1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Oy ACS Catal. Author manuscript; available in PMC 2017 December 02.

Published in final edited form as:
ACS Catal. 2016 December 2; 6(12): 8201-8213. doi:10.1021/acscatal.6b02406.

s HHS Public Access
L

Palladium-Catalyzed Aerobic Dehydrogenation of Cyclic
Hydrocarbons for the Synthesis of Substituted Aromatics and
Other Unsaturated Products

Andrei V. losub and Shannon S. Stahl”
Department of Chemistry, University of Wisconsin-Madison, 1101 University Avenue, Madison, WI
53706, United States

Abstract

Catalytic dehydrogenation of saturated or partially saturated six-membered carbocycles into
aromatic rings represents an appealing strategy for the synthesis of substituted arenes. Particularly
effective methods have been developed for the dehydrogenation of cyclohexanones and
cyclohexenes into substituted phenol, aniline, and benzene derivatives, respectively. In this
Perspective, we present the contributions of our research group to the discovery and development
of palladium-based catalysts for aerobic oxidative dehydrogenation methods, including general
methods for conversion of cyclohexanones and cyclohexenones into substituted phenols and a
complementary method for partial dehydrogenation cyclohexanones to cyclohexenones. The
mechanistic basis for chemoselective conversion of cyclohexanones to phenols or enones is
presented. These results are presented within the context of recent methods developed by others
for the synthesis of aryl ethers, anilines and other substituted arenes. Overall, Pd-catalyzed
dehydrogenation methods provide a compelling strategy for selective synthesis of aromatic and
related unsaturated molecules.
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1. Introduction

Aromatic molecules are universal targets of industrial and laboratory chemical synthesis,
with applications ranging from pharmaceuticals and agrochemicals to electronic materials
and commaodity chemicals. New methods for the preparation of substituted aromatic
molecules, particularly those that exhibit selectivity patterns different from existing methods,
can have a major impact across the chemical industry. This principle is prominently
illustrated by the development of metal-catalyzed cross-coupling reactions of aryl halides
and related substrates,! which dramatically expanded the scope of accessible substituted
aromatic compounds and bypassed many of the regioselectivity constraints and substrate
limitations of classical nucleophilic and electrophilic aromatic substitution reactions
(Scheme 1A-C). The requirement of cross-coupling reactions to use an aromatic substrate
that is prefunctionalized with a halide, triflate or related leaving group, however, has
inspired many contemporary efforts to develop methods for direct functionalization of arene
C—H bonds (Scheme 1D).2:3 Many successful examples of arene C—H functionalization
reactions have been reported, especially with substrates bearing a chelating directing group
to control regioselectivity; however, a common feature among all of the methods in Scheme
1 is the use of an aromatic molecule as the starting material for selective incorporation of
substituents to the periphery of the ring.

In this Perspective, we highlight a fundamentally different strategy to prepare selectively
substituted aromatic compounds that has been the focus of recent investigation in our group:
aerobic dehydrogenation of saturated or partially unsaturated 6-membered carbocyclic rings.
The latter starting materials are readily available and easily derivatized by classical synthetic
methods. Therefore, they represent appealing precursors to diversely substituted aromatic
compounds. The overall strategy relies on a sequence of well established mechanistic steps
in the field of Pd catalysis, including Pd"'-mediated C—H activation to form a Pd-alkyl
species, B-H elimination from the Pd-alkyl species to generate the alkene moiety, and
reoxidation of the resulting Pd'!-H intermediate by O, to complete the catalytic cycle
(Scheme 2).4

We first demonstrated the synthetic opportunities available via this strategy in the aerobic
dehydrogenation of cyclohexanones and cyclohexenones into substituted phenols (cf.
Section 2, below).® Since this initial report, we and several other groups have expanded upon
this concept, significantly broadening the scope of Pd-catalyzed aerobic dehydrogenation
methods, including applications to the synthesis of aryl ethers, anilines, substituted arenes
and other aromatic molecules that take advantage of the a carbonyl group in the saturated
precursor to enter the catalytic cycle (Scheme 3). The groups of Deng, Li and Lemaire have
been particularly active in this area, as summarized in a recent account.® In this Perspective
article, we present the concepts that guided our initial discovery of the cyclohexanone-to-
phenol reaction, together with the subsequent development of related dehydrogenation
reactions in our laboratory, including synthetic applications as well as mechanistic studies.
This work is presented in in the context of work by of other groups, with the aim of
providing relevant perspective on the utility of dehydrogenation reactions as synthetic
methods.
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2. Dehydrogenation of Cyclohexanones and Cyclohexenones to Phenols

