oxidation of 

cyclohexenone to phenol on the ratio of DMSO/Pd. Reaction conditions: [cyclohexenone] = 0.8 

M (0.8 mmol), [Pd(TFA)2] = 0.08 M (0.08 mmol), EtOAc = 1 mL, 1 atm O2, 60 °C, [DMSO] = 

0, 0.04, 0.08, 0.16, 0.32 and 0.64 M. 

The dependence of the length of the induction period on various components of the reaction 

reveals important insights into the origin of the induction period. The length of the induction 

period increases as [DMSO] is increased (Figure 6-10). Increasing [cyclohexenone] leads to a 

shorter induction period (Figure 6-11). The inverse half-life of the induction period, 1/t1/2, which 

was used as an estimation of the rate constant, exhibits a second order dependence on 

[cyclohexenone] (Figure 6-10, insert). The catalyst concentration also demonstrates a strong 

effect on the length of the induction period. In the presence of excess DMSO, higher [Pd(TFA)2] 

leads to a shorter induction period, with 1/t1/2 exhibiting a linear dependence on [Pd(TFA)2] 

(Figure 6-12(A)). When [Pd(TFA)2] and [DMSO] are varied at a 1:2 ratio, however, the length of 

the induction period exhibits no dependence on [Pd(DMSO)2(TFA)2] (Figure 6-12(B)). 
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Figure 6-10. Dependence of the length of induction period on the Pd-catalyzed oxidation of 

cyclohexenone to phenol on [DMSO]. The curve-fit reflects a nonlinear least-squares fit to a 

generic hyperbolic function of [DMSO]/[Pd]: y = c1x/(c2+x). Reaction conditions: 

[cyclohexenone] = 0.8 M (0.8 mmol), [Pd(TFA)2] = 0.08 M (0.08 mmol), EtOAc (1 mL), O2 (1 

atm), 60 °C. 
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Figure 6-11. Dependence of the length of induction period on [cyclohexenone] for 

Pd(DMSO)2(TFA)2-catalyzed oxidation of cyclohexenone to phenol. Reaction conditions: 

[Pd(TFA)2] = 0.08 M (0.04 mmol), [DMSO] = 0.16 M (0.08 mmol), EtOAc = 0.5 mL, 1 atm O2, 

60 °C. 
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Figure 6-12. Dependence of the length of induction period on catalyst concentration, where 

[Pd(TFA)2] is varied at fixed [DMSO] in excess (A) and the “catalyst” is an 1:2 mixture of 

Pd(TFA)2 and DMSO (B). Reaction conditions: [cyclohexenone] = 0.8 M, EtOAc = 0.5 mL, 1 

atm O2, 60 °C, (A) [DMSO] = 0.8 M. 

Addition of 10% trifluoroacetic acid to the reaction mixture eliminates the induction period 

(Figure 6-13). The resulting initial time course almost overlays with the unligated Pd(TFA)2-

catalyzed reaction. However, addition of trifluoroacetatic acid to the unligated Pd(TFA)2-

catalyzed reaction does not affect the initial rate.  
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Figure 6-13. Reaction time courses of Pd-catalyzed oxidation of cyclohexenone to phenol. 

Reaction conditions: [cyclohexenone] = 0.8 M (0.4 mmol), [Pd(TFA)2] = 0.04 M (0.02 mmol), 

([DMSO] = 0.08 M (0.04 mmol)), ([TFAH] = 0.08 M (0.04 mmol)), EtOAc = 0.5 mL, 1 atm O2, 

60 °C.  

6.2.4  Kinetic Studies of Dehydrogenation of Cyclohexenone Catalyzed by Unligated 

Pd(TFA)2 

The lack of an induction period observed with unligated Pd(TFA)2 as the catalyst for 

dehydrogenation of cyclohexenone allowed us to probe the kinetic orders under these conditions 

by using initial rates. The plots in Figure 6-14 reveal a first order dependence of the reaction rate 

on [cyclohexenone] and [Pd(TFA)2]. This first order dependence on [Pd(TFA)2] contrasts the 

half-order dependence observed for Pd(DMSO)2(TFA)2-catalyzed reactions. The kinetic isotope 

effect, however, resembles that of Pd(DMSO)2(TFA)2-catalyzed reactions (cf. Scheme 5-4). The 

α-C–H exhibits a primary deuterium kinetic isotope effect (3.9 ± 0.58), when comparing the 

initial rates of dehydrogenation of cyclohexenone-d0 versus 2,6,6-cyclohexenone-d3 (Scheme 6-

2). Negligible KIE is detected for the C–H at the 4-position, based on comparison of the rates of 

2,6,6-cyclohexenone-d3 and 2,4,4,6,6-cyclohexenone-d5 (Scheme 6-2).  
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Figure 6-14. Kinetic orders for unligated-Pd(TFA)2 catalyzed dehydrogenation of cyclohexenone 

to phenol, dependence of initial rate on [cyclohexenone] (A) and on [Pd(TFA)2] (B). Reaction 

conditions: EtOAc = 0.5 mL, 1 atm O2, 60 °C; (A) [Pd(TFA)2] = 0.04 M (0.02 mmol); (B) 

[cyclohexenone] = 0.4 M (0.2 mmol).  

Scheme 6-2. Deuterium Kinetic Isotope Effects (KIE) Derived from Independent Measurement 

of Initial Rates of Pd(TFA)2-Catalyzed Dehydrogenation of Cyclohexenone to Phenol a 
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a Reaction conditions: [Substrate] = 0.4 M (0.2 mmol), [Pd(TFA)2] = 0.02 M (0.01 mmol), 

EtOAc (0.5 mL), O2 (1 atm), 60 °C.  
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6.2.5  Assessment of the Homogeneity of Pd(DMSO)2(TFA)2-Catalyzed Dehydrogenation 

The induction period of Pd(DMSO)2(TFA)2-catalyzed dehydrogenation of cyclohexenone 

could arise from an in-situ formation of a second catalyst. In the absence of DMSO ligands, the 

reaction furnishes Pd black with concomitant fading of the yellow color of the solution, 

suggesting that the homogeneous Pd0 may decompose or aggregate into heterogeneous clusters of 

Pd. Under the catalytic conditions with DMSO ligands, Pd black was also formed, but the yellow 

color of the solution was retained. Numerous precedents for conversion of homogeneous PdII into 

nanoparticles prompted us to investigate the homogeneity of the catalyst system during the 

dehydrogenation of cyclohexanone and cyclohexenone.3,4
 The Hg poisoning test is a common 

method for probing whether a transition metal-catalyzed reaction is homogeneous or 

heterogeneous, as formation of an amalgam between a M0 catalyst and Hg can terminate the 

activity of a heterogeneous catalyst.4 Addition of approximately 100 equiv. of Hg into a 

Pd(DMSO)2(TFA)2-catalyzed dehydrogenation of cyclohexanone at t = 0.5 h results in no 

immediate change in activity, but after two turnovers, a diminished reactivity was observed 

(Figure 6-15).   
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Figure 6-15. Hg test for Pd(DMSO)2(TFA)2-catalyzed aerobic dehydrogenation of 

cyclohexanone to cyclohexenone. Reaction conditions: [cyclohexanone] = 0.4 M (0.2 mmol), 

[Pd(TFA)2] = 0.02 M (0.01 mmol), [DMSO] = 0.04 M (0.02 mmol), EtOAc = 0.5 mL, 1 atm O2, 

60 °C. 

Addition of Hg has a similar effect on Pd(DMSO)2(TFA)2-catalyzed dehydrogenation of 

cyclohexenone. For both DMSO-ligated and unligated Pd catalyst systems, addition of Hg did 

not cause an immediate loss of activity (Figure 6-16), but a reduced reaction rate was observed 

after several hours. 
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Figure 6-16. Mercury test for Pd(TFA)2-catalyzed aerobic oxidation of cyclohexenone to phenol 

in the presence of DMSO ligands (A) and the absence of DMSO ligands (B). Reaction 

conditions: [cyclohexanone] = 0.8 M (0.4 mmol), [Pd(TFA)2] = 0.04 M (0.02 mmol), EtOAc = 

0.5 mL, 1 atm O2, 60 °C; (A): [DMSO] = 0.08 M (0.02 mmol). 

Dynamic light scattering (DLS) provides information about the particle size in solution 

without invading the system. Before addition of substrates, the solution of Pd(DMSO)2(TFA)2 in 

EtOAc displays particle sizes of < 1 nm. After a 24 h aerobic oxidation of cyclohexanone, 

particles ranging from 1.8 to 5.6 nm had formed. In contrast, the same experiment with the 

solution of Pd(DMSO)2(TFA)2 in AcOH reveals no detectable Pd nanoparticles after 24 h. 

6.2.6 Pd-Catalyzed Disproportionation of Cyclohexenone to Cyclohexanone and Phenol 

During our investigation of the Pd-catalyzed dehydrogenation of cyclohexenone, we observe 

a parallel Pd-catalyzed disproportionation reaction, where cyclohexenone is converted to 

cyclohexanone and phenol (Table 6-1). No cyclohexanone is detected in the unligated-Pd(TFA)2 

catalyzed dehydrogenation of cyclohexenone at 60 °C. At 80 °C, however, the reaction mixture 

affords cyclohexanone in 16% yield after 0.5 h, indicating the presence of a disproportionation 

pathway (Table 6-1, entry 1). This pathway is favored when the reaction is performed under N2 

atmosphere. Complete disproportionation is achieved after 0.5 h (entry 2) under N2. The 
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presence of DMSO ligands in the system substantially inhibits the disproportionation reaction. 

No cyclohexenone dispproportionation is observed under aerobic conditions, and 26% 

cyclohexenone disproportionation is observed under N2 (entries 3 and 4). Large quantities of Pd 

black is observed under anaerobic conditions, whereas less Pd black is present under aerobic 

conditions. 

Table 6-1. Disproportionation of Cyclohexenone to Cyclohexanone and Phenol a 

O
Pd(TFA)2 (5 mol%)

EtOAc, 80 °C, 0.5 h

O

+

OH

2

 

Entry Atmosphere DMSO (mol%) Ketone (%) Enone (%) Phenol (%) 
1 O2 0 16 55 34 
2 N2 0 50 0 50 
3 O2 10 0 95 5 
4 N2 10 13 73 13 

a Reaction conditions: [Cyclohexenone] = 0.8 M (0.4 mmol), [Pd(TFA)2] = 0.04 M (0.02 mmol), 
EtOAc = 1 mL, 1 atm O2, 80 °C, 0.5 h. 

6.3  Discussion 

6.3.1 Additional Insights into Pd(DMSO)2(TFA)2-Catalyzed Dehydrogenation of 

Cyclohexanone  

Our study in Chapter 5 established that the concentration of DMSO ligand has a minimal 

influcence on the initial rate of Pd(DMSO)2(TFA)2-catalyzed dehydrogenation of cyclohexanone 

(cf. Figure 5-3(A)). The identity of sulfoxide ligands does affect the rate, however (Figure 6-4). 

Tetramethylene sulfoxide is most similar to DMSO with respect to sterics as well as 

electronics,14,15 and exhibits similar reactivity to DMSO. The larger sulfoxide ligands, such as 

diphenyl sulfoxide and methylphenyl sulfoxide are believed to sterically disfavor association of 

the ketone at the PdII center (cf. Scheme 5-5).  
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The dramatic inhibitory effect of TsOH supports the intramolecular deprotonation pathway 

for α-C–H cleavage that we propose in Chapter 5 (cf. structure 5-3). TsOH is expected to react 

with the TFA ligand in-situ to generate Pd(OTs)2 and 2TFAH.16 We speculate that the inhibitory 

effect arises from the different basicity between tosylate and trifluoroacetate anion ligands on Pd, 

as the less basic tosylate is incapable of deprotonating the α-C–H.  

The beneficial effect of AcOH and TFAH additives may be associated with the acid-

catalyzed enolization of ketone to generate its enol form. As discussed in Chapter 5, Pd(TFA)2-

catalyzed dehydrogenation of cyclohexanone proceeds via a penta-coordinated ketone-Pd 

intermediate under neutral conditions (Scheme 6-3, ketone pathway). Formation of enol under 

acidic conditions may lead to an enol pathway, in which the enol interacts with the carboxylate 

ligand on PdII via hydrogen-bonding (Scheme 6-3, enol pathway). An analogous mechanism has 

been proposed for Pd(py)2(OAc)2-catalyzed (py = pyridine) alcohol oxidation.17  

Scheme 6-3. Possible Pathways for Acid-Accelerated Dehydrogenation of Cyclohexanone 
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6.3.2 The Homogeneous/Heterogeneous Characterization of Pd-Catalyzed 

Dehydrogenation of Cyclohexenone 

The induction period of Pd(DMSO)2(TFA)2-catalyzed dehydrogenation of cyclohexenone 

raises suspicion that in-situ formed nanoclusters serve as the active catalyst species.4 The catalyst 

that forms following the induction period favors conversion of cyclohexenones to phenols, which 

is consistent with the chemoselectivity of heterogeneous Pd catalysts in the literature.6 Several 

qualitative observations support formation of nanoparticles as the active catalytic species. The 

observed precipitation of Pd black during the reaction confirms that catalyst aggregation pathway 

is taking place, and generation of nanoparticles in EtOAc solvent is also evident from DLS 

experiments. The Hg poisoning test reveals an inhibitory effect of the reaction rate by addition of 

Hg, although the effect is not observed immediately. 

None of the above observations is definitive with respect to establishing whether the catalyst 

system is heterogeneous or homogeneous. Formation of Pd black is commonly observed in Pd-

catalyzed reactions the proceed via a PdII-Pd0 cycle. It is difficult to verify that these 

heterogeneous Pd particles are responsible for the catalytic reactivity. Similarly, the detection of 

nanoparticles by DLS only suggests the existence of aggregated Pd, but does not provide 

information about the reactivity of the species. The Hg poisoning test is inconclusive as well. 

The inhibitory effect of Hg0 could arise from reaction of homogeneous Pd0 intermediates with 

Hg0, thereby removing active homogeneous catalysts from the reaction. In addition, the time-

scale for amalgamation is unclear. The lack of a Hg0 effect at early stages of the reaction may be 

due to the fact that steady-state of the interaction between Hg and Pd has yet been reached. 

On the other hand, the reproducible kinetics for this catalyst system supports a homogeneous 

catalyst. The formation of nanoparticles can be affected by random perturbations of the system, 
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and irreproducible kinetics are often observed for nanoparticle-catalyzed reactions. Furthermore, 

strong influences of ligand on the reaction rate are consistent with a homogeneous catalyst 

system as well.  

The disproportionation reactivity of the Pd catalyst under anaerobic conditions at elevated 

temperatures illustrates the complexity and subtle condition dependence for the formation of a 

nanoparticle catalyst from an operationally homogeneous Pd catalyst. A rapid Pd-catalyzed 

disproportionation of cyclohexene to cyclohexane and benzene under Ar (eq 6-3), analogous to 

our observations, is first reported by Trost.18 It is then studied futher and proposed to arise from a 

heterogeneous catalyst by Bercaw. 19 , 20  The same Pd catalyst, under 1 atm O2, oxidizes 

cyclohexene to benzene as the sole product (eq 6-4), and was proposed to be homogeneous by 

Bercaw and coworkers.21 The disproportionation under anaerobic conditions is considerably 

faster than the oxidation under aerobic conditions. In addition, Horning and coworkers reported 

the disproportionation of cyclohexenone to cyclohexanone and phenol under anaerobic 

conditions, using a heterogeneous catalyst, Pd/C (eq 6-5).22  

Pd(TFA)2

acetone, r.t., Ar
several minutes

1/3 + 2/3

  
(6-3)

 

Pd(TFA)2

acetone, r.t. 
O2 (1 atm), 24 h      

(6-4)
 

5 mol% Pd/C

Ph2O, reflux
+

OHO O

  
(6-5) 

The reaction involving unligated Pd(TFA)2 in EtOAc for oxidation of cyclohexenone 

resembles the conditions of Pd(TFA)2 in acetone in eq 6-3 and 6-4, as well as the selectivity and 
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reaction rates under both aerobic and anaerobic conditions. While it is unclear whether the 

catalyst for oxidation of cyclohexenone under aerobic conditions is homogeneous or 

heterogeneous, the disproportionation catalyst under anaerobic conditions is expected to be 

heterogeneous, evident from the formation of bulk Pd black and exceptionally fast reactivity. 

