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Efficient Intramolecular Oxidative Amination
of Olefins through Direct Dioxygen-Coupled
Palladium Catalysis**

Shannon R. Fix, Jodie L. Brice, and Shannon S. Stahl*

The prominence of five-membered nitrogen-containing
heterocycles in natural products and biologically active
moleculest!! has prompted considerable efforts toward their
synthesis. Intramolecular hydroamination? 3 and oxidative
aminationt 3! of olefins represent powerful synthetic strat-
egies for heterocycle formation (Scheme 1).1 The latter is
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Scheme 1. Strategies for the heterocyclization of olefinic amines or
amides.

particularly attractive in the context of target-"l and diversity-
oriented® synthesis, because the product retains the olefin
functionality. Nevertheless, oxidative methods exhibit added
complexity associated with redox catalysis, specifically the
need for a stoichiometric oxidant, which is typically an organic
or a transition metal reagent such as benzoquinone or
CuCl,.P! Furthermore, catalytic rates (<1 h™') and turnover
numbers (<10-20) are significantly lower than those of
hydroamination reactions, for which turnover numbers of
>300 and frequencies of 50 h~! are not uncommon.? We
describe herein the application of a very simple and efficient
catalyst system, [Pd(OAc),]/pyridine (1:2), for the intramo-
lecular oxidative amination of olefins to produce pyrrolidine
and pyrroline heterocycles in high yields. These reactions
utilize molecular oxygen as the stoichiometric oxidant,
require no co-catalyst to facilitate the dioxygen-coupled
catalytic turnover, and achieve unprecedented -catalytic
activity for such reactions.

Our recent mechanistic studies of the [Pd(OAc),]/O,/
DMSO catalytic oxidation system] revealed that oxidation
of reduced palladium by molecular oxygen is the turnover-
limiting step of the catalytic cycle.'’! By analogy to recent
aerobic oxidation reactions of alcohols,!''13] we reasoned that
pyridine or other imine donor ligands might promote
palladium oxidation and thereby increase catalytic efficiency
in oxidative amination reactions. Indeed, the oxidative
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cyclization of (E)-4-hexenyltosylamide (1) worked remark-
ably well with a catalyst composed of [Pd(OAc),] (5 mol %)
and pyridine (10 mol % ) under one atmosphere of molecular
oxygen [Eq. (1)]. The pyrrolidine product 2 was obtained in
high yield (87 %) within two hours.

5 mol% [Pd(OAc),] Ts
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Unlike previous aerobic oxidative amination reactions, this
catalyst system operates successfully in a diverse array of
solvents (>80% yield), ranging from nonpolar (toluene,
xylenes, heptane, and diphenyl ether) to polar (dimethoxy-
ethane, acetonitrile, dimethylsulfoxide, and dimethylform-
amide). The precise role of pyridine in more polar, potentially
coordinating solvents remains to be determined.

Nonpolar solvents proved to be distinctly superior at lower
catalyst loading. The use of [Pd(OAc),] (0.2 mol % )/pyridine
(0.4 mol %) in p-xylene resulted in turnover rates of 70 h!
during the first two hours of the reaction and overall turnover
numbers up to 250 —300.' These catalyst activities far surpass
those of previous oxidative amination reactions, and match or
exceed the activities of most lanthanide-catalyzed hydro-
amination reactions. Particularly noteworthy is the lack of
necessity for a co-catalyst to achieve efficient dioxygen-
coupled turnover.

A possible catalytic cycle based upon experimental findings
is shown in Scheme 2, although numerous details remain to be
elucidated. The product arises from aminopalladation of the
olefin (step I) followed by fS-hydride elimination from the
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Scheme 2. Hypothetical catalytic cycle.

alkyl palladium(ir) intermediate (step IT). The allylic disposi-
tion of the tosylamide in 2 arises from S-hydride elimination
toward the methyl group, which is favored sterically and
statistically over elimination that leads to the enamide
product.l’! Oxygenation of palladium(o) (step III) followed
by protonolysis of the peroxopalladium() species (step IV),
as was recently demonstrated for a diimine-coordinated
palladium(o) complex,!'* regenerates the active palladium(Ir)
species.'’l Consistent with a mechanism in which palladium
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alternates between the 0 and + 2 oxidation states, a good yield
of 2 (75%) is also obtained if the reaction is initiated with
[Pd,(dba),] (2.5 mol %),!'®! a palladium(o) catalyst source.

The qualitative observation of higher activities at lower
catalyst loading, together with eventual catalyst inactivation,
implicates a competition between catalytic turnover (e.g.,
step IIT) and irreversible inactivation of the catalyst
(step V).I'! Pyridine may promote catalytic turnover by
enhancing this branching in favor of step III. The pyridine/
[Pd(OACc),] stoichiometry of 2:1 in Scheme 2 reflects the
optimal ratio determined experimentally; however, up to six
equivalents could be added with only a small decrease in yield
(£5%).120

This catalyst system proved to be effective for a series of
related substrates (Table 1). Although most of the examples
utilize p-toluenesulfonamide-substituted starting materials,
the reactions of synthetically more attractive o-nitrobenzene-
sulfonamide (Ns) and benzyl carbamate (Cbz) derivatives of
1-amino-4-hexene also proceed in good yield, albeit with
longer reaction times (Table 1, entry 1).