The dehydrogenation of cyclohexenones to phenols is typically accomplished with
stoichiometric reagents, such as 2,3-dichloro-5,6-dicyano-p-benzoquinone (DDQ)’ or
bromination/dehydrobromination procedures. Catalytic aerobic dehydrogenation methods
represent an appealing alternative; however, most precedents were limited to high
temperature, gas-phase reactions of the cyclohexanones itself, or methods that employ
stoichiometric Pd and proceed in relative low (e.g., <30%) yield.89 Liquid-phase reactions
would be amenable to the synthesis of substituted phenols, but such applications were not
known. Methods of this type could leverage the facile access to substituted cyclohexanones,
which may be prepared via numerous routes, including enolate alkylation, 1,4-additions to
cyclohexenones, and Robinson annulation and Diels-Alder reactions. Readily accessible 3-
substituted cyclohexanones are direct precursors to meta-substituted phenols that are
challenging to prepare via traditional aromatic substitution methods (Scheme 4). We
envisioned that this transformation could be achieved via Pd-catalyzed aerobic
dehydrogenation methods.

Our initial studies showed that Pd(TFA), (TFA = trifluoroacetate) and dimethyl sulfoxide
(DMSO) solvent are important components of the catalyst system. Addition of traditional
monodentate and bidentate nitrogen ligands, such as pyridine, 2,2”-bipyridyl (bpy) or 1,10-
phenanthroline (phen) did not result in increased yields. We hypothesized that a more
electrophilic catalyst system would improve rates of the key organometallic steps and we
found that the addition of 2-dimethylaminopyridine (2-Me,Npy) and a strong acid (o-TsOH)
provided high yields of the desired product at 80 °C from either cyclohexanones and
cyclohexenones. We speculated that the 2-dimethylamino group of the 2-Me,Npy ligand
might be protonated by the strong acid and lead to formation of a more-electron-deficient Pd
catalyst. Heterogeneous catalysts (e.g., Pd/C), which have precedent as catalysts in related
dehydrogenation reactions, 10 were ineffective under similar conditions. This catalyst system
was used in the formation of diverse substituted phenols (Scheme 5A). The ortho-, meta-
and para-cresols, as well as various aryl substituted phenols, were obtained in good yields.
The catalyst was also effective for dehydrogenation of substituted cyclohexenones bearing
aryl, alkyl and ester groups (Scheme 5B).

The utility of the method was demonstrated in the synthesis of a 3,5-diarylsubstituted phenol
precursor to a potent in vitro allosteric inhibitor of the human luteinizing hormone receptor
(Scheme 6).11 The original synthetic route to this molecule formed the unsymmetrically
substituted phenol via sequential Suzuki coupling reactions that proceed in comparatively
low vyields, starting from 3,5-dibromophenol, (30%, and 62% respectively). Sequential aldol
condensation of benzaldehyde and 4-methylacetophenone, followed by Robinson annulation
with acetone provided access to the cyclohexenone precursor, and subsequent Pd-catalyzed
aerobic dehydrogenation afforded the substituted phenol in excellent yield.

The success of this catalyst system prompted us to pursue sequential, one-pot aerobic
oxidative-coupling/dehydrogenation reactions, beginning with oxidative Heck reactions of
cyclohexenone to prepare 3-arylcyclohexenone derivatives.12 Cyclohexenones are often
challenging substrates in oxidative Heck reactions relative to acyclic substrates, such as
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acrylates, because alkene insertion into the Pd-aryl intermediate results in a Pd-enolate
intermediate that must undergo isomerization to access an intermediate capable of
undergoing syn S-H elimination. A neutral catalyst system was crucial to the success of the
one-pot oxidative Heck/dehydrogenation reaction because the original acidic
dehydrogenation conditions described above resulted in homocoupling of the boronic acid or
non-oxidative conjugate addition to the enone. A new catalyst system was identified,
consisting of [Pd(CH3CN)4](BF4),, with 6,6”-dimethyl-2,2"-bipyridine (6,6”-Me,bpy) as an
ancillary ligand and sodium anthraquinone-2-sulfonate (AMS) as a quinone co-catalyst, in
DMSO at 80 °C. This catalyst system was effective as a dehydrogenation catalyst with
diverse substituted cyclohexenones, and in some cases was superior to the previously
catalyst system for this step. For example, 6-phenyl-cyclohexen-2-one underwent
dehydrogenation in 96% yield, versus 33% with the original catalyst. The sequential
oxidative Heck/dehydrogenation procedure was initiated with [Pd(CH3CN)4](BF4),/6,6’-
Meobpy) catalyst system in NMP at 50 °C to effect the oxidative Heck reaction. Then
DMSO was added as a cosolvent to the crude reaction mixture, followed by heating to

80 °C, to form the desired phenol product. Using this procedure, a number of 3-arylphenols
were prepared in good yields from cyclohexenone and a variety of boronic acids (Scheme 7).
A flow application of this method was recently developed by Park and co-workers, with
sequential addition of 5% TFAH/DMSO after the oxidative Heck was carried out in NMP.13
The activity of the catalyst system was improved, with residence times of 130 min.
Important changes from the original batch conditions included increasing the temperature of
the reaction to 120 °C and the O pressure to 5 atm.