The DMSO ligands considerably inhibit the disproportionation pathway, providing additional 

support that DMSO stabilizes the Pd catalyst.  

Despite the ambiguity of the homogeneity of the catalyst system in EtOAc, the solvent used 

for most of our mechanistic studies, the absence of nanoparticles for reactions taking place in 

AcOH, based on DLS data, suggests that the reactions carried out in this solvent are likely to be 

homogeneous. The formation and lack of nanoparticles in EtOAc and AcOH, respectively, 

correlates with the selectivity observed with each solvent for the formation of cyclohexenone or 

phenol in the dehydrogenation of cyclohexanone. While a definitive conclusion has not been 

reached, the collective data suggest that the conversion of cyclohexenone to phenol is most 

efficiently catalyzed by Pd nanoparticles that arise from insitu aggregation of Pd0. The AcOH 

solvent appears to inhibit Pd0 aggregation, thereby enabling high selectivity for cyclohexenone 

over phenol. 

6.3.3 Proposed Mechanism for Pd(DMSO)2(TFA)2-Catalyzed Dehydrogenation of 

Cyclohexenone 

Pd(DMSO)2(TFA)2-catalyzed oxidation of cyclohexenone consists of two stages: induction 

and post-induction periods. For both periods, the reaction rates exhibit a first order dependence 

on [cyclohexenone] and a half-order dependence on [catalyst]. The α-C–H exhibits a primary 

KIE, whereas the allylic C–H displays a negligible KIE. Collectively, the above results and 
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observations support a mechanism shown in Scheme 6-4. Dissociation of a DMSO ligand from 

Pd results in coordination of the cyclohexenone with PdII. The rate-limiting deprotonation of the 

α-C–H affords a Pd enolate intermediate, followed by fast β-H elimination to generate the 

dienone, which can rapidly tautomerizae to the phenol, and a Pd-hydride. The resulting Pd-

hydride undergoes reductive elimination to form the Pd0 intermediate. The Pd0 could be oxidized 

by O2 to regenerate PdII, but competing aggregation upon dissociation of the DMSO ligands is 

fast under these conditions to generate Pd nanoparticles. These nanoparticles catalyze fast 

conversion of cyclohexenone to phenol, resulting in the post-induction stage. In the absence of 

the DMSO ligands, the formation of Pd nanoparticles is fast and results in no induction period. 

Scheme 6-4. Proposed Mechanism for Pd(DMSO)2(TFA)2-Catalyzed Oxidation of 

Cyclohexenone to Phenol 
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The initial ligand dissociation step during the induction period accounts for the half-order 

dependence in [catalyst] and the sharp DMSO inhibitory effect. Because the DMSO and 

Pd(DMSO)(TFA)2 are formed simultaneously, the reverse step formally exhibits a bimolecular 

dependence on [catalyst]. As a result, [Pd(DMSO)(TFA)2] is proportional to the square root of 

[Pd(DMSO)2(TFA)2]. Accordingly, the reaction rate is proportional to the square root of 

[catalyst]. A similar half-order dependence on [catalyst] associated with ligand dissociation has 

been observed previously with Pd(py)2(OAc)2-catalyzed alcohol oxidaton reactions.23 According 

to the above analysis, in the presence of excess DMSO, a first order dependence of the rate on 

[Pd(TFA)2] should be observed. Conversely, a half-order dependence was still observed under 

these conditions. We attribute this inconsistency to a change of mechanism in the presence of 

excess DMSO. Under these conditions, the dissociation of DMSO from Pd is inhibited, and 

instead, the trifluoroacetate ligand may dissociate from Pd to form a cationic Pd intermediate and 

open the coordination site for cyclohexenone.  

The inverse half-life (1/t1/2) of the induction period is decreased as [DMSO] increases, and is 

proportional to [cyclohexenone]2 and [Pd(TFA)2] in the presence of excess DMSO (eq 6-7). 

When [Pd(TFA)2] and [DMSO] are varied together, the length of the induction period exhibits no 

dependence on [Pd(DMSO)2(TFA)2]. We attribute the induction period to the formation of Pd 

nanoparticles. This process is associated with pre-dissociation of DMSO from the Pd0(DMSO) 

intermediate (eq 6-6), resulting in inhibition of the aggregation rate by increasing [DMSO]. The 

second order dependence of 1/t1/2 on [cyclohexenone] may result from the coordination of 

cyclohexenone to Pd0(DMSO), which competes with O2 oxidation of Pd0(DMSO) and hence 

facilitates the aggregation.24 However, due to the lack of methods for precise measurement of the 

length of the induction period, the above analyses are primarily quanlitative speculations. 
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(DMSO)Pd0 - DMSO
Pd0 1/n (Pd0)n  (6-6) 

The enhanced rate of dehydrogenation following the induction period is believed to be 

catalyzed by Pd nanoparticles. The rate at this stage exhibits a first-order dependence on 

[cyclohexenone] and a half-order dependence on [catalyst]. The precise nature of the Pd 

nanoparticle and the mechanism of the dehydrogenation reaction are unclear. However, it is 

reasonable to speculate that two molecules of substrate react on the surface of an aggregated Pd 

nanoparticle. In this scenario, one catalyst molecule produces two molecules of the phenol 

product, leading to the observed half-order dependence of the rate on [catalyst]. 

6.3.4 Conclusion 

Additional kinetic results reveal the complexity of the Pd(DMSO)2(TFA)2 catalyst system in 

the dehydrogenation of cyclohexanone and cyclohexenone. Starting with an operationally 

homogeneous catalyst, the Pd0 intermediate formed from the initial turnover is possibly 

converted into a nanoparticle via a bi-molecular pathway. The nanoparticles serve as a more 

efficient catalyst for aromatization of cyclohexenone to afford phenol. These results have 

important implications in understanding Pd-catalyzed aerobic oxidation reactions. Future work in 

the development of superior catalysts selective for oxidation of cyclohexanone to cyclohexenone 

requires ligands that can better stabilize the homogeneous Pd catalyst. 

6.4  Experimental 

6.4.1 General Procedures and Considerations 

All commercially available compounds were used as received and purchased from Sigma 

Aldrich. 1H NMR spectra were recorded on a Bruker AC-300 MHz or a Varian Mercury-300 

MHz spectrometer. The chemical shifts (δ) are given in parts per million and referenced to 
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residual solvent peaks or a TMS internal standard. Gas chromatography was performed on a 

Shimadzu GC-17A using a Stabilwax®-DB column or a RTX-5MS column and referenced to an 

internal standard (tetradecane). Flash column chromatography was performed on an Isco 

Combiflash system using silica gel 60 (Silicycle) and eluted with ethyl acetate/hexane.  

O OPd(TFA)2 5 mol%

O2 (1 atm), EtOAc, 60 °C
DMSO 10 mol% +

OH

 

Catalytic aerobic oxidation reactions were performed using a custom reaction apparatus that 

enabled several reactions to be performed simultaneously under a constant pressure of O2 

(approx. 1 atm) with controlled temperature and orbital agitation. To a disposable 13 mm thick-

walled culture tube was added Pd(TFA)2, (13.2 mg, 0.04 mmol, 0.05 equiv.), DMSO (5.6 µL, 

0.04 mmol, 0.1 equiv), and 1 mL EtOAc to form a bright yellow solution. The reaction tube was 

placed in a 48-well parallel reactor mounted on a Glas-Col large capacity mixer. The headspace 

was purged with O2 for 10 min, after which tetradecane (20 µL, 0.077 mmol) was added via 

syringe. The reactor temperature was set to 60 °C and allowed to equilibrate for 5 min. Injection 

of cyclohexanone (80 mL, 0.8 mmol) established the t = 0 point. After various time intervals, 

aliquots were withdrawn from the reaction mixture via pipettes, diluted with CH2Cl2 and 

analyzed by GC. 

As illustrated in Figure 5-14, for dehydrogenation of cyclohexenone to phenol, when an 

induction period is present, the slope of [phenol]/time within the initial linear regime, starting 

from t = 0, represents the rate of the initial period. The initial rate for the post-induction period 

was calculated based on data from the last point of the induction period to the point at 10% 

conversion. 
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6.4.2  Procedures for Dynamic Light Scattering (DLS) Measurements 

Dynamic light scattering (DLS) measures the time-dependent autocorrelation function of the 

scattered light intensity related to the particle’s Brownian motion. DLS samples were prepared 

by using 1 μm PFTE filtered solvents and filtering the solution of palladium and/or catalytic 

reaction mixture through a pad of glass wool into a dust free culture tube. DLS experiments were 

carried out with a 100 mW, 532 nm laser (Compass 315-100, Coherent, Santa Clara, CA) 

illuminating a temperature controlled glass cell at 25 °C filled with a refractive-index matching 

fluid (decahydronapthalene, Fisher Scientific, 30 Pittsburgh, PA) and the sample. The scattering 

of light was measured at 90° and the autocorrelation functions were obtained using a BI-9000AT 

digital autocorrelator (Brookhaven Instruments, Holtsville, NY). A calibration procedure was 

carried out on a diluted monodispersed suspension of polystyrene beads dissolved in water. 

6.5  Contributions 

Dr. Doris Pun performed the dynamic light scattering (DLS) measurements. 
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CHAPTER 7 

 

O2-Promoted Allylic Acetoxylation of (π-Allyl)Pd Complexes 
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7.1  Introduction 

Palladium-catalyzed acetoxylation of allylic C–H bonds is a reaction that has been the 

subject of extensive historical1 and recent attention (Scheme 7-1).2,3 The vast majority of these 

reactions employ benzoquinone (BQ) as the stoichiometric oxidant, although reactions with O2, 

hypervalent iodine and other reagents have also been used.4   

Scheme 7-1. Pd-Catalyzed Oxidative Allylic Acetoxylation Reactions 

LnPdII(OAc)2
R R OAc– LnPd0

R

PdIILn(OAc)

– HOAc

[O], + 2 HOAc  

 

Fundamental studies of the oxidative acetoxylation reactions indicate that BQ promotes C–O 

reductive elimination from the (π-allyl)PdII intermediate (Scheme 7-2).5, 6  These observations 

provide insights into the requirement of BQ for high yielding allylic acetoxylation reactions even 

when other stoichiometric oxidants are present.4 BQ may promote the acetoxylation of (π-

allyl)PdII intermediates via two possible pathways: (1) BQ coordinates to (π-allyl)PdII 

intermediates and increase their electrophilicity (BQ-PdII interaction), proposed by Bäckvall and 

coworkers on the basis of kinetic data5c and NMR spectroscopic studies;7,8 or (2) BQ displaces 

the allylic acetate product from Pd0 following reversible C–O bond formation (BQ-Pd0 

interaction), proposed by Bercaw and coworkers on the basis of kinetic studies and acetate 

srambling experiments.2c  
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Scheme 7-2. BQ-Promoted Oxidative Allylic C-H Acetoxylation 

Pd0(BQ)
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R OAc
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PdII
BQAcO
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Replacement of a traditional stoichiometric oxidant such as BQ with O2 presents an 

environmentally benign alternative method. 9 In light of the recent report of O2-promoted reductive 

elimination of hydrogen halide from IrIII complexes by coordination to Ir,10 we ask whether O2 is 

capable of interacting with PdII in a similar way, replacing BQ in promoting the acetoxylation of 

(π-allyl)Pd intermediates. If so, considering the capability of oxidizing Pd0 to PdII with O2,11,12 it 

is likely that, under the right conditions, O2 can replace BQ in Pd-catalyzed oxidative allylic 

functionalization reactions. Recently, Kaneda and coworkers reported an aerobic Pd-catalyzed 

oxidative allylic acetoxylation reaction (eq 7-1).13 This unligated Pd method contradicts the 

argument that BQ is required to assist the acetoxylation of (π-allyl)Pd intermediates in allylic 

acetoxylations. Shortly after Kaneda's report, Liu and coworkers reported an aerobic Pd-

catalyzed allylic amination reaction that uses maleic anhydride in place of BQ to promote 

cleavage of the Pd–C bond (eq 7-2).14 Subsequently, aerobic oxidative allylic acetoxylation 
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reactions have been achieved by employing a 4,5-diazafluorenone ligand (eq 7-3).15 It is likely 

that the bidentate 4,5-diazafluorenone ligand forms a cationic PdII intermediate, which undergoes 

facile acetoxylation.16 With the interesting O2-mediated allylic oxidation reactions above, a 

systematic study of the mechanism of acetoxylation of unligated (π-allyl)Pd complexes with O2 

has not been reported.  

Ph Ph

PdCl2 (1 mol%)
NaOAc (20 mol%)

4Å MS
DMA, AcOH, O2 (6 atm)

85%
OAc

  

(7-1) 

Ph PhNaOAc, maleic anhydride
DMA, AcOH, O2 (6 atm)

62%

N
Ts

TsHN OMe

O

Pd(OAc)2 (10 mol%)
CO2Me

 

(7-2)

 

Ph Ph

Pd(OAc)2 (5 mol%)
NaOAc (20 mol%)

dioxane, AcOH, O2 (1 atm)
81%

OAc

N N

O

   

(7-3) 

Here we investigate O2-promoted acetoxylation of "ligand-free" (π-allyl)Pd complexes and 

palladium-catalyzed oxidative allylic acetoxylations using O2 as the sole oxidant. The kinetic 

investigation on this reaction resulted in important insights into the mechanism of O2-promoted 

acetoxylation processes. Our study of this O2 promoted allylic acetoxylation in a simple "ligand-

free" system also provides a foundation for our recent development of a ligand-based approach 

to achieve Pd-catalyzed C–H acetoxylation under aerobic conditions in the absence of BQ.15 
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7.2  Results 

7.2.1 O2-Promoted Acetoxylation of the (π-allyl)PdCl Complexes 

We initiated our investigation of O2-promoted acetoxylation by probing the effect of different 

oxidants on the acetoxylation reaction of various (π-allyl)PdCl complexes (Table 7-1).17 A 

mixture of AcOH-d4 and CD3CN in a ratio of 4:2.5 was used as the working solvent. AcOH-d4 

was employed by Bäckvall as the solvent for the study of BQ-promoted acetoxylation of (π-

allyl)Pd complexes.5 The use of CD3CN ensures solubility of the Pd complexes and LiOAc, as 

the acetate source. Alkyl, aryl and ester derived (π-allyl)PdCl complexes 7-1a, 7-1b, 7-1c and 7-

1d, respectively, in the presence of BQ afford the terminal allylic acetate in high yields (Table 7-

1, entries 1, 4, 7 and 10). A by-product, benzene, is observed in 3% yield from the reaction of 7-

1b, which possibly arises from over-oxidation or disproportionation of the allylic product 7-2b. 

