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Abstract

Wacker-type oxidative cyclization reactions have been the subject of extensive research for
several decades, but few systematic mechanistic studies of these reactions have been reported. The
present study features experimental and DFT computational studies of Pd(OAc),/pyridine-
catalyzed intramolecular aerobic oxidative amination of alkenes. The data support a stepwise
catalytic mechanism that consists of (1) steady-state formation of a Pd!!-amidate-alkene chelate
with release of one equivalent of pyridine and AcOH from the catalyst center, (2) alkene insertion
into a Pd-N bond, (3) reversible B-hydride elimination, (4) irreversible reductive elimination of
AcOH, and (5) aerobic oxidation of palladium(0) to regenerate the active trans-Pd(OAc)2(py)2
catalyst. Evidence is obtained for two energetically viable pathways for the key C-N bond-
forming step, featuring a pyridine-ligated and a pyridine-dissociated Pd!! species. Analysis of
natural charges and bond lengths of the alkene-insertion transition state suggest that this reaction
is best described as an intramolecular nucleophilic attack of the amidate ligand on the coordinated
alkene.

Introduction

Palladium-catalyzed intramolecular aza-Wacker reactions provide access to a number of
nitrogen-containing hetercycles such as pyrrolidine, piperazine, oxazolidin-2-one, pyridine,
pyrimidyldione and urea deriviatives.! These heterocyclization reactions have been a subject
of considerable attention, with recent efforts focused especially on the develoment new
synthetic transformations (e.g. 1,2-difunctionalization of alkenes),2~® enantioselective
reactiong?v8 and methods compatible with the use of molecular oxygen as the terminal
oxidant.

Seminal early work by Hegedus0 and others!! demonstrated that weakly coordinating
nitrogen nucleophiles, especially sulfonamides, are particularly compatible with
intramolecular oxidative amination reactions (e.g. eq 1). Early examples of these reactions
used benzoquinone or CuCl, as the stoichiometric oxidant.1%° Later, the groups of Larock!1d
and Hiemstrall¢ demonstrated that molecular oxygen can be used as an effective oxidant if
the reaction is carried out in DMSO as the solvent (eq 2).

itahl@chem.wisc.edu.
Current address: State Key Laboratory of Organometallics Chemistry, Shanghai Institute of Organic Chemistry, Chinese Academy of
Science, 354 Fenglin Road, Shanghai, China, 200032.

Supporting Information Available: Experimental details, characterization for all new compounds, and computational data. This
material is available free of charge via the Internet at http://pubs.acs.org.


http://pubs.acs.org

1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Yeetal.

Page 2

10 mol% Pd(CH3CN),Cl,
1 equiv. benzoquinone

= 1 equiv. LiCl, 2 equiv. Na,CO5 m
THF, reflux, 24 - 48 h N

NHTs - hydroquinone Ts
85%
(1)
5 mol% Pd(OAc), LS
P o 1atm O,
NHTs DMSO, 25°C, 72h m
-H0 93%

(2)

In 2002, we reported the use of a very simple and efficient Pd(OAc),/pyridine catalyst
system for the intramolecular oxidative amination of alkenes to produce pyrrolidine and
pyrroline heterocycles in high yield (Scheme 1).12:13 This catalyst system, originally
reported by Uemura and coworkers for alcohol oxidation, 14 is capable of using molecular
oxygen as the stoichiometric oxidant, and achieves unprecedented catalytic activity for such
reactions. The p-toluenesulfonyl (Ts) group proved to be the most effective nitrogen
substituent. Substrates bearing the p-nitrophenylsulfonyl (Ns) or Cbz (PhCH,OC(0)-)
groups were also effective, albeit requiring somewhat longer reaction time. The reaction
proceeds well with aromatic and aliphatic tosylamides and tolerates wide variations in
solvent polarity, ranging from DMSO to heptane. Non-polar solvents permit the reaction to
be performed at significantly reduced catalyst loading. With 0.2 mol % Pd(OAc), and 0.4
mol% pyridine in p-xylene, the hexenyltosylamide substrate reacted with a turnover rate of
70 h™1 during the first two hours of the reaction and turnover numbers up to 250-300 were
attained. These values are significantly higher than those observed with previous catalyst
systems.10:11 Moreover, this catalyst system has served as the starting point for the
development of enantioselective oxidative heterocyclization reactions.20:13b.c

Despite the extensive history of Pd-catalyzed oxidative amination reactions, systematic
mechanistic investigations have been quite limited. The stereochemical course of the C—-N
bond forming step, aminopalladation of alkene, has been a focus of some attention, and
evidence for both cis-22:40:15 and trans-aminopalladation1%216 pathways have been obtained
(Scheme 2). A recent study from our group demonstrated that the Pd(OAc),/pyridine-
catalyzed intramolecular aerobic oxidative amination reactions (cf. Scheme 1) proceed
exclusively via cis-aminopalladation of the alkene, consistent with alkene insertion into a
palladium-nitrogen bond (Scheme 2). 17 Here, we present experimental and computational
studies that provide insights into other important aspects of the catalytic mechanism of
Pd(OAc),/pyridine-catalyzed aerobic oxidative intramolecular amination of alkene. Results
include determination of the turnover-limiting step and catalyst resting state, and insights
into the reversibility of catalytic steps, including those that take place after the turnover-
limiting step, and the impact of O, pressure on the catalyst stability. These results and their
implications for Pd-catalyzed oxidative heterocyclization reactions are presented below.18

Results and Discussion

Kinetics Studies: Substrate and Catalyst Effects

Intramolecular aerobic oxidative hetero-cyclization of (Z)-4-hexenyltosylamide 1 is
catalyzed by Pd(OAC),:pyridine (2:8 mol%) (eq 3), and the reaction proceeds to completion

J Org Chem. Author manuscript; available in PMC 2012 February 18.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Yeetal.