Liu and coworkers recently developed a heterogeneous catalytic method for
dehydrogenation of cyclohexanones in the absence of an oxidant or other hydrogen
acceptor.14 This transformation uses commercially available Pd/C under an atmosphere of
N> and H, in NV,N-dimethylacetamide (DMA) as a solvent at 150 °C. Inclusion of hydrogen
gas in the reaction headspace was found to increase the reaction rate, although it also
contributed to small amounts of ketone hydrogenation. A number of substituted
cyclohexanones were dehydrogenated, including a substrate bearing a sulfide group, which
is typically prone to oxidation or catalyst poisoning under aerobic conditions (Scheme 8A).
Dehydrogenation of cyclohexenones was also demonstrated, including substrates containing
tertiary amines and heterocycles, including free pyrrole (Scheme 8B). No substrates
containing halides were demonstrated, which probably reflects their susceptibility to
protodehalogenation with Pd/C and H,. Recycling of the catalyst was not demonstrated.

Cyclohexanone and cyclohexenone derivatives have been used as precursors to other
aromatic compounds containing C-O bonds via dehydrogenation methods. For example, Li
and coworkers described a copper-catalyzed method for the preparation of aryl ethers from
cyclohexenones.® The reaction can be accomplished with stoichiometric CuCly*H,0, but
also under aerobic conditions with catalytic Cu(OTf), in the presence of co-catalytic NHPI
and stoichiometric KI (Scheme 9). The reaction has relatively broad substrate scope with
respect to the alcohol coupling partner, while the cyclohexenone scope was explored only
with stoichiometric CuCls, and resulted in low to moderate yields of aromatic ethers.
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Lemaire and co-workers reported a similar reaction using Pd/C as a catalyst, typically with
neat substrate and excess alcohol (5 equiv), open to air.16 Both cyclohexanones and
cyclohexenones were effective substrates, as well as tetralones (Scheme 10).

Hong and co-workers reported a Pd-catalyzed method for the preparation of coumarins from
cyclohexanones that proceeds via dehydrogenation of cyclohexanones to phenols, followed
by ortho-selective oxidative Heck reaction with acrylates and lactonization.1” The reaction is
effective with diverse substituted cyclohexanones (Scheme 11). With 3-substituted
cyclohexanones, the oxidative Heck proceeded selectively at the less hindered position
ortho- to the phenolic —OH moiety.

These syntheses of aryl ethers and coumarins via Pd-catalyzed aerobic dehydrogenationim
methods highlight the utility of cyclohexanones and cyclohexenones as precursors to
functionalized aromatic molecules and showcase the potential to expand the scope of these
reactions beyond phenol formation. The recent account by Li and co-workers describes a
number of related applications of this type.6

3. Partial Dehydrogenation of Cyclohexanones and Acyclic Ketones to a,p-

Unsaturated Carbonyl Compounds

3.1 Dehydrogenation of Cyclohexanones to Cyclohexenones

Cyclohexenones are important intermediates in the synthesis of bioactive molecules, and
cyclohexenones were observed as intermediates in our studies of the cyclohexanone
dehydrogenation reactions described above. This observation prompted us to consider the
prospect of developing a method for “interrupted” dehydrogenation of cyclohexanones to
afford cyclohexenone products (Scheme 12). Limited precedents supported the possibility of
direct Pd-catalyzed monodehydrogenation reactions.18 Typically, the conversion of
cyclohexenones into the corresponding enones involves two or more steps and the use of
stoichiometric oxidants,1? such as 2-iodoxybenzoic acid (IBX)2? or DDQ.” Another
common method is the Pd-catalyzed dehydrosilylation of silyl enol ethers, initially reported
by Saegusa and 1to.21 A direct dehydrogenation method that would not require the formation
of silyl enol ethers has significant appeal.

In our initial test of direct dehydrogenation methods, we evaluated a number of different Pd"!
source/ligand combinations. A Pd(TFA),/DMSO (1:2) catalyst system was identified that
enabled efficient and chemoselective access to the monodehydrogenation products with O,
as the sole oxidant.22 Key differences between the phenol formation catalyst and the newly
developed catalyst are the use of DMSO as a catalytic ligand, rather than a solvent, and the
use of AcOH, EtOAc or toluene as solvent. 4-Substituted cyclohexanones, N-substituted
piperidones, chromanones, as well as 5- and 7-membered cyclic ketones were smoothly
converted to the a,B-unsaturated products (Scheme 13A). Application of this catalyst system
to substrates that presented regio- or chemoselectivity challenges exhibited mixed results.
For example, monodehydrogenation of 2- and 3-phenylcyclohexanones led to mixtures of
regioisomers of ~ 3:1 (Scheme 13B). On the other hand, dehydrogenation of a steroid
containing a cyclohexanone and a cyclopentanone moiety led to selective dehydrogenation
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of the 6-membered ring with a single regioisomer to form 5a-androst-1-ene-3,17-dione
(Scheme 13C).