When investigating O2 as the oxidant under the same conditions, the propenyl and cyclohexenyl 

PdCl complexes 7-1a and 7-1b only yield trace acetate product (entries 2 and 5), whereas 

electron-withdrawing (π-allyl)PdCl complexes 7-1c and 7-1d are converted to the allylic acetate 

product 7-2c and 7-2d in 31% and 94% yields, respectively. The O2-promoted acetoxylation of 

7-1c proceeds to form the 7-2c during the first five hours (about 30% conversion); however, 

multiple unidentified by-products emerge after 5 hours. These unexpected by-products likely 

inhibit the further conversion of 7-1c to 7-2c.  In the absence of an oxidant, 7-1a, 7-1b and 7-1c 

appear to be stable towards nucleophilic attack by acetate (entries 3, 6 and 9). The electron-

withdrawing methyl butenoate derived (π-allyl)PdCl complex 7-1d undergoes slow 

acetoxylation, and generates the acetoxylation product 7-2d in 19% yield. While Pd black was 

generated in this reaction of 7-1d under an N2 atmosphere, none was observed in the reactions 

with O2 or BQ present.  
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Table 7-1. Acetoxylation of (π-allyl)Pd Complexes in the Presence of BQ or O2
a 

R

Pd
Cl

LiOAc,  oxidant,
R OAc+ Pd

OAc
+

R

AcOH-d4/CD3CN, 80 °C

7-1 7-2(trans) 7-2(cis)

[O]

 

Pd
Cl

Pd
Cl

Ph

Pd
Cl

O

OMe
Pd

Cl

69
2
1

(84)
(7)
(0)

96 (0)
31 (0)
1 (0)

93 (7)
94 (6)
19 (0)

NMR yield (%)(!-allyl)Pd complexEntry

1
2
3

4
5
6

7
8
9

10
11
12

7-2a
7-1a

7-1b

7-1c

7-1d

BQ
O2
none

Oxidant

BQ
O2
none

BQ
O2
none

BQ
O2
none

Product

OAc

7-2b
OAc

Ph OAc

O

OMe
AcO

O

OMe

OAc

7-2-trans(cis)

Ph OAc

7-2c(trans)

7-2a(cis)

7-2d(trans)

7-2d(cis)
 

a  Reaction conditions: [Pd] = 10 mM, [LiOAc] = 12 mM, [Oxidant] = 30 mM, AcOH-d4 = 0.4 
mL, CD3CN = 0.25 mL, 24 h. Reactions were performed in NMR tubes and monitored by 
INOVA-500MHz spectrometer with 1,3,5-tri-tert-butyl benzene as the internal standard.  

 

The Hammett plot for the acetoxylation of p-substituted allylbenzene-derived (π-allyl)PdCl 

complexes in the presence of oxidants sheds light on the electronic effect of the Pd complexes on 

the reaction (eq 7-4). Formation of the allylic acetate product was monitored by 1H NMR 
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spectroscopy, and the initial rate of each reaction (kx) represents the rate from t = 0 to 5% 

conversion of the (π-allyl)PdCl. The rho (ρ) values of ln(kx/kH) versus σpara were determined to be 

0.898 and 1.00 in the presence of BQ and O2, respectively (Figure 7-1).  

OAc [PdII] ++ [O]H2

X XAcOH-d4/CD3CN
12 h, 80 °C

[O], LiOAc

PdCl

 

(7-4) 
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Figure 7-1. Hammett plot of the acetoxylation of p-substituted (π-Allyl)PdCl complexes in the 

presence of BQ (A) and O2 (B). Reaction conditions: [Pd]0 = 3 mM, [LiOAc] = 30 mM, AcOH-d4 

= 0.4 mL, CD3CN = 0.25 mL, 80 ºC, (A) BQ = 30 mM; (B) [O2] = 13 mM.  

7.2.2 "Unligated" Pd Catalyzed Aerobic Allylic Acetoxylation of Terminal Alkenes 

In light of the recent success in Pd-catalyzed aerobic acetoxylations reactions,13,15 we 

examined the allylic C–H acetoxylation reaction of alkenes with catalytic Pd(OAc)2 under the 

same conditions as our stoichiometric experiments, using an elevated O2 pressure (Table 7-2). 

No acetoxylation product was observed from the reaction of 1-octene under 60 psi of O2 after 24 

hours (entry 1). Instead, the migration of the alkene through the aliphatic chain afforded a 

mixture of alkene isomers. Allyl benzene and methyl butenoate yield the desired allylic acetate 
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product in moderate yield (entries 2 and 3). 1H NMR spectra of the crude reaction mixtures 

reveal that unreacted starting material is the remaining of the material. Allylic acetoxylation of 

β-methylstyrene proceeded with 30% conversion to the desired cinnamyl acetate (entry 4). The 

slower reaction rate of β-methylstyrene compared to that of allylbenzene can be attributed to the 

lower acidity of the allylic methyl proton relative to a benzylic allylic proton. 

Table 7-2. Pd(OAc)2-Catalyzed Aerobic Allylic Acetoxylation Reactionsa 

Ph Ph OAc 67%

MeO

O

MeO
OAc 75%

O

Ph Ph OAc 30%

5

Pd(OAc)2 5 mol%, LiOAc (2 equiv.) 
O2 60 psi, 80 °C, 24 h

AcOH, CH3CN

0%c

Substrate Product yieldb

4
OAc

R2R1 OAcR1

R2

Entry

1

2

3

4
 

a Reaction conditions: [substrate]0 = 0.5 M, [LiOAc] = 1 M, AcOH-d4 = 2 ml, CD3CN = 1.2 ml. b 

Yields were determined by 1H NMR spectroscopy with 1,3,5-trimethoxybenzene as the internal 
standard. c Double bond migration was observed. 

 

7.2.3  Characterization of the (π-allyl)PdCl Complexes in the AcOH/CH3CN Solvent 

Mixture 

In order to probe the effect of O2 on the acetoxylation of (π-allyl)PdCl complexes, the 

acetoxylation of allylbenzene-derived (π-allyl)PdCl complex 7-1c was used as a model for 

mechanistic studies of this process. The UV-visible spectrum of the solution of 7-1c in AcOH 

shows a strong absorption peak at 290 nm (Figure 7-2(A)). Upon titration of CH3CN into the 
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same solution, the species at 290 nm converts into a new species that absorbs at 270 nm. The plot 

of absorption at 270 nm versus [CH3CN] fits a hyperbolic function, suggesting saturation at high 

[CH3CN] (Figure 7-2(B)). The same titration experiments are performed in deuterated solvents 

and monitored by 1H NMR spectroscopy. Titration of CD3CN into the solution of 7-1c in AcOH-

d4 leads to downfield shift of the 1H peaks (Figure 7-3(A)). The doublet at 4.65 ppm represents 

the benzylic proton of 7-1c ([C6H5CH2CHCH2PdCl]2), and the plot of its chemical shift as a 

function of the [CD3CN] reflects a dramatic downfield shift at low [CD3CN] and a modest 

change at high [CD3CN] (Figure 7-3(B)). The data at low [CD3CN] fit a hyperbolic function, 

whereas the data at high [CD3CN] fit a linear function. 
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Figure 7-2. Titration of CH3CN into a solution of 7-1c in AcOH determined by UV-Visible 

spectroscopy, UV-Visible spectra (A) and the absorption of the peak at 270 nm as a function of 

[CH3CN] (B). Conditions: [7-1c]0 = 0.025 mM, solvent = AcOH, 22 °C. 
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Figure 7-3. Titration of CD3CN into a solution of 7-1c in AcOH-d4 determined by 1H NMR 

spectroscopy: 1H NMR spectra (A) and the integration of the peak at 4.65 ppm 

([C6H5CH2CHCH2PdCl]2) as a function of [CD3CN] (B). The curve fit reflects a nonlinear least-

squares fit to a modified hyperbolic function of [CD3CN]:   δ = [CD3CN]/(c1 + c2[CD3CN])+ 

c3[CD3CN]+δ0.  Reaction conditions: [7-1c] = 0.25 mM, solvent = AcOH-d4, total solution 

volume = 0.65 mL, 24 °C.  

We continued our investigation by examining the effect of LiOAc on the ground state 

structure of 7-1c. Addition of LiOAc leads to an upfield shift of 1H peaks of 7-1c in a solvent 

mixture of AcOH-d4 and CD3CN in a ratio of 4 : 2.5 (corresponding to 8000 mM CD3CN in 

AcOH-d4). For example, the benzylic proton ([C6H5CH2CHCH2PdCl]2) is a doublet at 4.945 ppm 

in the absence of LiOAc. Increasing the LiOAc concentration results in upfield shift of this peak, 

which plateaus at high [LiOAc] (Figure 7-4).  
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Figure 7-4. Dependence of the 1H chemical shift of the benzylic proton of 7-1c on [LiOAc]. 

Reaction conditions: [7-1c] = 1.5 mM, [O2] = 13 mM, AcOH-d4 = 0.4 mL, CD3CN = 0.25 mL, 80 

ºC. 

7.2.4 Kinetics Studies of BQ- and O2-Promoted Acetoxylation of the (π-allyl)PdCl 

Complex 7-1c 

Despite the incomplete conversion of 7-1c to cinnamyl acetate 7-2c in the presence of O2, 

analysis of the reaction by initial rates provides kinetic insights into the reaction (eq 7-5). The 

formation of 7-2c was monitored by 1H NMR spectroscopy and quantified by integrating the 

acetate methylene doublet at 4.76 ppm (C6H5CHCHCH2OAc). The O2-promoted acetoxylation of 

7-1c exhibits first order dependence on [7-1c] and [O2] (Figure 7-5). The reaction rate is 

accelerated by increased [LiOAc] (Figure 7-6). The rate versus [LiOAc] fits a hyperbolic 

function. 

Ph

Pd
Cl

Ph OAcAcOH-d4 : CD3CN = 8 : 5
 80 °C

BQ or O2, LiOAc

7-1c 7-2c   

(7-5)
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Figure 7-5. Kinetic orders of O2-promoted acetoxylation of 7-1c: dependence of the initial rate 

on [7-1c] (A) and [O2] (B). Reaction conditions: AcOH-d4 = 0.4 mL, CD3CN = 0.25 mL, 80 ºC, 

[LiOAc] = 30 mM, (A) [O2]  = 13 mM and (B) [7-1c]0 = 1.5 mM. 
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Figure 7-6. Rate dependence of the acetoxylation of 7-1c on [LiOAc]. Reaction conditions: [1c]0 

= 3 mM, [O2] = 13 mM, AcOH-d4 = 0.4 mL, CD3CN = 0.25 mL, 80 ºC.   

The effect of BQ on the acetoxylation of 7-1c was determined under analogous reaction 

conditions. The intial rate displays a first order dependence on [7-1c] and [BQ] (Figure 7-7). The 

slope of the reaction rate as a function of [BQ] is almost 10 times greater relative to the rate as a 

function of [O2]. 
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Figure 7-7. Kinetic orders of BQ-promoted acetoxylation of 7-1c: dependence of the initial rate 

on [7-1c] (A) and [BQ] (B). Reaction conditions: AcOH-d4 = 0.4 mL, CD3CN = 0.25 mL, 80 oC, 

(A) [LiOAc] = 12 mM, [BQ] = 30 mM (B) [LiOAc] = 30 mM, [7-1c]0 = 1.5 mM. 

7.2.5 Acetate Exchange Experiments  

In order to probe the reversibility of formation of C–O bond in the acetoxylation process, we 

conducted an acetate scrambling experiment of 7-2c. Cinnamyl acetate, 7-2c, and a catalytic 

quantity of 7-1c were introduced into the reaction conditions with deuterium-labeled LiOAc-d3 

(eq 7-6). After 12 hours, in the absence of an oxidant, the overall concentration of cinnamyl 

acetate 7-2c and 7-1c remained constant, but 17% of the total cinnamyl acetate 7-2c was 

converted to the d3-labeled cinnamyl acetate 7-2c-d3. Comparable quantity of free AcOH-d3 was 

formed concomitantly. 

Ph O

Ph

Pd
Cl

LiOAc-d3 (0.6 equiv.), N2
AcOH-d4/CD3CN, 80 °C, 12 h

CH3

O

Ph O CD3

O
7-1c

17%

7-2c 7-2c-d3

(3 mol%)

  

(7-6)
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We also performed an analogous experiment with 7-2c replaced by the more electron-

deficient 7-2d under the same conditions. After 12 h, 7-1c was converted to 7-2c in 20% yield 

(eq 7-7). Meanwhile, the same quantity of the Pd complex 7-1d was observed, arising from 7-2d.  

MeO

O
OAc

MeO2C

[PdII]

7-2d
Ph

Pd
Cl

N2, AcOH-d4/CD3CN
80 °C, 12 h

20%

Ph OAc

7-1c 7-2c
(33 equiv.)

LiOAc (20 equiv.)

7-1d

+ +

 

(7-7)

 

 

7.3 Discussion 

7.3.1 The Identity of 7-1c under the Reaction Conditions 

(π-Allyl)PdCl complexes have been reported to be dimers in AcOH, and neutral donor 

ligands, such as pyridine, have been shown to break the dimeric (π-allyl)PdCl into monomers.18 

As observed in Figures 7-2 and 7-3, the addition of CH3CN leads to changes in the UV-visible 

and 1H NMR spectra of 7-1c in AcOH. We speculate that 7-1c is a dimer in AcOH, and 

formation of the monomeric 7-1c' upon coordination to CH3CN is the origin of the change in the 

spectra (eq 7-8). This proposed equilibrium process is consistent with the saturation of the UV-

visible absorbance at high [CH3CN]. Based on the UV-visible spectra, the equilibrium constant 

of this dimer-monomer (Keq) is calculated to be 4.28 × 10-6. The fitting of the CD3CN titration 

curve, derived from the 1H NMR spectra, consists a hyperbolic term and a linear term, reflecting 

two types of influences that CD3CN has on the 1H NMR spectra. We reason that the initial 

change of the chemical shift upon addition of CD3CN is caused by formation of 7-1c' from 7-1c 

(eq 7-8). In contrast, at the linear phase where 7-1c' is the predominant species, the change of 

chemical shift is directly proportional to the [CD3CN], suggesting a solvent-associated change of 

chemical shifts. The equilibrium constant of eq 7-8 is calculated to be 3.74 × 10-6 based on above 
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analysis of the 1H NMR spectra. Collectively, the two independent measurements match each 

other and the equilibrium constant (Keq) of eq 7-8 is determined to be 4 × 10-6.  

Ph

Pd
NCCD3Cl

+ 2 CD3CN

Keq ! 4 x 10-6

Ph

Pd
Cl

Ph

Pd
Cl 2

7-1c 7-1c'  

(7-8)

 

Addition of LiOAc into a solution of 7-1c' in the mixed solvent system, AcOH and CH3CN, 

led to a gradual change of the 1H NMR spectra, which plateaus at high [LiOAc]. The interaction 

of LiOAc with 7-1c' suggests a ligand exchange process. The chloride ligand can be replaced by 

acetate to form 7-1c'' (eq 7-9). Alternatively, substitution of CH3CN with acetate will lead to the 

anionic Pd complex 7-1c''' (eq 7-10). The neutral 7-1c'' is expected to have lower energy than 

the anionic 7-1c''', and the high CH3CN concentration favors formation of 7-1c''. However, we 

are unable to completely rule out eq 7-10 with our current data. The equilibrium constant (Keq) is 

calculated to be 0.346 based the plot in Figure 7-4.    

Ph

Pd
NCCD3Cl

Ph

Pd
NCCD3AcO

+ AcO-

Keq = 0.346

7-1c' 7-1c''

- CD3CN

   

(7-9)
 

Ph

Pd
NCCD3Cl

Ph

Pd
OAcCl

+ AcO-

Keq' = 0.346

7-1c' 7-1c'''

- CD3CN

 

(7-10)

 

7.3.2 Mechanism of O2-Promoted Acetoxylation of 7-1c and the Comparison with BQ 

Two possible pathways for BQ-promoted acetoxylation of (π-allyl)PdII complexes have been 

proposed by Bäckvall5 and Bercaw (Scheme 7-2).2c The electrophilic BQ can coordinate side-on 

through the alkene to (π-allyl)PdII complexes and facilitate the rate-determining nucleophilic 
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attack by acetate, presented as PdII associative pathway in Scheme 7-2. The alternative Pd0 

trapping pathway involves reversible C–O bond formation to afford the Pd0-alkene intermediate, 

followed by dissociation of the alkene via trapping of Pd0 with BQ. In this Pd0-trapping 

mechanism, the reversible formation of alkene-Pd0 adduct is independent from BQ, and BQ 

serves as an oxidant to trap the Pd0-alkene adduct. 