Table 1. Intramolecular Oxidative Amination of Olefinic Substrates. [

Entry  Substrate t[h]  Product® Yieldl
y
1 A NHR =
R=Ts 2 /\<—7 87
R=Ns 8 87
R=Cbz 48 76
P IS
2 N 1.5 81 (7:3
i U W 7
NHTs Ts Ts
3 <I/\ 2 N N 94 (1:1)
S Y,

NHTs Ts

5 16 N 60
~ p,
NHTs Ts

6 15 (j/\'“)_\ 91

N N\
[a] Reaction Conditions: substrate (0.1 mmol), [Pd(OAc),] (5 pmol),
pyridine (10 umol), O, (1 atm), xylenes (1 mL), 80°C. [b] All products
were isolated and identified by comparison with published 'H NMR
spectral data.l*d ! [¢] GC yields (internal standard: anthracene). Entries 1

(R=Ts), 4, and 6 were scaled up (0.8—3 mmol) and the isolated products
were obtained in somewhat lower yields: 81, 84, and 87 %, respectively.

The products of these reactions diverge between tosyl
enamides and allylic tosylamides, although both arise from
initial 5-exo cyclization (step I, Scheme 2). Whenever possi-
ble, f-hydride elimination (step II) occurs remotely from the
tosylamide group to yield an allylic amide product (Table 1,
entries 1, 4, and 6). If this path is not available (Table 1,
entries 2, 3, and 5), the enamide is formed. In the latter cases,
kinetically formed exo methylene products slowly isomerize
under the reaction conditions to the more stable internal
olefin products.

The present studies demonstrate the versatility and re-
markable activity of the [Pd(OAc),]/pyridine catalyst system
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in aerobic oxidation catalysis, specifically for the intramolec-
ular oxidative amination of olefins. The selective formation of
allylic amides by means of oxidative cyclization provides an
attractive, atom-economical alternative to allylic substitution
reactions.?!l Furthermore, the intermediacy of alkyl palla-
dium(1) species in these reactions raises the possibility of
tandem reactions to create more complex heterocyclic
structures.’?l The distinct simplicity of this catalyst system
renders it amenable to high-throughput screening studies to
evaluate alternative ligands and other reaction parameters.
Specifically, the use of chiral ligands might permit asymmetric
C—N bond formation.!"”!

Experimental Section

General procedure (cyclization of 1): (E)-4-hexenyltosylamide (25.3 mg,
0.1 mmol), pyridine (0.8 pL, 0.01 mmol; 16.7 mM stock solution in xylene),
anthracene (1.78 mg, 0.01 mmol; 16.7 mMm stock solution in xylene), xylene
(150 pL, Aldrich), and a teflon coated stirrer bar were added to a 13 x 100-
mm disposable culture tube. The tube was placed in one of the ports of a
Radleys 12-place carousel reaction station with reflux head. After purging
the headspace with molecular oxygen, [Pd(OAc),] (1.1 mg, 0.005 mmol;
2.08 mM stock solution in xylene) was added just prior to heating to 80°C.
The total reaction volume was 1 mL. Reaction progress was monitored by
gas chromatography (Shimadzu GC-17A gas chromatograph).
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ZEKE Photoelectron Spectroscopy of the cis
and trans Isomers of Formanilide**

Susanne Ullrich, Gyorgy Tarczay, Xin Tong,
Caroline E. H. Dessent, and Klaus Miiller-Dethlefs*

Cationic states are involved in long-range charge transfer in
polypeptides,[l an area of intense chemical interest.’) While a
number of theoretical and time-resolved studies have con-
tributed to our mechanistic understanding of this problem,!
there is currently little spectroscopic information available for
cationic amides.* 4 Basic questions regard the preference for
cis or trans conformations and barrier heights for intercon-
version. Here we present initial results that indicate that zero
electron kinetic energy (ZEKE) spectroscopy,™® a high-
resolution variant of photoelectron spectroscopy, may repre-
sent a powerful technique for obtaining vibrationally resolved
spectra of cationic amides and model peptides. Spectra are
presented for both the cis and trans isomers of formanilide, an
aromatic molecule with an amide side chain. The aromatic
group provides a convenient chromophore, while significant
charge delocalization occurs from the aromatic ring to the
functional group in the cation, so that formanilide is a useful
model system for studying the properties of cationic amides.

Local-minimum geometric structures of the neutral (S;) and
cationic (D,) isomers of formanilide obtained from MP2(fc)/
6-31G* ab initio calculations are presented in Figure 1.1 For
trans-formanilide, the calculations predict that the molecule

s, D,
L L a - W P
trans
[ L) o T
E=0cm™ E=68105cm™’
E =301 cm™ E=70177 cm™’

Figure 1. Optimized structures of the neutral (S,) and cationic (D)
isomers of formanilide at the MP2(fc)/6-31G* level of theory illustrating
the ionization-induced geometry changes. Total energies are given relative
to the energy of the S, state of trans-formanilide (—399.693829 Hartree).
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