Cyclic enones that are intermediates in the synthesis of natural products were also
synthesized using the Pd(TFA),/DMSO catalyst system. An a,a-disubstituted
cyclohexanone en route to (-)-mersicarpine was dehydrogenated in 85% yield, which
compares favorably to the previously reported method using 3 equiv of IBX23 (72%)
(Scheme 14A). Dehydrogenation to a cyclopentene-a-dione, which previously required
stoichiometric Pd(OAC),,24 was accomplished in 90% yield with an increase in the Pd and
DMSO catalyst loading (10 and 30 mol %, respectively (Scheme 14B).

The examples presented in Schemes 13 and 14 support Pd-catalyzed aerobic methods as a
promising alternative to other dehydrogenation reactions that employ multiple steps or
require undesirable stoichiometric oxidants.1® On the other hand, the practicality of the
methods, especially for large scale applications, would benefit from lower catalyst loading.
Additional synthetic opportunities have been realized through the use of Pd-catalyzed a.,f-
dehydrogenations of carbonyl compounds in tandem reactions, representative examples of
which include dehydrogenation/Heck-type reactions of acyclic aldehydes and ketones?®,
chromanones, 26 and cyclic carbonyl compounds.2’

3.2 Origin of Chemoselectivity in the Dehydrogenation of Cyclohexanones

Mechanistic studies were carried out to probe the basis for the different chemoselectivity of
the Pd(TFA),»/2-MesNpy and Pd(DMSO),(TFA), catalyst systems for phenol and enone
product formation, respectively. Reaction time-course plots revealed notable differences
between the two catalysts in their dehydrogenation of 4-fert-butylcyclohexanone (Scheme
15). The time course data were fit to a simple A—B—C kinetic model in order to compare
the relative rates of the two steps with the two different catalyst systems.22 With the
Pd(TFA),/2-NMe,py catalyst, the first step is almost two-fold slower than the second step
(k#k>=0.61). The reaction also exhibited a significant non-zero concentration of
cyclohexenone, however, arising from a kinetic burst of enone formation (see further
discussion below). In contrast, the Pd(DMSQ),(TFA), catalyst exhibits a rate for the first
dehydrogenation step that is 33-fold faster than the second step.

Kinetic studies of the Pd(DMSOQ),(TFA),-catalyzed reaction shed light on several important
features of the reaction and highlighted the role of the catalytic DMSO ligand in controlling
the reaction selectivity.28 The cyclohexanone-to-cyclohexenone step exhibited only minor
rate dependence on DMSO (Scheme 16A); however, high product yield was obtained only in
the presence of DMSO. Rapid formation of Pd black and catalyst deactivation occurred in
the absence of DMSO. These features contrast those associated with the cyclohexenone-to-
phenol step. Studies of the second step required higher catalyst loading and substrate
concentration, owing to the slow rate of this step with the Pd(DMSO),(TFA), catalyst.
Analysis of the effect of DMSO on this reaction revealed an induction period when DMSO
was present, and DMSO had a significant inhibitory effect on initial rate of the reaction
(Scheme 16B). The length of the induction period increased at higher DMSO concentration.
These and other mechanistic data revealed that dehydrogenation of cyclohexanone to
cyclohexenone is promoted by a homogeneous Pd catalyst, supported by the DMSO ligand,

ACS Catal. Author manuscript; available in PMC 2017 December 02.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

losub and Stahl

Page 7

whereas the cyclohexenone-to-phenol step involves nanoparticles that form more rapidly at
lower DMSO concentration. These collective observations indicated that the active catalyst
for the second step consists of soluble Pd nanoparticles that form under the reaction
conditions. The inhibitory effect of DMSO on phenol formation in EtOAc as the solvent was
explained by its ability to stabilize homogeneous Pd and hinder formation of Pd
nanoparticles.

A subsequent mechanistic investigation of the Pd(TFA),/2-NMe,py/p-TsOH catalyst led to
complementary observations about the speciation of the active Pd catalysts involved, but in
this case controlled formation of Pd nanoparticles under the reaction conditions leads to
formation of the phenol product.2? Time course data showing a burst in cyclohexenone
formation corresponding to one turnover of Pd!!, followed by steady-state kinetics (cf.
Scheme 15), implicated a change in the nature of the active catalyst. When cyclohexenone
was used as the substrate, rather than cyclohexanone, an induction period was observed for
phenol formation. Several classical tests to distinguish between homogeneous and
heterogeneous catalysis were conducted. Hot filtration tests, as well as testing commercial
Pd/C and Pd/Al,O3, eliminated heterogeneous Pd as the active species for cyclohexenone or
phenol formation. Hg-metal3® and poly(4-vinylpyridine) poisoning tests were consistent
with rapid cyclohexenone formation with a molecular Pd'! catalyst. In situ evolution of the
molecular catalyst into Pd nanoparticles, however, led to quenching of catalytic activity by
these poisons. Transmission electron microscopy (an ex situ technique) and dynamic light
scattering (DLS; an /n situtechnique) data provided evidence for the formation of Pd
nanoparticles during catalytic turnover of cyclohexanone. Collectively, the results indicate
that the combination of Pd(TFA), with 2-NMe,py and p-TsOH in DMSO3! promotes very
rapid monodehydrogenation of cyclohexanone, but the catalyst immediately begins to
aggregate into Pd nanoparticles after a single turnover, and the Pd nanoparticles are
responsible for the steady state dehydrogenation activity that leads to phenol formation.