Scheme 7-2. Proposed Pathways for BQ-Promoted Acetoxylation of (π-allyl)Pd Complexes 

Pd(II) Associative Pathway

Pd(0) Trapping Pathway

R

Pd
O

O

X

R

[PdII]

R OAc

Pd0
R OAc

BQ

BQ

Pd(II)-BQ 
interaction

Pd(0)-BQ 
interaction

AcO

AcO

 

 

We envisioned two analogous pathways for O2-promoted acetoxylation of 7-1c. The 

mechanistic studies described above provide important constraints to distinguish between the PdII 

associated pathway and Pd0 trapping pathway. To summarize the kinetic data, the rate of O2-

promoted acetoxylation of 7-1c is determined to be first order dependent on [7-1c] and [O2] in 

the presence of excess LiOAc. The increase of [LiOAc] leads to a faster rate of acetoxylation, 

which reaches saturation at high [LiOAc]. In comparison, the BQ-promoted acetoxylation of 7-

1c under similar conditions displays first order dependence on [7-1c] and [BQ], as well. 

Under the reaction conditions of our study, excess LiOAc and CH3CN as a co-solvent with 

AcOH resulted in complete convertion of 7-1c into 7-1c'' or 7-1c'''. Scheme 7-3 and 7-4 

illustrate two pathways for acetoxylation of 7-1c'', PdII associative pathway and Pd0 trapping 
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pathway, respectively. The nucleophilic attack of acetate to the π-allyl Pd complex can precede 

both intramolecularly and intermolecularly. The effect of LiOAc on the ground state structure of 

7-1c (Figure 7-4) and the kinetic rate of the acetoxylation reaction (Figure 7-6) correlate with 

each other. Saturation was reached at 15 mM of LiOAc in both plots. This observation suggests 

that the effect of LiOAc on the kinetic rate arises from the change of ground state structure of 7-

1c upon addition of LiOAc, and the formation of C–O bond is likely via intramolecular attack of 

the acetate ligand to the allylic C.  

Scheme 7-3. Acetoxylation of 7-1c via the PdII Associative Pathway and Derived Rate Laws 
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Pd
OAcO2

Ph OAc + Pd[O]
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Pd
OAcH3CCN
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Internal acetate attack
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Scheme 7-4. Acetoxylation of 7-1c via the Pd0 Trapping Pathway and Derived Rate Laws 
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We derived the rate law for the PdII associative pathway and Pd0-trapping pathway based on 

intramolecular attack of the acetate, by applying the steady-state approximation. The rate law of 

the PdII associative pathway exhibits first order dependence on [O2] and [7-1c''], which is 

consistent with our kinetic data. The rate law for the Pd0 trapping pathway displays a first order 

dependence on [7-1c''] and saturation dependence on [O2]. However, if the O2 trapping step (k3) 

is much slower than the reverse step of C–O formation (k-2), the reaction would exhibits a first 

order in [O2], consistent with our kinetic data. The lack of the presence of the Pd0-cinnamyl 

acetate adduct 7-3c in the 1H NMR spectra supports a large k-2. Collectively, both pathways are 

consistant with our observed kinetic data. 

Despite the ambiguity of rate laws of the two pathways, the acetate scrambling experiments 

suggest that Pd0 trapping pathway is possible. In the absence of an oxidant, the presence of 7-1c 

has led to the formation of deuterium labeled cinnamyl acetate 7-2c-d3 from 7-2c, implying a 

sequence of reversible steps: (1) C–O bond formation to afford Pd0-alkene adduct 7-3-d3 from 7-

1c''; (2) replacement of 7-2c-d3 from Pd0 with a molecule of 7-2c; 19,20 (3) conversion of 7-3 to 7-

1c'', namely oxidative cleavage of the C–O bond (Scheme 7-5). The acetate scrambling serves as 

evidence for the formation of a 7-3c intermediate, as attempts to observe 7-3c by 1H NMR 

spectroscopy fail due to the low equilibrium constant for forming 7-3c from 7-1c''. Formation of 

allylic acetates in the presence of Pd0 trapping reagents can be correlated to their coordination 

capability to Pd0. In the cases when oxidants are present, trapping of intermediate 7-3c by 

oxidants becomes irreversible, and thus affords the acetate product and a reoxidized PdII. This 

hypothesis has found support in formation of 7-1d from 7-2d in the presence of 7-1c (cf. eq 7-7). 

Under these conditions, the electron deficient alkene 7-2d serves as the trapping reagent that 
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exchanges with the 7-3c intermediate to release 7-2c and form 7-1d. 7-2d in this process can be 

regarded as an oxidant in the context of converting the Pd0 of 7-3c into PdII complex 7-1d. 

Scheme 7-5. Reversible Pathways for Formation of 7-2c-d3 from 7-2c 
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The interaction of O2 with Pd0 proposed above for the Pd0-trapping mechanism is consistent 

with previous studies from our group,11,20 where O2 and electron-deficient alkenes can exchange 

with each other in coordination to Pd0 complexes. Although the trapping of Pd0 intermediates by 

O2 validates the possibility of aerobic allylic acetoxylation in the absence of BQ in a ligand-free 

system, the reactions rates can be accelerated in the presence of electron-deficient ancillary 

ligands such as 4,5-diazafluorenone.15 Mechanistic investigation revealed that 4,5-

diazafluorenone facilitated the formation of C-O bond by coordination to π-allyl palladium 

complexes. 
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7.3.3 Conclusion 

Stoichiometric and catalytic studies have revealed that O2 is capable of promoting oxidative 

allylic acetoxylation of alkenes. Our kinetic invetigation suggests that the O2-promoted 

acetoxylation of (π-allyl)PdCl complexes could proceed via either a PdII associative pathway, 

where O2 coordinates to PdII, or a Pd0 trapping pathway, in which O2 interacts with an Pd0 

intermediate. Acetate scrambling experiments verifies that the Pd0 trapping pathway is plausible 

under the reaction condition. These results presented above have important implications in 

replacing BQ with O2 in oxidative allylic acetoxylation reactions.  

 

7.4  Experimental 

7.4.1  General Procedures and Considerations 

All commercially available compounds and deuterated solvents were used as received, and 

were purchased from Sigma-Aldrich. All NMR experiments were acquired on a Varian INOVA-

500 MHz spectrometer. The chemical shifts (δ) of 1H NMR spectra are given in parts per million 

and referenced to the residual acetate proton of AcOH-d4 (2.04 ppm). Unless specified, all 

experiments used recrystalized 1,3,5-tri-(tert-butyl)benzene as the internal standard. All reactions 

were conducted in J-Young tubes, except for experiments in Figure 7-5(B) for determining the 

dependence the initial rate on  [O2], which were performed in thick wall NMR tubes with a flame 

sealed top. 

General Procedure for Synthesis of π-allyl Palladium Complexes. All π-allyl palladium 

complexes are prepared according to literature procedures.17 A representative procedure for the 

synthesis of cinnamyl derived π-allyl palladium complex 7-1c is presented here. To an oven-
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dried round bottom flask equipped with a magnetic stir bar was added palladium trifluoroacetate 

(154 mg, 0.5 mmol). The flask was wrapped with aluminum foil, and then put under an N2 

atmosphere. Dry THF (5 mL) and allyl benzene (66 μL, 0.5 mmole) was added via syringe. The 

flask was stirred for 1 hour at room temperature. Tetrabutylammonium chloride (150 mg, 0.55 

mmol) was added, and the solution was allowed to stir for another 30min. After the reaction, the 

mixture was filtered through Celite to remove palladium black, purified by silica gel column 

chromatography, and recrystalized from CH2Cl2 and hexane. The 1H NMR spectrum of this 

compound is consistent with the literature. 

General Procedure for Pd(OAc)2-Catalyzed Aerobic Allylic Acetoxylation of Alkenes. 

Allylbenzene (132 µL, 1 mmol), LiOAc (130 mg, 3 mmol) and Pd(OAc)2 (10 mg, 5 mol%) were 

weighed out in a thick walled pressure tube. 1.2 ml HOAc and 0.8 ml CH3CN were then added. 

The tube was equipped with a pressure regulator. 30 psi of O2 was charged into the tube and 

released 10 times to fully purge the system. The tube was then pressurized with 60 psi O2 and 

allowed to stir at 80 °C overnight. The reaction was then cooled to room temperature and 

trimethoxybenzene (50 mg, 0.3 mmol) was added as internal standard. Solvent was then removed 

by rotovap and the sample was analyzed by 1H NMR spectroscopy. Reactions with other alkene 

substrates applied the same procedure as allylbenzene. 

7.4.2 1H NMR Spectra and Timecourse of O2-Promoted Acetoxylation of 7-1c 

Solutions of internal standard (1,3,5-tri-(tert-butyl)benzene) in deuterated solvents, AcOH-d4 

and CD3CN were prepared on a 10-mL scale. The palladium complex 7-1c and lithium acetate 

stock solutions were prepared immediately before use on a 1-mL scale using the internal 

standard solution. To a J-Young NMR tube, stock solutions were added via gas-tight syringe. 
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After preparation of the sample, the J-Young NMR tubes were immediately placed in an 

acetone/dry ice bath. Freeze-pump-thaw cycles were carried out three times to degas the solvent. 

The gas (O2 or N2) was then introduced to the tubes. When pressurized oxygen was required, a 

liquid nitrogen bath was used instead of acetone/dry ice. The volume of oxygen was measured by 

a manometer. Before insertion into the NMR spectrometer, the tube was thawed and shaken well 

to allow good mixing of gas into solvent. The spectrometer probe was pre-heated to the desired 

temperature and allowed to equilibrate for 30 minutes.  

The 1H NMR spectrum of 7-1c exhibits a doublet at 4.93 ppm, representing the benzylic 

proton ([C6H5CH2CHCH2PdCl]2) (Figure 7-8(A)). This peak was used to determine [7-1c]. At 

high temperature the peaks at 4.13 and 3.19 ppm become broad, reflecting fast exchange 

between the two vinyl protons via an η1 intermediate at elevated temperature. The acetate 

methylene doublet at 4.76 ppm (C6H5CHCHCH2OAc) of 7-2c was used to represent 7-2c in 

measuring [7-2c]. 
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Figure 7-8. The 1H NMR spectrum of 7-1c under the reaction conditions (A) and crude spectrum 

of the same sample after 24 h (B). Reaction conditions: [7-1c]0 = 3 mM, [O2] = 48 mM, [LiOAc] 

= 30 mM, AcOH-d4 = 0.4 mL, CD3CN = 0.25 mL, 80 °C. 

Despite formation of by-products at the late stage of the reaction, the reaction timecourse 

during the first 500 minutes suggests a clean conversion of 7-1c to 7-2c (Figure 7-9). Initial rate 

measurements based on the first 5% conversion have been used for the kinetic analyses above. 
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Figure 7-9. The initial time course of O2-promoted acetoxylation of 7-1c. Reaction conditions: 

[7-1c]0 = 3 mM, [O2] = 48 mM, [LiOAc] = 30 mM, AcOH-d4 = 0.4 mL, CD3CN = 0.25 mL, 80 

°C. 

7.4.3  Procedure for the Acetate Exchange Experiments 

The allylbenzene derived π-allyl palladium complex 7-1c (2.2 mg, 4.0 mmol), cinnamyl 

acetate 7-2c (5.5 mg, 5.2 µl, 31 mmol) and LiOAc-d3 (2.7 mg, 40 mmol) were weighed into a J-

Young tube. The stock solution of internal standard in AcOH-d4 and CD3CN were added via gas-

tight syringe. The NMR tube was immediately placed in an acetone/dry ice bath. Freeze-pump-

thaw cycles were carried out three times to degas the solvent. 1 atm of N2 was then introduced to 

the tube. With the probe of the NMR spectrometer pre-heated to 80 ºC, the NMR tube was 

placed into the NMR spectrometer and data acquired over 12 h. 

The integration of the acetate peak of 7-2c (at 2.07 ppm) was reduced by 17% after 12 h, 

which was interpreted as conversion of 17% 7-2c to 7-2c-d3 (Figure 7-10). A singlet peak grows 

in at 2.04 ppm, the concentration of which corresponds to 17% acetate relative to 7-2c. We 

assign this peak as the free AcOH, arising from exchange of the AcOH-d3 with 7-2c. 
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Figure 7-10. The acetate exchange experiment of allylbenzene 7-2c in the presence of 7-1c at t = 

0 (A) and t = 12 h (B). Reaction conditions: [7-1c]0 = 1.5 mM, [LiOAc-d3] = 30 mM, [7-2c]0 = 

50 mM, AcOH-d4 = 0.4 ml, CD3CN = 0.25 ml, 80 ºC, N2, 12 h. 

7.4.4 Derivation of the Equilibrium Constant Between 7-1c' and 7-1c 

Scheme 7-6 illustrates the derivation of the equilibrium constant for conversion of 7-1c into 

7-1c'. The results derived from UV-visible spectra and 1H NMR spectra are consistent. 

(A) 

(B) 

7-2c 

C6H5CHCHCH2OAc 
CHD2CO2H 

CH3CN 

AcOH 
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Scheme 7-6. Equations for Calculation of the Equilibrium Constant Between 7-1c' and 7-1c 

Ph

Pd
NCCD3Cl

Ph

Pd
Cl + 2 CD3CN

Ph

Pd
Cl 2

1 0

x 2x[CD3CN]

1-x 2xequilibrium

change

initially

!obs = !M * "M + !D * "D + #![CD3CN]

#![CD3CN] = 1.56 * 10-6 [CD3CN] (By Linear correlation in excess CD3CN)

!D = 4.656 ppm
!M = 4.813 ppm

!obs = 4.656 * (1-x) + 4.813 * x + 1.56 * 10-6 [CD3CN]

Solve x for each of the data point

Keq =
[PdM]2

[PdD][CD3CN]2

4x2 [Pd]0

(1-x) [CD3CN]2
=

Based on the 1H NMR spectra

Aobs = AM * "M + AD * "D

AD = 0.5231
AM = 0.5909

Aobs = 0.5231 * (1-x) + 0.5909 * x

Solve x for each of the data point

Keq =
[PdM]2

[PdD][CD3CN]2

4x2 [Pd]0

(1-x) [CD3CN]2
=

Based on the UV-Visible spectra
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7.4.5 Rate Laws Derivations 

Figure 7-4 revealed a hyperbolic function of the concentration of 7-1c'' relative to [LiOAc]. 

We proposed that this effect of [LiOAc] on the ground state structure of the (π-allyl)Pd complex 

was the origin of the saturation dependence of the rate on [LiOAc] (cf. Figure 7-6). Scheme 7-7 

illustrates the derivation of the hyperbolic dependence of [7-1c''] on [LiOAc].  