These studies of these two catalyst systems demonstrate that molecular and nanoparticle Pd
catalysts exhibit different chemoselectivity (Scheme 17). The former promote rapid
monodehydrogenation of cyclohexanones to afford cyclohexenones, whereas the latter
exhibit moderate activity for the dehydrogenation of both cyclohexanones and
cyclohexenones, resulting in the net conversion of cyclohexanones to phenols. Thus, control
over the Pd catalyst speciation provides the basis for chemoselective reactivity. This
approach to selectivity control in catalytic reactions has limited precedent, but it represents
an exciting opportunity for future developments in the field of transitional metal
catalysis.32:33

3.3 Dehydrogenation of Acyclic Carbonyl Compounds and Other More-Challenging

Substrates

The development of the Pd-catalyzed aerobic monodehydrogenation reaction of
cylohexanones prompted us to investigate the dehydrogenation of acyclic substrates. This
application would significantly expand the scope of this mode of reactivity and include other
carbonyl compounds such as aldehydes, esters and amides. Analogous to cyclohexanone
monodehydrogenations, classic reactions include the use of stoichiometric selenium-based
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reagents, IBX or DDQ.1° Prior examples of Pd-catalyzed dehydrogenation of aldehydes
utilized the formation of enamine intermediates with a catalytic amine and Pd(OAc),
(Scheme 18).34:35 The scope was limited to hydrocinnamaldehyde derivatives, as analogous
ketones were inactive.

We targeted direct a-C—H activation by Pd'! salts, and systematic evaluation of Pd!' sources
and ligands led to the identification of an aerobic Pd(TFA)/4,5-diazafluorenone (DAF)
catalyst in DMSO0.36 This catalyst system enabled the efficient dehydrogenation of
hydrocinnamaldehydes, as well as p-arylketone derivatives (Scheme 19). Dehydrogenation
of a 1,4-dicarbonyl compound also proceeded in good yield. Acyclic ketones lacking an aryl
group in the B-position undergo further dehydrogenation to the dienone product in poor
yield and are not good substrates for this reaction. Esters and amides are also ineffective
substrates, presumably owing to the lower acidity of the alpha C-H bond proton.

A similar Pd(OAc),/4,5-diazafluorenone catalyst system consisting of was reported
simultaneously by Huang et al., using catalytic K,COj3 as a base and DMF as a solvent.3’
Similar substrate scope was observed for acyclic carbonyl compounds. In addition, it was
shown that the dehydrogenation of B-arylbutanone derivatives can take place the absence of
the diazafluorenone ligand, albeit at 110 °C (Scheme 20).

Cyclopentanones are more challenging substrates for dehydrogenation relative to
cyclohexenones, but variations of the above methods have proven effective in a series of
useful synthetic applications (Schemes 21 and 22). Our group demonstrated
dehydrogenation of a bicyclic cyclopentanone precursor to a metatrobic glutamate receptor
(mGIuR) antagonist.38 The Pd(TFA),/DAF catalyst system proved to be the most effective,
enabling dehydrogenation of the ketone in 79% yield (Scheme 21A). Our previous Pd-based
catalyst systems were less effective (£37% yield). Magauer and co-workers employed the
same method in gram-scale dehydrogenation of an indanone substrate in their route to the
anticancer natural product chartarin (Scheme 21B).3% And, Minnaard and co-workers
employed Pd(TFA),/DAF-catalyzed aerobic dehydrogenation of substituted cyclopentanone
in synthetic routes to the sesquiterpenes herbertenediol, enokipodin A and enokipodin B
(Scheme 22).40

While these results are promising, new catalyst systems will be needed to achieve selective
monodehydrogenation of carbonyl compounds beyond the substrates in Schemes 18-20.
Key challenges include unsymmetrical ketones, which can form two different enone
products, and esters and amides and related substrates, which are less reactive. Important
complementary developments have been reported recently by Newhouse and coworkers,
who described the one-pot dehydrogenation of esters, nitriles and amides using Pd catalysts
(Scheme 23).41 Use of bulky, strong Li bases in the presence of ZnCl, generate zinc enolates
or cyanoalkylzinc species. Subsequent addition of an allyl-Pd!! catalyst precursor, together
with allyl acetate or pivalate as the oxidant, results in effective dehydrogenation of these
challenging substrates. The conditions are not compatible with of O, as an oxidant.