Scheme 7-7. Equations for Derivation of the Saturation Dependence of [7-1c''] on [LiOAc] 

Ph

Pd
NCCD3Cl

Ph

Pd
NCCD3AcO

+ AcO-

7-1c' 7-1c''

[7-1c'] - x x[LiOAc] - x

Keq =
x

(1-x)([LiOAc] - x)

[7-1c''] = x

2Keq

[7-1c'] + [LiOAc] - 1 - (([7-1c'] + [LiOAc] - 1)2 - 4Keq[7-1c'][LiOAc])1/2
=

when [LiOAc] = 0
[7-1c''] = 0

when [LiOAc] >> [7-1c'] 
[7-1c''] = [7-1c']  

 

Scheme 7-7 suggests that under our standard working conditions, when LiOAc is in excess, 

the (π-allyl)Pd complex is predominantly in the form of 7-1''. The rate laws shown in Scheme 7-

3 and 7-4 are based on above assumption about the form of 7-1c, and are derived by applying the 

steady-state approximation (Scheme 7-8). 
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Scheme 7-8. Equations for Derivation of the Rate Laws 

External acetate attack

Pd(II) associative pathway

[7-3c] =
k2[7-1c"]
k-2+k3[O2]

Internal acetate attack

Pd(0) trapping pathway

rate = k3[O2][7-1c"]
[O2]

k-2+k3[O2]
= k2k3 [7-1c"]

[7-3c] =
k1[7-1c"][LiOAc]
k-1+k3[O2]

rate = k3[O2][7-1c"]
[O2]

k-2+k3[O2]
= k2k3 [7-1c"][LiOAc]

External acetate attack Internal acetate attack

[PdII-O2] =
k3[7-1c"][O2]
k-3 + k4

rate = k4[PdII-O2]

 = [7-1c"][O2]
k-3 + k4

k3k4

[PdII-O2] =
k1[7-1c"][O2]

k-1 + k2[LiOAc]

rate = k2[PdII-O2][LiOAc]

[LiOAc]

k-1 + k2[LiOAc]
= k1k2[7-1c"][O2]
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Appendix 1: 

 

Efforts Towards Enantioselective Formal Synthesis of  

(+) Infectocaryone and (+) Cryptocaryone via Aerobic Dehydrogenation 
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A.1.1 Introduction 

Chiral cyclohexenone derivatives are versatile synthetic intermediates in the syntheses of 

natural product and pharmaceuticals.1 Recently, Helmchen and coworkers report an 

enantioselectivie strategy for preparing 5-alkyl cyclohexenones( eq A-1.1).2 The chiral center is 

installed by Ir-catalyzed asymmetric allylic alkylation of allyl carbonates. This method is also 

utilized to synthesize natural products (+)-infectocaryone and (+)-cryptocaryone. Despite the 

high enantioselectivity, however, this method requires multiple subsequent steps to convert the 

chiral alkenes into the corresponding cyclohexenones. 

O

R
R

MeO2C CO2Me
RMeO2CO

MeO2C CO2Me

[Ir]-chiral phosphine ligand
asymmetric allylic alkylation

6 steps

  

(A-1.1)

 

O OH

Ph

(+)–Introcaryon
CO2Me

 

O

O OH

O
(+)-Cryptocaryon  

A large number of chiral Lewis acids have been developed for asymmetric Michael addition 

of cyclohexenones with various nucleophiles. In particular, BINOL-based heterobimetallic 

Lewis acid systems represent a class of superior, cheap and reliable catalysts.3 We envision that 

the combination of the asymmetric Michael addition of a simple cyclohexenone followed by Pd-

catalyzed dehydrogenation reaction will efficiently afford chiral 5-substituted cyclohexenone 

(Scheme A-1.1). The development of asymmetric deprotonation methods enables the conversion 

of a meso-4-substituted cyclohexanone into a chiral silyl enol ether.4 A Saegusa type 

dehydrosilylation5 of the intermediate chiral silyl enol ether will readily result in the 

corresponding chiral 4-substituted cyclohexenone (Scheme A-1.1). Compared to the previous 
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"AAA" method, the proposed methods bear shorter synthetic route and use cheaper reagents. In 

addition, due to the versatility of Micheal addition methods, a variety of substituents can be 

readily installed to cyclohexenones.   

Scheme A-1.1. Proposed Strategies for Preparing Chiral Cyclohexenone Derivatives with 

Dehydrogenation as an Intermediate Step 

O

asymmetric Michael addition

O

R

R-, chiral Lewis acid
O

R
dehydrogenation
[Pd], O2, – H2O

O

R

OTMS

R

asymmetric deprotonation
chiral base, TMSCl

O

dehydrogenation
[Pd], O2, – H2O

R  

Based on the dehydrogenation strategy proposed above, I envision retrosynethetic routes to 

(+)-infectocaryone and (+)-cryptocaryone (Scheme A-1.2). The key cyclohexenone 

intermediates A-1.1 and A-1.2 can be obtained from cheap sources, including cyclohexenone and 

4-tert-butyldimethylcyclohexanone. I describe here my attempting efforts to synthesize A-1.1 

and A-1.2 with Pd-catalyzed dehydrogenation methods. 

Scheme A-1.2. Retrosynthetic Analysis for (+)-infectocaryone and (+)-cryptocaryone  

O OH
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CO2Me
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O OH
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OTBS

OTMS
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A.1.2 Results and Discussion 

A highly enantioselective Michael addition of dimethyl malonate to cyclohexenone is 

reported by Shibasaki and coworkers, using a LiAl(S-BINOL)2 catalyst.6 A-1.3 is obtained in 

high yield with this catalyst (eq A-1.2). Aerobic dehydrogenation of A-1.3 with the 

Pd(DMSO)2(TFA)2 catalyst (cf. Chapter 2) leads to considerable amount of over-oxidaton 

product, phenol (Table A-1.1). The minor regio-isomer, A-1.5, is also observed as a by-product. 

O

KOtBu, MS 4Å MS, THF, rt
Dimethyl malonate

O

CO2Me

CO2Me

LiAl(S-BINOL)2

92%
A-1.3  

(A-1.2)
 

 
Table A-1.1. Pd-Catalyzed Aerobic Dehydrogenation of A-1.3 

O

CO2Me

CO2Me

O

CO2Me
O2 1 atm, - H2O

CO2Me

OH

CO2Me

CO2Me

+

O

CO2Me

CO2Me

+

A-1.4 A-1.5 PhenolA-1.3

 

Entry Pd(TFA)2 (%) DMSO (%) Solvent Temp (°C) Time (h) A-1.3 (%)a A-1.4 (%)a Phenol (%)a 
1 5 10 AcOH 80 24  54 12 24 
2 5 10 AcOH 80 36  0 0 100 
3 5 10 EtOAc 60 44  45 11 25 
a

 Crude yield determined by 1H NMR spectroscopy. 
 

 

The unsatisfactory yield of A-1.4 from Pd-catalyzed dehydrogenation of A-1.3 prompts us to 

prepare the less sterically hindered intermediate A-1.6 from A-1.3 and seek to obtain better 

dehydrogenation yield with A-1.6. The decarboxylation of A-1.3 proceeds with a high yield in 

the presence of LiI (eq A-1.3). However, the Pd(DMSO)2(TFA)2-catalyzed dehydrogenation of 

A-1.6 in the solution of AcOH generates A-1.1 in low yield (Table A-1.2). Longer reaction time 

leads to decomposition of the product. Change of the solvent to EtOAc provides a better mass 
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balance, however, the slow reaction rate requires high catalyst loading to achieve a reasonable 

conversion of A-1.6. 

O

CO2Me

CO2Me

LiI
DMSO

O

CO2Me
89%

A-1.3 A-1.6   

(A-1.3)

 
 
 
Table A-1.2. Pd-Catalyzed Aerobic Dehydrogenation of A-1.6 

O

CO2Me

O

CO2Me

O2 1 atm
– H2O

O

CO2Me

OH

CO2Me
+ +

A-1.1 A-1.7A-1.6  
 

Entry Pd(TFA)2 (%) DMSO (%) Solvent Temp (°C) Time (h) Conv. (%)a A-1.1 (%)a A-1.7 (%)a Phenol (%)a 
1 5 10 HOAc 80 24 h 85 28 2 20 
2 5 10 HOAc 80 48 h 100 0 0 0 
3 20 40 EtOAc 60 18 h 65 44 6 13 

a
 Crude yield determined by 1H NMR spectroscopy. 

 
We also prepared the racemic bicyclic ketone intermediate A-1.8 in order to test the 

dehydrogenation conditions for converting A-1.8 to A-1.2, the precursor to (+)-cryptocaryone 

(Scheme A-1.3). The syn-addition of the silyl ketene acetal to 4-tert-butyldimethylsilyl 

cyclohexenone is achieved with good selectivity by employing HgI2 as a Lewis acid additive.7 

The resulting bicyclic A-1.8 intermediate undergoes rapid decomposition under the Pd-catalyzed 

dehydrogenation conditions, and only trace enone product is observed (Table A-1.3). 

Scheme A-1.3. Preparation of the Racemic Bicyclic Intermediate A-1.8  

O

OTBS

Pd(DMSO)2(TFA)2 
5 mol%,

O

OTBS

OTBS

OTBS
OMe

O HCl

O

O

O

HgI2

OTBS

OMe

1 gram scale, 76%
87%HOAc, 80 °C, O2

(±) (±) (±)
A-1.8  
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Table A-1.3. Pd-Catalyzed Aerobic Dehydrogenation of A-1.8  

O

O

O
O

O

O

1 atm O2

A-1.8 A-1.2  
Entry Pd(TFA)2 (%) DMSO (%) Solvent Temp (°C) Conv. (%)a A-1.2 (%)a 
1 5 10 AcOH 80 83 4 
2 5 10 EtOAc 60 49 6 

a
 Crude yield determined by 1H NMR spectroscopy. 

 
We explored the dehydrosilylation of silyl enol ethers in parallel, in order to develop a Pd 

catalyst that allows mild dehydrosilylation with improved yields relative to the current 

conditions.5 A modified Pd(DMSO)2(TFA)2 catalyst, in combination with 4 Å MS (molecular 

sieves) and NaOAc, successfully catalyzes the oxidative dehydrosilylation of 

(trimethylsiloxy)nonanene in high yield at room temperature (Table A-1.4), with a small amount 

of the hydrolysis product, 5-nonanone, formed as a by-product. 

Table A-1.4. Pd-Catalyzed Aerobic Dehydrogenation of A-1.8  
1 atm O2

r.t.
OTMS O O

+

Enone Ketone  
Entry Pd (5%) Ligand (mol%) MS Solvent Additives(10%) Yield (%)a (Enone) Yield (%)a (Ketone) 

1 Pd(TFA)2 DMSO (10)  THF NaOBz 49 27 
2 Pd(TFA)2 DMSO (10) 3 Å THF NaOBz 68 18 
3 Pd(TFA)2 DMSO (10) 3 Å THF  29 10 
4 Pd(TFA)2 DMSO (10) 4 Å THF NaOBz 84 5 
5 Pd(OAc)2 DMSO (10) 4 Å THF NaOBz 0 0 
6 Pd(TFA)2 DMSO (10) 4 Å THF NaOAc 95 4 
7 Pd(OAc)2 DMSO (10) 4 Å acetone NaOAc 84 13 
8 Pd(OAc)2 DMSO (10) 4 Å dioxane NaOAc 65 12 

a
 Crude yield determined by GC spectroscopy with tetradecane as the internal standard. 

 

This identified Pd(DMSO)2(TFA)2 catalyst is submitted to dehydrosilylation of the chiral 4-

phenylcyclohexanone, prepared according to literature procedures (Scheme A-1.4).8 The 

corresponding 4-phenylcyclohexenone is obtained in high yield, and the ee of the molecule 
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remains the same as the starting 4-phenylcyclohexanone. In fact, this tandem strategy has been 

applied in the enantioselective synthesis of a fragment of Labiatin9 and a fumagillin analogue, as 

a potential MetAP-2 Reversible Inhibitor.10 Stoichiometric Pd(OAc)2 is used as the oxidant for 

this application. 

Scheme A-1.4. Tandem Asymmetric Deprotonation of 4-Phenylcyclohexanone Followed by Pd-

Catalyzed Dehydrosilylation to Prepare Chiral 4-Phenylcyclohexenone  

O

Ph

OTMS

Ph

TMSCl

DMPU 1 eq, THF, - 78 °C

Ph N Ph Mg
2

69% yield
74% ee

Pd(TFA)2 5%, DMSO 15%
Na2CO3 0.5 eq, 4 Å MS

THF, 1 atm O2, room temp

O

Ph88% NMR yield, 76% ee
 

 

A.1.3  Conclusion 

We describe here an effort towards the formal synthesis of (+) infectocaryone and (+) 

cryptocaryone, using Pd-catalyzed dehydrogenation methods. The unsatisfactory yields for the 

desired cyclohexenone products suggest that more robust catalysts with high chemoselectivity 

and regioselectivity are required. 
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Additional NMR Experiments and Spectroscopic Data for Chapter 4 
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Additional Data   

Additional Spectra of DMSO Titration Experiments in EtOAc and THF-d8 

DOSY Experiments for Compounds 4-1, 4-2, 4-3a and 4-3b 

Additional NMR Data for Pd(TFA)2/DMSO in AcOH-d4 

Additional 1H and 19F NMR Spectra of Pd(TFA)2/DMSO in Toluene-d8 
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Additional Spectra of DMSO Titration Experiments in EtOAc and THF-d8 

 

 
Figure A-2.1. 1H NMR spectra of Pd(TFA)2 in EtOAc with various quantities of DMSO at –60 

°C. Conditions: [Pd(TFA)2] = 30 mM (6.6 mg, 0.02 mmol), EtOAc = 0.65 mL, –60 °C, [DMSO] 

= 0, 15, 30, 39, 48, 60, 90, 120 mM, PhF (internal standard) = 6.5 mM (4 µL). 
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Figure A-2.2. 19F NMR spectra of Pd(TFA)2 in EtOAc with various quantities of DMSO at –60 

°C. Conditions: [Pd(TFA)2] = 30 mM (6.6 mg, 0.02 mmol), EtOAc = 0.65 mL, –60 °C, [DMSO] 

= 0, 15, 30, 39, 48, 60, 90, 120, 180 mM, PhF (internal standard) = 6.5 mM (4 µL). 
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The solution of Pd(OAc)2 with 2 equiv. DMSO in EtOAc has been analyzed by 1H NMR 

spectroscopy at various temperatures. As the temperature is decreased, the two broad peaks at 24 

°C, corresponding to bound DMSO ligands, were sharpened and separated from each other 

(Figure A-2.3). 

 

Figure A-2.3. 1H NMR spectra of Pd(OAc)2/DMSO in EtOAc at various temperatures. 

Conditions: [Pd(OAc)2] = 15 mM (2.2 mg, 0.01 mmol), [DMSO] = 30 mM (2 equiv.), EtOAc = 

0.65 mL, temperature = –60, –40, –20, 0, 24 °C. 
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Figure A-2.4. 1H NMR spectra of Pd(TFA)2 in THF-d8 with various quantities of DMSO at –60 

°C. Conditions: [Pd(TFA)2] = 15 mM (3.3 mg, 0.01 mmol), THF-d8 = 0.65 mL, –60 °C, [DMSO] 

= 0, 7.5, 15, 19.5, 24, 30, 60, 90, 120 mM.  
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Figure A-2.5. 19F NMR spectra of Pd(TFA)2 in THF-d8 with various quantities of DMSO at –60 

°C. Conditions: [Pd(TFA)2] = 15 mM (3.3 mg, 0.01 mmol), THF-d8 = 0.65 mL, –60 °C, [DMSO] 

= 0, 7.5, 15, 19.5, 24, 30, 60, 90, 120 mM. 

DOSY Experiments for Compounds 4-1, 4-2, 4-3a and 4-3b 

The diffusion coefficient of a molecule in solution reflects the size of the molecule (radius). 