Using TMPLi (TMPH = 2,2,6,6-tetramethylpiperidine) as the base, a number of a,p-
unsaturated esters and nitriles were obtained in moderate to good yields, including acyclic
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substrates, as well as lactones (Scheme 23).42 Dehydrogenation of amides required further
optimization, and a bulkier secondary amide lithium base, LiCyan (CyanH = A-
Cyclohexyl-2,6-diisoproylaniline), was used.*3 Acyclic amides and lactams were
dehydrogenated in good yields, including in the presence of free —OH and —NH functional
groups. Only tertiary amide substrates were reactive, even in the presence of secondary
amides.

4. Dehydrogenative Coupling of Cyclohexanones/Cyclohexenones and

Amines to Afford Anilines

The condensation of amines onto cyclohexanones and cyclohexenones affords imines and/or
enamines that can undergo dehydrogenation to afford substituted anilines (Schemes 24). Our
preliminary attempts to implement this strategy were unsuccesful due to competing phenol
formation; however, the groups of Deng/Li** and Yoshikai#® developed aerobic Pd-catalyzed
methods for the synthesis of secondary and tertiary anilines, as well as aromatic
sulfonamides*4° via this approach. The catalyst developed by Yoshikai and co-workers was
primarily active when primary amines or electron-rich primary anilines were used as
substrates in combination with cyclohexanones (Scheme 25A). The Deng/Li catalyst system
was employed with primary anilines as nucleophilic partners (Scheme 25B). The authors
demonstrated a much broader amine scope, including secondary and aliphatic amines, was
successful when cyclohexenones were used as substrates. In addition, Lemaire and co-
workers showed that various cyclohexanones could be used as neat substrates to achieve
dehydrogenative coupling with amines using Pd/C as the catalyst (Scheme 25C).46 This
method was typically more efficient and selective with 1-octene as a hydrogen acceptor,
rather than O, although tetralones underwent coupling in the absence of an acceptor to
afford 1-aminonaphthalenes. Collectively, these results represent a valuable application of
oxidative dehydrogenation catalysis.

Primary anilines represent an appealing targets because they are often difficult to access via
the traditional C-N coupling methods;*’+48 however, synthesis of primary anilines via
dehydrogenative coupling is challenging because condensation of the ketone and ammonia
to form the primary imine via is challenging. A classic method for the synthesis of primary
anilines is the Semmler-Wolff reaction,#9-51 which involves high-temperature dehydration of
cyclohexenone oximes promoted by strong acid (Scheme 26A). The harsh conditions (e.g.,
refluxing Ac,O/AcOH with anhydrous HCI) limit its synthetic utility, and the reactions are
complicated by competing formation of Beckmann rearrangement products and acylation of
the aniline products.®? Inspired by recent publications that make use of N-O bonds as an
internal oxidant,>3 we developed a Pd-catalyzed variant of the Semmler-Wolff reaction, in
which O-acyloximes of cyclohexenone and tetralone derivatives undergo conversion to the
corresponding primary aniline, with the N-O bond of the substrate serving as the oxidant
(Scheme 26B).5* Oxidative addition of N-O bond to Pd® generates an imino-Pd!!
intermediate, which was independently prepared at low temperature and characterized by X-
ray crystallography. This species was then shown to generate the desired aniline at elevated
temperatures, presumably via tautomerization, conversion to an a.-palladated imine species,
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and B-H elimination. Tautomerization of the resulting dienimine affords the desired primary
aniline (Scheme 26B).

The optimal oxygen activating group was pivalate and a catalyst system employing
Pd(OAc), and PCyj3 as a ligand was developed. The addition of catalytic pivalic acid
(PivOH, 30 mol %) was found to boost yields as well. With this catalyst system, a broad
range of primary anilines and 1-aminonaphthalenes were synthesized in moderate to good
yields (Scheme 27). In the synthesis of two 1-aminonaphthalene precursors to bioactive
molecules, the new protocol led to higher yields than classic Semmler-Wolff conditions (for
HKI 0231B)5% or an alternative nitration/nitro-reduction route (for norallonitidine)®®. The
Pd-catalyzed method also proved effective for the preparation of meta-substituted anilines
and a tetrasubstituted anilines, although the latter was obtained in relatively low yield (46%)
and required higher temperature (120 °C). Although this method is not aerobic, it represents
a useful route to anilines from partially saturated precursors and exhibits many features in
common with the dehydrogenation methods described above.

5. Pd-Catalyzed Dehydrogenation of Cyclohexenes to Substituted Arenes

The majority of dehydrogenation reactions utilize cyclohexanone or cyclohexenone
derivatives as starting materials to access phenols, aryl ethers and anilines. In an effort to
generalize the aerobic dehydrogenative strategy for the preparation of substituted aromatics,
we targeted the preparation of arenes that lack heteroatom substituents by using
cyclohexenes as precursors. Cyclohexenes are readily available substrates, most notably via
Diels-Alder cycloadditions. The dehydrogenation of cyclohexenes could proceed via a Pd'!-
mediated allylic C—H activation, followed by g-H elimination and aerobic regeneration of
PdO (Scheme 28). Pd-mediated disproportionation of cyclohexene into cyclohexane and
benzene was precedented and represented a possible undesirable side-reaction.6:572.0.f

Precedents for cyclohexene aromatization were primarily limited to the parent cyclohexene
or related simple derivatives;® a synthetically useful example was demonstrated by
Oestreich and co-workers (Scheme 29).%8 Aerobic dehydrogenation of substituted
cyclohexenes was observed in the study of oxidative C-C coupling reactions with indole
substrates, although the yields were typically rather modest (36-55%, 71% for one example)
with 10 mol % Pd catalyst.

Using 3-cyclohexene-1-carboxylic acid as a substrate, we optimized a catalyst system that
consists of Pd(TFA), and sodium anthraquinone-2-sulfonate (AMS) as a co-catalyst.
Although the precise role of AMS is not known, it enabled efficient aerobic turnover and
avoided disproportionation of the cyclohexene.>%:60 This catalyst showed substantially
increased substrate scope and higher yields than previously reported dehydrogenation
catalysts. A variety of functional groups are tolerated under the reaction conditions (Scheme
30). This catalyst system showed lower activity with more sterically hindered substrates. An
alternative catalyst, generated /7 situ from Pd(OAc), and p-TsOH, allowed the synthesis of
tri- and tetrasubstituted aromatic rings. We speculated that this more electrophilic catalyst
should be more active for generation of the Pd!'-allyl intermediate. This catalyst also show
some activity for catalytic dehydrogenations initiated by benzylic C—H activation (Scheme
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30B). Several limitations were identified in this study. For example, substrates with aryl
bromides resulted in low yields, exocyclic alkenes underwent isomerization prior to
dehydrogenation in some cases, and substrates with nitrogen-and sulfur-containing
heterocycles resulted in diminished yields.

The utility of this aromatization strategy was highlighted in a 3-step synthetic route toward
phthalimide-based modulators of TRPAL, an ion channel that has been implicated in pain
response (Scheme 31). The methyl sorbate and A-methylmaleimide starting materials are
very inexpensive, and the carbocyclic core with the desired functionality may be accessed in
a single step via a Diels-Alder cycloaddition. Pd-catalyzed aerobic dehydrogenation of the
resulting cyclohexene provide efficient access to the desired phthalimide product. The
previously reported route8? starts from 3-nitrophthalimide, featured a series of functional
group interconversions, including a Suzuki cross-coupling step and Ru-catalyzed oxidative
cleavage of an alkene, to access the desired precursor in 5 steps (Scheme 31B). This
comparison, similar to the synthesis of a 3,5-diarylphenol in Scheme 6,2 highlights the
strategic opportunity and synthetic appeal of dehydrogenation methods relative to metal-
mediated cross-coupling methods to access substituted aromatic compounds.

Recently, Riveira, La-Venia and Mischneapplied a modified version of this catalyst system
in the last step of the synthesis of benzosimulin, an alkaloid with cytotoxic and antiplatelet
aggregation activity.52 The natural product was obtained in relatively low yield (34%), but
this approach proved superior to more classical dehydrogenation methods, using chloranil or
Pd/C (Scheme 32). This creative application highlights both the utility and the need for
continued catalyst development efforts.

Deng and co-workers demonstrated a compelling cyclohexanone condensation route to 3-
aryl indoles that proceeds via aerobic dehydrogenation of cyclohexene intermediate (Scheme
33).93 The cyclohexene intermediate was independently synthesized and shown to convert
into the aryl-substituted indole product. The cyclohexanones represent arene surrogates,
similar to the aryl ether and aniline synthetic routes described above. The catalyst system,
consisting of Pd(TFA), and bis[2-(diphenylphophino)phenyl]ether (DPEPhos), was effective
for the formation of a number of different 3-aryl indoles utilizing substituted indoles and 3-
and 4-substituted cyclohexanones.