1D DOSY (Diffusion Order Spectroscopy) experiments are known as a way to probe the 

molecular sizes by observing the attenuation of the NMR signals during a pulsed field gradient 

experiment. We performed a series of 1D DOSY experiments on the 19F NMR spectra of 

Pd(TFA)2 in the presence of 0, 1 and 2 equiv. of DMSO in order to estimate the aggregation of 
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Pd complexes in solution. In particular, we sought to differentiate the monomeric 4-2a from the 

dimeric 4-2b in solution. 

Figure A-2.6 shows a representative 1D DOSY spectra of the solution of Pd(TFA)2 in EtOAc 

at 24 °C. The intensities of the 19F peaks decrease as increased gradient pulse strength G. Defined 

by the theory of 1D DOSY experiments, the ln(I/I0) of peaks display a linear relationship versus 

the G2 (Figure A-2.7). The slope of the resulting line is proportional to the diffusion coefficient, 

and inverse proportional to the size of the molecule, since the larger the size of a molecule, the 

slower it diffuses (Scheme A-2.1).  

 
Figure A-2.6. 1D DOSY (Dbppste) experiments on the 19F peaks of Pd(TFA)2 in EtOAc. 

Conditions: [Pd(TFA)2] = 15 mM (3.3 mg, 0.01 mmol), EtOAc = 0.65 mL, temperature = 24 °C. 
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Figure A-2.7. ln(I/I0) as a function of of Pd(TFA)2 in EtOAc with various quantities of DMSO at 

–40 °C. Conditions: [Pd(TFA)2] = 15 mM (3.3 mg, 0.01 mmol), EtOAc = 0.65 mL, 24 °C.  

Scheme A-2.1. Equations for Calculation of Relative Molecular Size of Pd Complexes Relative 

to Fluorobenene based on 1D DOSY Data 

ln(I/I0) ! –G2"D

I = intensity of peaks
G = Strength of the gradient pulse 
D = Diffusion coefficient

Molecular size !1/D

Relative molecular size =
slope (ln(I/I0) /G2) of PhF

slope (ln(I/I0) /G2) of Pd  

 

Four samples were determined, Pd(TFA)2, Pd(DMSO)(TFA)2, Pd(DMSO)2(TFA)2 and 

[Pd(η3-4-CF3C6H4C3H5)µ-Cl]2. At room temperature, the 19F NMR spectra of Pd(TFA)2 and 

Pd(TFA)2/DMSO (1 equiv.) exhibit predominant species at –76.76 and –74.74 ppm, respectively. 

With 2 equiv. of DMSO, two 19F peaks at –74.80 and –75.00 ppm were present, representing two 

different species. With an internal reference, fluorobenzene,1 the molecular sizes of the 

complexes were calculated based on equations in Scheme A-2.1 and presented relative to PhF 

(Table A-2.1). The ratio of the molecular size of Pd(TFA)2:fluorobenzene is determined to be 
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1.5. This number increases to 2.3 for the complex formed in the presence of 1 equiv. of DMSO. 

The relative molecular sizes of the two peaks in the presence of 2 equiv. of DMSO are 1.4 and 

1.7, respectively. The relative molecular size of (π-allyl)PdCl complex [Pd(η3-4-

CF3C6H4C3H5)µ-Cl]2 is determined to be 2.4.  

Table A-2.1. Relative Molecular Size of Pd Complexes Determined by 1D DOSY Experimentsa 

Sample	   Pd(TFA)2	   Pd(DMSO)(TFA)2	   Pd(DMSO)2(TFA)2	  
[Pd(η3-4-

CF3C6H4C3H5)µ-Cl]2	  
Molecular 

weight	   332	   410 or 820	   488	   654	  

Peak (ppm) 
	  

–76.76 
4-1	  

–74.74 
4-2a or 4-2b	  

–74.80 
4-3a	  

–75.00 
4-3b	  

–63.51 
	  

Relative 
mlecular size 

Slope(PhF/Pd) 
run 1	   1.3	   2.9	   1.3	   1.7	   2.2	  
run 2	   1.2	   1.9	   1.4	   1.8	   2.5	  
run 3	   1.8	   2.3	   	   	   	  

Average	   1.5 ± 0.3	   2.3±  0.3	   1.4±  0.3	   1.7±  0.3	   2.4±  0.3	  
a Conditions: [Pd] = 15 mM (3.3 mg, 0.01 mmol), [DMSO] = 0, 15, 30 mM (0, 1, 2 equiv.), 

EtOAc = 0.65 mL, temperature = 24 °C. 

 

Wilkinson and coworkers have determined 4-1 to be a monomer in EtOAc,2 whereas [Pd(η3-

4-CF3C6H4C3H5)µ-Cl]2 is known as a chloro-bridged dimer in organic solvents. These two 

complexes can serve as benchmarks for monomeric and dimeric Pd species, respectively. In the 

presence of 2 equiv. of DMSO, the Pd species exhibit similar molecular sizes as 4-1. These 

observations are consistant with our proposed monomeric Pd structures, 4-3a and 4-3b. In the 

presence of 1 equiv. of DMSO, however, the Pd complex displays a relative molecular size that 

is close to [Pd(η3-4-CF3C6H4C3H5)µ-Cl]2, suggesting that the mono-DMSO ligated Pd complex 

may exist as a dimer in solution. 
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Additional NMR Data for Pd(TFA)2/DMSO in AcOH-d4 

The 19F NMR spectrum of Pd(TFA)2 in AcOH-d4 exhibits a singlet at –76.918 ppm, very 

close to the 19F peak of TFAH in AcOH at –76.923 ppm (cf. Figure 4-18). Addition of DMSO 

led to formation of a new 19F peak at –74.92 ppm and the slight upfield shift of the peak at –

76.918 ppm. The integration of the peak at –74.92 ppm exhibits no correlation to bound DMSO 

peaks in 1H NMR (Figure A-2.8). Instead, line broadening and shift of the peak at –76.918 ppm 

suggest formation of new species underneath the unligated-Pd(TFA)2 peak. 

In AcOH-d4, the trifluoroacetate ligand on PdII could be replaced by acetate. This reaction 

has been ruled out by formation of a new 19F peak at –74.92 ppm and the slight upfield shift of 

the peak at –76.918 ppm upon addition of DMSO, as the 19F peak should exhibit no change if 

fully dissociated from PdII (cf. Figure 4-18).. The line broadening of peaks in the 19F NMR 

spectra is consistent with the broad bound-DMSO peaks in the 1H NMR spectra, representing 

fast exchange between complexes. The precise identity of the 19F peak at –74.92 ppm is yet to be 

resolved. 
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Figure A-2.8. Titration curves of DMSO into the AcOH-d4 solution of Pd(TFA)2 at 24 °C. 

Conditions: [Pd(TFA)2] = 15 mM (3.3 mg, 0.01 mmol), [DMSO] = 30 mM  (2 equiv.), AcOH-d4 

= 0.65 mL, 24 °C, [DMSO] = 0, 15, 30, 90, 300 and 600 mM. 
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Additional 1H and 19F NMR Spectra of Pd(TFA)2/DMSO in Toluene-d8 

Attempts to resolve the coordination chemistry of DMSO to Pd(TFA)2 in toluene are shown 

in Figure A-2.9 and A-2.10 by acquiring the NMR spectra at –60 °C. The mixture of Pd(TFA)2 

with 1 equiv. of DMSO in toluene-d8 was analyzed by 1H and 19F NMR spectroscopy. A 1H peak 

at 1.36 ppm is upfield relative to the free DMSO. We are not able to assign this peak based on 

current data and the literature precedents. With excess DMSO, this peak merged with the free 

DMSO resonance, indicating that they are interconverting to each other. Another 1H peak at 2.01 

ppm may associate with the O-bound DMSO. Further addition of DMSO leads to downfield shift 

of the O-bound DMSO peak and formation of a mixture of S-bound DMSO species that are 

under fast exchange, evident as significant line broadening. The line broadening and the shift of 

peaks in the 19F NMR spectra implicate fast exchange of different species. We are not able to 

quantify these species due to the unknown Pd concentration in the solution, but the clear increase 

of peak integration with > 3 equiv. of DMSO suggests that DMSO binding with 2 equiv. of 

DMSO is not complete. Formation of multiple species may arise from the solvation of Pd(TFA)2 

in toluene. Pd(TFA)2 appears as a trimer in the solid state and doesn’t dissolve readily in toluene 

by itself, since toluene is a non-polar solvent. The solvation possibly involves interaction 

between DMSO, Pd(TFA)2 and toluene, breakage of the trimer or formation of alternative 

oligomers that result in various species in the solution. 
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Figure A-2.9. 1H NMR spectra of Pd(TFA)2 in toluene-d8 with various quantities of DMSO at –

60 °C. Conditions: [Pd(TFA)2] = 15 mM (3.3 mg, 0.01 mmol), toluene-d8 = 0.65 mL, –60 °C, 

[DMSO] = 15, 19.5, 24, 30, 45 and 90 mM. 
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Figure A-2.10. 19F NMR spectra of Pd(TFA)2 in toluene-d8 with various quantities of DMSO at 

–60 °C. Conditions: [Pd(TFA)2] = 15 mM (3.3 mg, 0.01 mmol), toluene-d8 = 0.65 mL, –60 °C, 

[DMSO] = 15, 19.5, 24, 30, 45 and 90 mM. 

                                                
1. The use of an internal reference has been reported in several DOSY NMR experiments. For 

an example, see: Sliwa, A.; Marchand-Brynaert, J.; Luhmer, M. Magn. Reson. Chem. 2011, 49, 

812-815. 

2. Stephenson, T. A.; Morehouse, S. M.; Powell, A. R.; Heffer, J. P.; Wilkinson, G. J. Chem. 

Soc. (Resumed) 1965, 3632-3640. 
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NMR Spectra of Compounds 
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Compounds from Chapter 2 
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Compounds from Chapter 3 
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Compounds from Chapter 5 and 6 
 

O
D
D D

 
 

O
D
D D

D D



296 

 296 

 

 

O
D
D D

 

O
D
D D

D D  



297 

297 

 

 

 

 

 

 

 

 

Appendix 4: 

 

X-Ray Crystal Structure Determination 

 

 

 

 

 

 

 

 

 

 

Data collection and structural solutions performed by Dr. Ilia A. Guzei and Lara C. Spencer 

Unversity of Wisconsin-Madison 
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Compounds Characterized by X-ray Diffraction Analysis. 

Pd(DMSO)2(TFA)2 4-3a 

Pd(DMSO)(H2O)(TFA)2 4-2a 
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 Pd(DMSO)2(TFA)2 4-3a 

Data Collection 

An orange crystal with approximate dimensions 0.38 x 0.25 x 0.14 mm3  was selected under 
oil under ambient conditions and attached to the tip of a MiTeGen MicroMount©.  The crystal 
was mounted in a stream of cold nitrogen at 100(1) K and centered in the X-ray beam by using a 
video camera.    

The crystal evaluation and data collection were performed on a Bruker SMART APEXII 
diffractometer with Cu Kα (λ = 1.54178 Å) radiation and the diffractometer to crystal distance of 
4.03 cm.  

The initial cell constants were obtained from three series of ω scans at different starting angles.  
Each series consisted of 50 frames collected at intervals of 0.5º in a 25º range about ω with the 
exposure time of 5 seconds per frame.  The reflections were successfully indexed by an automated 
indexing routine built in the APEXII program.  The final cell constants were calculated from a set 
of 9217 strong reflections from the actual data collection.   

The data were collected by using the full sphere data collection routine to survey the reciprocal 
space to the extent of a full sphere to a resolution of 0.82 Å.  A total of 23704 data were harvested 
by collecting 17 sets of frames with 0.6º scans in ω and φ with an exposure time 6/12 sec per 
frame.  These highly redundant datasets were corrected for Lorentz and polarization effects.  The 
absorption correction was based on fitting a function to the empirical transmission surface as 
sampled by multiple equivalent measurements. [1]   
  

Structure Solution and Refinement 
The systematic absences in the diffraction data were uniquely consistent for the space 

group P21/n that yielded chemically reasonable and computationally stable results of refinement 
[2-3].   

A successful solution by the direct methods provided most non-hydrogen atoms from the 
E-map.  The remaining non-hydrogen atoms were located in an alternating series of least-squares 
cycles and difference Fourier maps.  All non-hydrogen atoms were refined with anisotropic 
displacement coefficients.  All hydrogen atoms were included in the structure factor calculation at 
idealized positions and were allowed to ride on the neighboring atoms with relative isotropic 
displacement coefficients.   

The final least-squares refinement of 212 parameters against 3154 data resulted in 
residuals R (based on F2 for I≥2σ) and wR (based on F2 for all data) of 0.0218 and 0.0600, 
respectively.   

The molecular diagram is drawn with 50% probability ellipsoids.  

References 

[1] Bruker-AXS. (2007-2011) APEX2, SADABS, and SAINT Software Reference Manuals. 
Bruker-AXS, Madison, Wisconsin, USA. 

[2] Sheldrick, G. M.  (2008) SHELXL.  Acta Cryst. A64, 112-122. 
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Figure A-4.1.  A molecular drawing of Pd(DMSO)2(TFA)2 4-3a.  All hydrogen atoms attached to 
carbon atoms were omitted for clarity.   
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Table A-4.1.  Crystal data and structure refinement for Pd(DMSO)2(TFA)2 4-3a. 

Identification code  stahl137  
Empirical formula  C8H12F6O6PdS2 
Formula weight  488.70 
Temperature  100(1) K 
Wavelength  1.54178 Å 
Crystal system  Monoclinic 
Space group  P21/n 
Unit cell dimensions a = 12.4209(7) Å α= 90°. 
 b = 7.6174(6) Å β= 99.822(5)°. 
 c = 17.6595(12) Å γ = 90°. 
Volume 1646.36(19) Å3 
Z 4 
Density (calculated) 1.972 Mg/m3 
Absorption coefficient 12.313 mm-1 
F(000) 960 
Crystal size 0.38 x 0.25 x 0.14 mm3 
Theta range for data collection 4.05 to 71.75°. 
Index ranges -15<=h<=15, -9<=k<=9, -21<=l<=21 
Reflections collected 23704 
Independent reflections 3154 [R(int) = 0.0200] 
Completeness to theta = 67.00° 99.8 %  
Absorption correction Analytical with SADABS 
Max. and min. transmission 0.2794 and 0.0892 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 3154 / 0 / 212 
Goodness-of-fit on F2 1.015 
Final R indices [I>2sigma(I)] R1 = 0.0218, wR2 = 0.0599 
R indices (all data) R1 = 0.0219, wR2 = 0.0600 
Largest diff. peak and hole 0.902 and -0.612 e.Å-3 
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Table A-4.2. Atomic coordinates  ( x 104) and equivalent  isotropic displacement parameters (Å2x 103) 

for Pd(DMSO)2(TFA)2 4-3a.  U(eq) is defined as one third of  the trace of the orthogonalized Uij tensor. 

________________________________________________________________________________  

 x y z U(eq) 
________________________________________________________________________________   
Pd(1) 8706(1) 4095(1) 1733(1) 14(1) 
S(1) 8468(1) 1775(1) 2428(1) 16(1) 
S(2) 8842(1) 6139(1) 276(1) 18(1) 
F(1) 12224(1) 4885(2) 3278(1) 38(1) 
F(2) 11566(1) 7378(2) 2856(1) 38(1) 
F(3) 12741(1) 6065(2) 2296(1) 38(1) 
F(4) 5968(1) 608(2) -290(1) 37(1) 
F(5) 6323(2) 3220(3) -612(1) 67(1) 
F(6) 5337(1) 2764(3) 254(1) 63(1) 
O(1) 10107(1) 4703(2) 2441(1) 19(1) 
O(2) 11046(2) 4486(3) 1460(1) 28(1) 
O(3) 7302(1) 3653(2) 998(1) 18(1) 
O(4) 7914(2) 1083(2) 604(1) 25(1) 
O(5) 7370(1) 1014(2) 2275(1) 23(1) 
O(6) 8825(1) 6396(2) 1145(1) 18(1) 
C(1) 10939(2) 4888(3) 2109(1) 19(1) 
C(2) 11884(2) 5805(3) 2645(2) 25(1) 
C(3) 7254(2) 2254(3) 596(1) 19(1) 
C(4) 6195(2) 2199(4) -12(2) 31(1) 
C(5) 8788(2) 2401(3) 3408(1) 23(1) 
C(6) 9439(2) 98(3) 2361(2) 28(1) 
C(7) 7581(2) 7043(3) -200(1) 25(1) 
C(8) 9738(2) 7848(3) 92(2) 30(1) 
________________________________________________________________________________ 
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Table A-4.3. Bond lengths [Å] and angles [°] for Pd(DMSO)2(TFA)2 4-3a. 
_____________________________________________________  
Pd(1)-O(1)  2.0158(15) 
Pd(1)-O(3)  2.0170(16) 
Pd(1)-O(6)  2.0554(16) 
Pd(1)-S(1)  2.1994(5) 
S(1)-O(5)  1.4633(17) 
S(1)-C(5)  1.774(2) 
S(1)-C(6)  1.776(3) 
S(2)-O(6)  1.5509(16) 
S(2)-C(8)  1.778(2) 
S(2)-C(7)  1.784(3) 
F(1)-C(2)  1.327(3) 
F(2)-C(2)  1.335(3) 
F(3)-C(2)  1.333(3) 
F(4)-C(4)  1.319(3) 
F(5)-C(4)  1.345(4) 
F(6)-C(4)  1.309(4) 
O(1)-C(1)  1.281(3) 

O(2)-C(1)  1.215(3) 
O(3)-C(3)  1.276(3) 
O(4)-C(3)  1.210(3) 
C(1)-C(2)  1.543(3) 
C(3)-C(4)  1.550(3) 
C(5)-H(5A)  0.9800 
C(5)-H(5B)  0.9800 
C(5)-H(5C)  0.9800 
C(6)-H(6A)  0.9800 
C(6)-H(6B)  0.9800 
C(6)-H(6C)  0.9800 
C(7)-H(7A)  0.9800 
C(7)-H(7B)  0.9800 
C(7)-H(7C)  0.9800 
C(8)-H(8A)  0.9800 
C(8)-H(8B)  0.9800 
C(8)-H(8C)  0.9800 

 
O(1)-Pd(1)-O(3) 176.15(6) 
O(1)-Pd(1)-O(6) 89.30(7) 
O(3)-Pd(1)-O(6) 86.93(7) 
O(1)-Pd(1)-S(1) 91.30(5) 
O(3)-Pd(1)-S(1) 92.36(5) 
O(6)-Pd(1)-S(1) 174.19(5) 
O(5)-S(1)-C(5) 109.46(11) 
O(5)-S(1)-C(6) 108.94(12) 
C(5)-S(1)-C(6) 102.49(13) 
O(5)-S(1)-Pd(1) 115.18(7) 
C(5)-S(1)-Pd(1) 107.42(8) 
C(6)-S(1)-Pd(1) 112.55(9) 
O(6)-S(2)-C(8) 101.70(11) 
O(6)-S(2)-C(7) 105.01(11) 
C(8)-S(2)-C(7) 99.08(13) 
C(1)-O(1)-Pd(1) 114.86(14) 
C(3)-O(3)-Pd(1) 116.74(14) 
S(2)-O(6)-Pd(1) 113.96(9) 
O(2)-C(1)-O(1) 129.1(2) 
O(2)-C(1)-C(2) 119.9(2) 
O(1)-C(1)-C(2) 111.0(2) 
F(3)-C(2)-F(1) 107.7(2) 
F(3)-C(2)-F(2) 107.1(2) 
F(1)-C(2)-F(2) 107.8(2) 
F(3)-C(2)-C(1) 111.6(2) 
F(1)-C(2)-C(1) 112.2(2) 
F(2)-C(2)-C(1) 110.4(2) 
O(4)-C(3)-O(3) 130.0(2) 
O(4)-C(3)-C(4) 118.7(2) 
O(3)-C(3)-C(4) 111.1(2) 

F(4)-C(4)-F(6) 107.5(2) 
F(4)-C(4)-F(5) 106.5(2) 
F(6)-C(4)-F(5) 107.7(3) 
F(4)-C(4)-C(3) 112.6(2) 
F(6)-C(4)-C(3) 112.9(2) 
F(5)-C(4)-C(3) 109.3(2) 
S(1)-C(5)-H(5A) 109.5 
S(1)-C(5)-H(5B) 109.5 
H(5A)-C(5)-H(5B) 109.5 
S(1)-C(5)-H(5C) 109.5 
H(5A)-C(5)-H(5C) 109.5 
H(5B)-C(5)-H(5C) 109.5 
S(1)-C(6)-H(6A) 109.5 
S(1)-C(6)-H(6B) 109.5 
H(6A)-C(6)-H(6B) 109.5 
S(1)-C(6)-H(6C) 109.5 
H(6A)-C(6)-H(6C) 109.5 
H(6B)-C(6)-H(6C) 109.5 
S(2)-C(7)-H(7A) 109.5 
S(2)-C(7)-H(7B) 109.5 
H(7A)-C(7)-H(7B) 109.5 
S(2)-C(7)-H(7C) 109.5 
H(7A)-C(7)-H(7C) 109.5 
H(7B)-C(7)-H(7C) 109.5 
S(2)-C(8)-H(8A) 109.5 
S(2)-C(8)-H(8B) 109.5 
H(8A)-C(8)-H(8B) 109.5 
S(2)-C(8)-H(8C) 109.5 
H(8A)-C(8)-H(8C) 109.5 
H(8B)-C(8)-H(8C) 109.5 

_____________________________________________________________  
Symmetry transformations used to generate equivalent atoms:  
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Table A-4.4. Anisotropic displacement parameters  (Å2x 103) for Pd(DMSO)2(TFA)2 4-3a.  The anisotropic 
displacement factor exponent takes the form:  -2π2[ h2 a*2U11 + ...  + 2 h k a* b* U12 ] 
______________________________________________________________________________  
 U11 U22  U33 U23 U13 U12 
______________________________________________________________________________  
Pd(1) 16(1)  14(1) 12(1)  0(1) 3(1)  -1(1) 
S(1) 17(1)  17(1) 14(1)  3(1) 3(1)  -1(1) 
S(2) 26(1)  13(1) 16(1)  0(1) 8(1)  -1(1) 
F(1) 38(1)  42(1) 29(1)  2(1) -10(1)  -5(1) 
F(2) 32(1)  27(1) 52(1)  -17(1) 0(1)  -3(1) 
F(3) 22(1)  44(1) 49(1)  -6(1) 10(1)  -9(1) 
F(4) 33(1)  30(1) 42(1)  -12(1) -7(1)  -5(1) 
F(5) 81(2)  57(1) 46(1)  24(1) -34(1)  -29(1) 
F(6) 25(1)  63(1) 93(2)  -44(1) -13(1)  12(1) 
O(1) 19(1)  25(1) 14(1)  -2(1) 3(1)  -5(1) 
O(2) 26(1)  37(1) 21(1)  -7(1) 7(1)  0(1) 
O(3) 19(1)  16(1) 19(1)  0(1) 0(1)  0(1) 
O(4) 26(1)  23(1) 25(1)  -5(1) 1(1)  4(1) 
O(5) 21(1)  28(1) 20(1)  4(1) 2(1)  -8(1) 
O(6) 27(1)  14(1) 15(1)  -1(1) 6(1)  -2(1) 
C(1) 20(1)  17(1) 19(1)  1(1) 2(1)  0(1) 
C(2) 23(1)  26(1) 27(1)  -2(1) 4(1)  -2(1) 
C(3) 22(1)  18(1) 17(1)  3(1) 2(1)  -3(1) 
C(4) 30(1)  23(1) 36(2)  -2(1) -7(1)  -1(1) 
C(5) 28(1)  27(1) 12(1)  3(1) 1(1)  -3(1) 
C(6) 29(1)  22(1) 35(1)  4(1) 8(1)  7(1) 
C(7) 34(1)  24(1) 17(1)  1(1) 3(1)  5(1) 
C(8) 43(2)  21(1) 31(1)  -2(1) 20(1)  -9(1) 
______________________________________________________________________________ 
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Table A-4.5. Hydrogen coordinates ( x 104) and isotropic  displacement parameters (Å2x 10 3) 
for Pd(DMSO)2(TFA)2 4-3a. 
________________________________________________________________________________  
 x  y  z  U(eq) 
________________________________________________________________________________  
  
H(5A) 8256 3271 3521 34 
H(5B) 9523 2911 3510 34 
H(5C) 8762 1367 3734 34 
H(6A) 9357 -841 2726 43 
H(6B) 10178 588 2482 43 
H(6C) 9319 -379 1838 43 
H(7A) 6972 6358 -67 38 
H(7B) 7559 7003 -757 38 
H(7C) 7520 8264 -37 38 
H(8A) 9462 8977 244 45 
H(8B) 9777 7872 -457 45 
H(8C) 10468 7636 388 45 
________________________________________________________________________________ 
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Table A-4.6.  Torsion angles [°] for Pd(DMSO)2(TFA)2 4-3a. 
________________________________________________________________  
O(1)-Pd(1)-S(1)-O(5) 165.03(10) 
O(3)-Pd(1)-S(1)-O(5) -13.80(10) 
O(6)-Pd(1)-S(1)-O(5) 69.1(5) 
O(1)-Pd(1)-S(1)-C(5) 42.80(10) 
O(3)-Pd(1)-S(1)-C(5) -136.03(10) 
O(6)-Pd(1)-S(1)-C(5) -53.1(5) 
O(1)-Pd(1)-S(1)-C(6) -69.27(11) 
O(3)-Pd(1)-S(1)-C(6) 111.90(11) 
O(6)-Pd(1)-S(1)-C(6) -165.2(5) 
O(3)-Pd(1)-O(1)-C(1) -71.9(10) 
O(6)-Pd(1)-O(1)-C(1) -60.00(16) 
S(1)-Pd(1)-O(1)-C(1) 125.78(16) 
O(1)-Pd(1)-O(3)-C(3) 132.7(9) 
O(6)-Pd(1)-O(3)-C(3) 120.77(16) 
S(1)-Pd(1)-O(3)-C(3) -65.00(16) 
C(8)-S(2)-O(6)-Pd(1) -145.31(12) 
C(7)-S(2)-O(6)-Pd(1) 111.85(12) 
O(1)-Pd(1)-O(6)-S(2) 122.58(10) 
O(3)-Pd(1)-O(6)-S(2) -58.21(10) 
S(1)-Pd(1)-O(6)-S(2) -141.4(4) 
Pd(1)-O(1)-C(1)-O(2) -12.9(3) 
Pd(1)-O(1)-C(1)-C(2) 165.32(15) 
O(2)-C(1)-C(2)-F(3) 0.7(3) 
O(1)-C(1)-C(2)-F(3) -177.7(2) 
O(2)-C(1)-C(2)-F(1) -120.2(3) 
O(1)-C(1)-C(2)-F(1) 61.4(3) 
O(2)-C(1)-C(2)-F(2) 119.6(3) 
O(1)-C(1)-C(2)-F(2) -58.8(3) 
Pd(1)-O(3)-C(3)-O(4) 3.2(3) 
Pd(1)-O(3)-C(3)-C(4) -172.84(16) 
O(4)-C(3)-C(4)-F(4) 20.8(3) 
O(3)-C(3)-C(4)-F(4) -162.6(2) 
O(4)-C(3)-C(4)-F(6) 142.8(3) 
O(3)-C(3)-C(4)-F(6) -40.6(3) 
O(4)-C(3)-C(4)-F(5) -97.4(3) 
O(3)-C(3)-C(4)-F(5) 79.2(3) 
________________________________________________________________  
Symmetry transformations used to generate equivalent atoms:  
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Pd(DMSO)(H2O)(TFA)2 4-2a 

Data Collection 

An orange crystal with approximate dimensions 0.38 x 0.10 x 0.10 mm3  was selected 
under oil under ambient conditions and attached to the tip of a MiTeGen MicroMount©.  The 
crystal was mounted in a stream of cold nitrogen at 100(1) K and centered in the X-ray beam by 
using a video camera.    

The crystal evaluation and data collection were performed on a Bruker Quazar SMART 
APEXII diffractometer with Mo Kα  (λ = 0.71073 Å) radiation and the diffractometer to crystal 
distance of 4.96 cm.  

The initial cell constants were obtained from three series of ω scans at different starting 
angles.  Each series consisted of 12 frames collected at intervals of 0.5º in a 6º range about ω 
with the exposure time of 1 second per frame.  The reflections were successfully indexed by an 
automated indexing routine built in the APEXII program suite.  The final cell constants were 
calculated from a set of 9985 strong reflections from the actual data collection.   
 The data were collected by using the full sphere data collection routine to survey the 
reciprocal space to the extent of a full sphere to a resolution of 0.70 Å.  A total of 22130 data 
were harvested by collecting 4 sets of frames with 0.5º scans in ω and φ with exposure times of 1 
sec per frame.  These highly redundant datasets were corrected for Lorentz and polarization 
effects.  The absorption correction was based on fitting a function to the empirical transmission 
surface as sampled by multiple equivalent measurements. [1]   
  

Structure Solution and Refinement 
The systematic absences in the diffraction data were uniquely consistent for the space 

group P21/n that yielded chemically reasonable and computationally stable results of refinement 
[2-4].   

A successful solution by the direct methods provided most non-hydrogen atoms from the 
E-map.  The remaining non-hydrogen atoms were located in an alternating series of least-squares 
cycles and difference Fourier maps.  All non-hydrogen atoms were refined with anisotropic 
displacement coefficients.  All hydrogen atoms were included in the structure factor calculation 
at idealized positions and were allowed to ride on the neighboring atoms with relative isotropic 
displacement coefficients.   

There is also one half molecule of solvate ethyl acetate per Pd complex in the asymmetric 
unit.   The solvent molecule is disordered over a crystallographic inversion center.   

The final least-squares refinement of 245 parameters against 4710 data resulted in 
residuals R (based on F2 for I≥2σ) and wR (based on F2 for all data) of 0.0204  and 0.0465, 
respectively.  The final difference Fourier map was featureless.   

The molecular diagram is drawn with 50% probability ellipsoids. 

References 
[1] Bruker-AXS. (2009) APEX2, SADABS, and SAINT Software Reference Manuals. 
Bruker-AXS, Madison, Wisconsin, USA. 
[2] Sheldrick, G. M.  (2008) SHELXL.  Acta Cryst. A64, 112-122. 
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Figure A-4.2.  A molecular drawing of Pd(DMSO)(H2O)(TFA)2 4-2a.  Note that the ethyl 
acetate is only 50% occupied.   
 