6. Conclusions

The efficient and selective synthesis of aromatic molecules with non-conventional
substitution patterns remains a challenging and active area of research. The Pd-catalyzed
aerobic dehydrogenation methods described herein provide a compelling approach for the
conversion of readily accessible cyclohexanone and cyclohexene derivatives into substituted
phenols, anilines and arenes. The (partially) saturated substrates for these methods are often
readily assembled or derivatized by straightforward synthetic methods, and thereby provide
a means to access aromatic compounds with substitution patterns not readily available by
existing cross-coupling or aromatic C—H functionalization methods. Prominent examples
include meta-substituted phenols and anilines and polysubstituted arene derivatives, which
can serve as versatile building blocks for the preparation of more-complex molecules.
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Furthermore, applications of these methods to the preparation of various pharmaceutical and
natural product intermediates and targets show that Pd-catalyzed aerobic dehydrogenation
reaction can provide compelling solutions to synthetic challenges.

These catalytic reactions exploit well established reaction steps in homogeneous Pd
catalysis, including C—H activation to afford Pd!'-enolates and Pd''-allyl complexes, B-
hydride elimination to introduce sites of unsaturation in the organic molecules, and
oxidation of PdY by O, to regenerate the active Pd'! catalyst. Nevertheless, the success of the
methods has relied on the discovery of new catalyst systems, including new ligands and co-
catalytic additives to effect the desired substrate oxidations and achieve efficient aerobic
catalytic turnover of Pd. Mechanistic studies further show that complementary opportunities
are available from homogeneous, nanoparticle and heterogeneous catalysis. For example,
our results show that homogeneous and nanoparticle catalysts show different selectivity for
the conversion of cyclohexanones to cyclohexenones versus phenols.28:29 The work of
Lemaire,16:46 together with non-oxidative catalytic applications by Liu and Li %4
demonstrates the utility of heterogeneous Pd catalysts in related applications. The
development of new catalyst systems in future studies will undoubtedly play an important
role in continued expansion of this field.
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Scheme 12.

“Interrupted” Dehydrogenation of Cyclohexanones to Cyclohexenone Derivatives
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Scheme 13.
Monodehydrogenation of Cyclic Ketones with Pd(DMSQ),(TFA), and O,
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A. Synthesis of an intermediate to (- )-Mersicarpine
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Scheme 14.
Synthesis of Natural Product Precursors Using Pd(DMSQ),(TFA), and O,
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Scheme 15.

Comparison of Kinetic Profiles of Pd(TFA),/2-Me,Npy/p-TsOH (Catalyst 1) and
Pd(DMSOQ),(TFA), (Catalyst 2) for Dehydrogenation of 4-fert-Butylcyclohexanone
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DMSO Dependence on Dehydrogenations with Pd(DMSQ),(TFA),. A. Cyclohexanone to
cyclohexenone. B. Cyclohexenone to phenol
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Activity of Palladium Species in the Catalytic Dehydrogenation of Cyclohexanone and

Cyclohexenone
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Scheme 18.
Pd-Catalyzed Dehydrogenations of Enamines of Hydrocinnamaldehydes
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Scheme 19.

Aerobic Pd-catalyzed dehydrogenations of acyclic aldehydes and ketones developed by
Stahl and co-workers
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Scheme 20.
Acyclic substrate dehydrogenations developed by Huang and co-workers
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Scheme 21.

Aerobic Dehydrogenation of Substituted Cyclopentanone Precursors to Phamaceutical and
Natural Product Targets by Stahl (A) and Magauer (B)
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Scheme 22.
Sesquiterpenes Synthesized Using Pd(TFA),/DAF-Catalyzed Aerobic Dehydrogenation by

Minnaard and Coworkers
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Select Scope for the Pd-Catalyzed Direct Dehydrogenation of Unactivated Esters, Nitriles

and Tertiary Amides
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Scheme 24.
General Strategy for the Synthesis of Anilines via Pd-Catalyzed Dehydrogenation
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Scheme 25.

Substituted Anilines from Cyclohexanone via Pd-Catalyzed Dehydrogenation
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A. Semmler-Wolff Reaction
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Scheme 26.
Primary Aniline Synthesis via Classic Semmler-Wolff Reaction (A) and the Recently

Developed Pd-Catalyzed Variant (B)
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Scheme 27.
Pd-Catalyzed Semmler-Wolff Reaction of Cyclohexenone Oxime Pivalates
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Scheme 28.

Mechanistic Model for the Pd-Catalyzed Dehydrogenation of Cyclohexenes and the
Disproportionation Reaction
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Scheme 29.
Aerobic Pd-Catalyzed Dehydrogenation of Indole Substrates Bearing Cyclohexenes

Reported by Oestreich and Co-workers
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Scheme 30.
Select Scope for the Aerobic Pd-Catalyzed Dehydrogenation of Cyclohexenes
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Routes to TRPA1 Modulators Intermediates. Diels-Alder/Pd-Catalyzed Dehydrogenation

Sequence (A) and Previous Route Starting From 3-Nitrophthalimide (B)
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Scheme 32.
Synthesis of Benzosimuline via Pd-Catalyzed Dehydrogenation
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Scheme 33.
3-Aryl Indole Synthesis via Aerobic Pd-Dehydrogenation
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