309 

309 

 

 
Figure A-4.3.  A molecular drawing of Pd(DMSO)(H2O)(TFA)2 4-2a, with the display of inter-
molecular hydrogen bonding interactions between H2O and adjacent carboxylates. 
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Table A-4.7.  Crystal data and structure refinement for Pd(DMSO)(H2O)(TFA)2 4-2a. 
Identification code  stahl138 
Empirical formula  C6 H8 F6 O6 Pd S  ½  C4 H8 O2  
Formula weight  472.64 
Temperature  100(1) K 
Wavelength  0.71073 Å 
Crystal system  Monoclinic 
Space group  P21/n 
Unit cell dimensions a = 8.382(4) Å α= 90°. 
 b = 7.650(3) Å β= 98.79(3)°. 
 c = 24.478(9) Å γ = 90°. 
Volume 1551.0(11) Å3 
Z 4 
Density (calculated) 2.024 Mg/m3 
Absorption coefficient 1.426 mm-1 
F(000) 928 
Crystal size 0.38 x 0.32 x 0.28 mm3 
Theta range for data collection 1.68 to 30.52°. 
Index ranges -11<=h<=11, -10<=k<=10, -34<=l<=34 
Reflections collected 28411 
Independent reflections 4710 [R(int) = 0.0275] 
Completeness to theta = 25.00° 99.7 %  
Absorption correction Numerical with SADABS 
Max. and min. transmission 0.6910 and 0.6134 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 4710 / 3 /  
Goodness-of-fit on F2 1.073 
Final R indices [I>2sigma(I)] R1 = 0.0204, wR2 = 0.0457 
R indices (all data) R1 = 0.0226, wR2 = 0.0465 
Largest diff. peak and hole 0.488 and -0.774 e.Å-3 
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Table A-4.8.  Atomic coordinates  ( x 104) and equivalent  isotropic displacement parameters (Å2x 103) 
for Pd(DMSO)(H2O)(TFA)2 4-2a.  U(eq) is defined as one third of  the trace of the orthogonalized Uij tensor. 
________________________________________________________________________________  
 x y z U(eq) 
________________________________________________________________________________   
Pd(1) 9578(1) 2894(1) 7313(1) 13(1) 
S(1) 11444(1) 4763(1) 7154(1) 16(1) 
F(1) 6509(2) 4707(2) 5463(1) 42(1) 
F(2) 7383(1) 2061(2) 5484(1) 40(1) 
F(3) 5052(1) 2630(2) 5703(1) 34(1) 
F(4) 11466(2) 1829(2) 9163(1) 40(1) 
F(5) 9919(2) 3744(2) 9441(1) 45(1) 
F(6) 12081(2) 4554(2) 9146(1) 46(1) 
O(1) 8674(1) 2838(2) 6499(1) 18(1) 
O(2) 6468(2) 4375(2) 6618(1) 40(1) 
O(3) 10545(1) 2739(2) 8118(1) 17(1) 
O(4) 8811(2) 4652(3) 8404(1) 55(1) 
O(5) 7784(1) 1218(2) 7471(1) 23(1) 
O(6) 12605(1) 5273(2) 7639(1) 22(1) 
C(1) 7295(2) 3503(2) 6350(1) 21(1) 
C(2) 6562(2) 3197(3) 5739(1) 24(1) 
C(3) 9948(2) 3644(2) 8471(1) 24(1) 
C(4) 10859(2) 3426(3) 9066(1) 27(1) 
C(5) 10501(2) 6661(2) 6837(1) 26(1) 
C(6) 12465(2) 3862(2) 6640(1) 22(1) 
O(1S) 9959(4) 4436(4) 4367(1) 38(1) 
O(2S) 9924(10) 5401(10) 5224(3) 27(1) 
C(1S) 11089(17) 2710(20) 5139(4) 37(2) 
C(2S) 10279(13) 4213(13) 4858(4) 23(2) 
C(3S) 9069(15) 7000(18) 4986(4) 35(2) 
C(4S) 8864(6) 8216(6) 5432(2) 38(1) 
________________________________________________________________________________ 
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Table A-4.9.   Bond lengths [Å] and angles [°] for Pd(DMSO)(H2O)(TFA)2 4-2a. 
_____________________________________________________  
Pd(1)-O(3)  2.0171(13) 
Pd(1)-O(1)  2.0205(13) 
Pd(1)-O(5)  2.0564(13) 
Pd(1)-S(1)  2.1979(8) 
S(1)-O(6)  1.4677(13) 
S(1)-C(6)  1.7666(17) 
S(1)-C(5)  1.7737(18) 
F(1)-C(2)  1.336(2) 
F(2)-C(2)  1.323(2) 
F(3)-C(2)  1.328(2) 
F(4)-C(4)  1.330(2) 
F(5)-C(4)  1.321(2) 
F(6)-C(4)  1.331(2) 
O(1)-C(1)  1.265(2) 
O(2)-C(1)  1.222(2) 
O(3)-C(3)  1.2673(19) 
O(4)-C(3)  1.217(2) 
O(5)-H(5A)  0.9580(11) 
O(5)-H(5B)  0.9580(11) 
C(1)-C(2)  1.547(2) 

C(3)-C(4)  1.547(2) 
C(5)-H(5C)  0.9800 
C(5)-H(5D)  0.9800 
C(5)-H(5E)  0.9800 
C(6)-H(6A)  0.9800 
C(6)-H(6B)  0.9800 
C(6)-H(6C)  0.9800 
O(1S)-C(2S)  1.203(10) 
O(2S)-C(2S)  1.342(5) 
O(2S)-C(3S)  1.491(13) 
C(1S)-C(2S)  1.451(14) 
C(1S)-H(1SA)  0.9800 
C(1S)-H(1SB)  0.9800 
C(1S)-H(1SC)  0.9800 
C(3S)-C(4S)  1.464(15) 
C(3S)-H(3SA)  0.9900 
C(3S)-H(3SB)  0.9900 
C(4S)-H(4SA)  0.9800 
C(4S)-H(4SB)  0.9800 
C(4S)-H(4SC)  0.9800 

 
O(3)-Pd(1)-O(1) 175.12(5) 
O(3)-Pd(1)-O(5) 88.62(5) 
O(1)-Pd(1)-O(5) 89.87(5) 
O(3)-Pd(1)-S(1) 91.18(4) 
O(1)-Pd(1)-S(1) 90.50(4) 
O(5)-Pd(1)-S(1) 177.93(4) 
O(6)-S(1)-C(6) 110.26(8) 
O(6)-S(1)-C(5) 109.42(8) 
C(6)-S(1)-C(5) 103.87(9) 
O(6)-S(1)-Pd(1) 115.56(5) 
C(6)-S(1)-Pd(1) 107.91(6) 
C(5)-S(1)-Pd(1) 109.17(7) 
C(1)-O(1)-Pd(1) 117.62(10) 
C(3)-O(3)-Pd(1) 119.45(10) 
Pd(1)-O(5)-H(5A) 115.8(12) 
Pd(1)-O(5)-H(5B) 115.5(12) 
H(5A)-O(5)-H(5B) 104.51(16) 
O(2)-C(1)-O(1) 129.32(15) 
O(2)-C(1)-C(2) 115.33(15) 
O(1)-C(1)-C(2) 115.34(14) 
F(2)-C(2)-F(3) 108.27(15) 
F(2)-C(2)-F(1) 108.04(15) 
F(3)-C(2)-F(1) 106.97(15) 
F(2)-C(2)-C(1) 113.45(14) 
F(3)-C(2)-C(1) 110.24(14) 
F(1)-C(2)-C(1) 109.65(15) 
O(4)-C(3)-O(3) 129.56(15) 
O(4)-C(3)-C(4) 117.30(15) 
O(3)-C(3)-C(4) 113.12(14) 

F(5)-C(4)-F(4) 107.34(16) 
F(5)-C(4)-F(6) 107.85(16) 
F(4)-C(4)-F(6) 107.74(15) 
F(5)-C(4)-C(3) 111.91(14) 
F(4)-C(4)-C(3) 112.77(14) 
F(6)-C(4)-C(3) 109.04(16) 
S(1)-C(5)-H(5C) 109.5 
S(1)-C(5)-H(5D) 109.5 
H(5C)-C(5)-H(5D) 109.5 
S(1)-C(5)-H(5E) 109.5 
H(5C)-C(5)-H(5E) 109.5 
H(5D)-C(5)-H(5E) 109.5 
S(1)-C(6)-H(6A) 109.5 
S(1)-C(6)-H(6B) 109.5 
H(6A)-C(6)-H(6B) 109.5 
S(1)-C(6)-H(6C) 109.5 
H(6A)-C(6)-H(6C) 109.5 
H(6B)-C(6)-H(6C) 109.5 
C(2S)-O(2S)-C(3S) 115.9(6) 
O(1S)-C(2S)-O(2S) 122.2(6) 
O(1S)-C(2S)-C(1S) 127.1(11) 
O(2S)-C(2S)-C(1S) 110.7(8) 
C(4S)-C(3S)-O(2S) 109.5(6) 
C(4S)-C(3S)-H(3SA) 109.8 
O(2S)-C(3S)-H(3SA) 109.8 
C(4S)-C(3S)-H(3SB) 109.8 
O(2S)-C(3S)-H(3SB) 109.8 
H(3SA)-C(3S)-H(3SB) 108.2 

_____________________________________________________________  
Symmetry transformations used to generate equivalent atoms:  
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Table A-4.10.   Anisotropic displacement parameters  (Å2x 103) for Pd(DMSO)(H2O)(TFA)2 4-2a.  The 
anisotropic displacement factor exponent takes the form:  -2π2[ h2 a*2U11 + ...  + 2 h k a* b* U12 ] 
______________________________________________________________________________  
 U11 U22  U33 U23 U13 U12 
______________________________________________________________________________  
Pd(1) 11(1)  15(1) 13(1)  -1(1) 1(1)  -2(1) 
S(1) 14(1)  16(1) 16(1)  1(1) 0(1)  -3(1) 
F(1) 42(1)  53(1) 29(1)  17(1) -2(1)  -9(1) 
F(2) 29(1)  68(1) 23(1)  -19(1) 0(1)  3(1) 
F(3) 19(1)  52(1) 28(1)  -5(1) -3(1)  -12(1) 
F(4) 57(1)  37(1) 21(1)  -1(1) -8(1)  25(1) 
F(5) 50(1)  67(1) 18(1)  0(1) 5(1)  31(1) 
F(6) 44(1)  54(1) 34(1)  -6(1) -14(1)  -5(1) 
O(1) 16(1)  22(1) 14(1)  -1(1) 0(1)  -2(1) 
O(2) 27(1)  63(1) 26(1)  -16(1) -6(1)  19(1) 
O(3) 15(1)  20(1) 14(1)  0(1) 0(1)  1(1) 
O(4) 64(1)  75(1) 21(1)  -11(1) -10(1)  53(1) 
O(5) 21(1)  30(1) 18(1)  3(1) -1(1)  -11(1) 
O(6) 19(1)  24(1) 20(1)  -2(1) -3(1)  -7(1) 
C(1) 18(1)  27(1) 17(1)  -3(1) -1(1)  -2(1) 
C(2) 18(1)  37(1) 17(1)  0(1) -1(1)  -5(1) 
C(3) 26(1)  29(1) 15(1)  -2(1) -3(1)  10(1) 
C(4) 29(1)  31(1) 18(1)  -4(1) -3(1)  14(1) 
C(5) 22(1)  20(1) 36(1)  9(1) -1(1)  -2(1) 
C(6) 23(1)  25(1) 21(1)  -1(1) 8(1)  -3(1) 
O(1S) 36(2)  53(2) 23(1)  8(1) -2(1)  9(1) 
O(2S) 22(3)  29(3) 28(2)  11(2) -1(2)  7(2) 
C(1S) 34(3)  52(5) 23(4)  2(3) 1(3)  9(3) 
C(2S) 15(3)  29(4) 22(3)  7(3) -3(2)  7(3) 
C(3S) 29(4)  51(5) 24(4)  8(3) 3(3)  -10(4) 
C(4S) 38(2)  30(2) 45(2)  3(2) -2(2)  6(2) 
______________________________________________________________________________ 
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Table A-4.11.   Hydrogen coordinates ( x 104) and isotropic  displacement parameters (Å2x 10 3) 
for Pd(DMSO)(H2O)(TFA)2 4-2a. 
________________________________________________________________________________  
 x  y  z  U(eq) 
________________________________________________________________________________  
  
H(5A) 8080(20) 407(17) 7768(5) 35 
H(5B) 7320(20) 508(18) 7166(5) 35 
H(5C) 9838 6340 6486 40 
H(5D) 11329 7502 6767 40 
H(5E) 9815 7189 7083 40 
H(6A) 12922 2725 6765 33 
H(6B) 13335 4651 6572 33 
H(6C) 11703 3709 6297 33 
H(1SA) 11196 1792 4869 55 
H(1SB) 10454 2276 5415 55 
H(1SC) 12163 3063 5323 55 
H(3SA) 9703 7567 4725 41 
H(3SB) 8000 6678 4780 41 
H(4SA) 8310 9271 5275 58 
H(4SB) 9925 8533 5634 58 
H(4SC) 8221 7657 5685 58 
________________________________________________________________________________ 
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Table A-4.12.  Torsion angles [°] for Pd(DMSO)(H2O)(TFA)2 4-2a. 
________________________________________________________________  
O(3)-Pd(1)-S(1)-O(6) -2.14(7) 
O(1)-Pd(1)-S(1)-O(6) -177.55(7) 
O(5)-Pd(1)-S(1)-O(6) 82.3(9) 
O(3)-Pd(1)-S(1)-C(6) 121.78(7) 
O(1)-Pd(1)-S(1)-C(6) -53.63(7) 
O(5)-Pd(1)-S(1)-C(6) -153.8(9) 
O(3)-Pd(1)-S(1)-C(5) -125.94(8) 
O(1)-Pd(1)-S(1)-C(5) 58.64(8) 
O(5)-Pd(1)-S(1)-C(5) -41.5(9) 
O(3)-Pd(1)-O(1)-C(1) 138.3(5) 
O(5)-Pd(1)-O(1)-C(1) 66.31(13) 
S(1)-Pd(1)-O(1)-C(1) -111.65(12) 
O(1)-Pd(1)-O(3)-C(3) -151.9(5) 
O(5)-Pd(1)-O(3)-C(3) -79.95(14) 
S(1)-Pd(1)-O(3)-C(3) 97.99(13) 
Pd(1)-O(1)-C(1)-O(2) 9.3(3) 
Pd(1)-O(1)-C(1)-C(2) -171.81(11) 
O(2)-C(1)-C(2)-F(2) -171.36(17) 
O(1)-C(1)-C(2)-F(2) 9.6(2) 
O(2)-C(1)-C(2)-F(3) -49.8(2) 
O(1)-C(1)-C(2)-F(3) 131.24(17) 
O(2)-C(1)-C(2)-F(1) 67.8(2) 
O(1)-C(1)-C(2)-F(1) -111.25(17) 
Pd(1)-O(3)-C(3)-O(4) 0.4(3) 
Pd(1)-O(3)-C(3)-C(4) -178.06(12) 
O(4)-C(3)-C(4)-F(5) 27.3(3) 
O(3)-C(3)-C(4)-F(5) -154.05(17) 
O(4)-C(3)-C(4)-F(4) 148.4(2) 
O(3)-C(3)-C(4)-F(4) -32.9(2) 
O(4)-C(3)-C(4)-F(6) -91.9(2) 
O(3)-C(3)-C(4)-F(6) 86.72(19) 
C(3S)-O(2S)-C(2S)-O(1S) 1.5(8) 
C(3S)-O(2S)-C(2S)-C(1S) -179.4(13) 
C(2S)-O(2S)-C(3S)-C(4S) -176.2(5) 
________________________________________________________________  
Symmetry transformations used to generate equivalent atoms:  
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Table A-4.13.  Hydrogen bonds for Pd(DMSO)(H2O)(TFA)2 4-2a [Å and °]. 
____________________________________________________________________________  
D-H...A d(D-H) d(H...A) d(D...A) <(DHA) 
____________________________________________________________________________  
 O(5)-H(5A)...O(2)#1 0.9580(11) 1.689(4) 2.6312(19) 166.9(17) 
 O(5)-H(5B)...O(4)#1 0.9580(11) 1.692(5) 2.634(2) 166.6(18) 
____________________________________________________________________________  
Symmetry transformations used to generate equivalent atoms:  
#1 -x+3/2,y-1/2,-z+3/2       
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