Page 3

within 5 hours at 80 °C.19:20 A computer-interfaced gas-uptake apparatus was used to probe
the kinetics of the catalytic reaction by monitoring the change in oxygen pressure within a
sealed, temperature-controlled reaction vessel. The reaction time-course exhibits a
monotonic decrease in pressure (Figure 1), and the lack of an induction period allowed us to
obtain much of our kinetic data via initial-rates methods.

2 mol% Pd(OAc), Ts

8 mol% py ]
k\/\/\NHTs 120, ———————— ——= m + H;0

toluene, 80°C, 5 h
1

(3)

The initial kinetic studies focused on the influence of the concentration of the primary
reaction components (tosylamide, O, and catalyst) on the initial turnover rate. The data
revealed a saturation rate dependence on the tosylamide (Figure 2A) catalyst (Figure 2B)
concentrations. The rate dependence on the O, pressure was found to be dependent on the
Pd(OAC),:pyridine ratio. At a Pd:py ratio of 1:4, no dependence on O, pressure was
observed above 300 torr (Figure 3A). At a Pd:py ratio of 1:2, an apparent O,-dependence
was observed, and the rate observed at the maximum pressure of the reaction vessel was
approximately two-fold higher than observed in the reaction with a 1:4 Pd:py ratio (Figure
3B). In the reaction with Pd:py = 1:2, significant quantities of palladium black were
observed at lower O, pressures.

Pyridine and Acetic Acid Effect

The initial turnover rates exhibit a sharp dependence on [pyridine] that maximizes at a Pd:py
ratio of approximately 1:1-1:1.5 (Figure 4A), and beyond which significant inhibition is
observed. A rate dependence on [acetic acid] concentration is also observed. The catalytic
turnover rate maximizes at a 1:1 ratio of added acetic acid to Pd(OAc), (Figure 4B).

If excess [pyridine] is added to the reaction mixture (120 mM; 10-240 equiv relative to
Pd(OAC),), the intial rate exhibits a square-root dependence on [Pd(OAc),] (Figure 5A).
This result contrasts the hyperbolic dependence observed when the catalyst concentration is
varied at a constant py:Pd ratio of 4:1 (Figure 2B). The rate dependence on [Pd(OAc);]
changes again if both pyridine and acetic acid are added to the reaction mixture (120 mM
and 5 mM, respectively). Under these conditions, a linear dependence of the rate on
[Pd(OAC),] is observed (Figure 5B).

Electronic Effects

A series of para-substituted benzenesulfonamides (p-X = OMe, H, CHg, CI, NO5) were used
to examine electronic effects on the catalytic turnover rate. The Hammett plot (Figure 6)
reveals that electron-rich substrates react more rapidly than those bearing electron-
withdrawing groups, and a linear fit of the data exhibits a slope (p) of —0.22. These results
expand upon the qualitative data acquired with the p-CH3 and -NO, derivatives (cf. Scheme
1), which showed that the Ns-substituted derivative required a longer reaction time.

Kinetic Isotope Effects and Isotopic Labeling Studies

Kinetic isotope effects were determined by comparing the independent rates of reaction for
tosylamide substrates bearing terminal CHs- and CD3-groups (eq 4, Figure 7), as well as
NH- vs. ND-labelled tosyl amides (eq 5, Figure 8). Small, secondary kinetic isotope effects
were evident in both cases (1.20 = 0.05 and 1.15 + 0.05, respectively).
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(5)

Deuterium incorporation (~20%) into the B-vinyl position was observed in the reaction of
CD3-labelled tosylamide (eq 4). The scrambling of deuterium label into the internal vinylic
position suggests the B-hydride elimination from the palladium-alky! intermediate is
reversible. Crossover experiments demonstrate that this isotopic scrambling takes place
exclusively in an intramolecular fashion. No intermolecular deuterium scrambling was
observed when the reaction was carried out with a 1:1 mixture of CH3- and CD3-labelled
tosylamide (eq 7).2

r/\/x/NHTS 2molt PY(OAC), T | Ts Ts Ts
1 +*

Smotthpy o w—CaHa® /"‘\_.C?H;u "/N-\I_.-C;Hl.‘, +e N\!.-C;:J_.
: toluene, latm Oy \__/ W W -
1 r//‘x/‘\v""ms B0 °C, 16h T eeieeaas ;

oo 54% 0% 38% 8%

(6)

The partially deuterated tosylamide substrates 2 and 3 were utilized to probe the
intramolecular kinetic isotope effect associated with B-hydride versus p-deuteride
elimination from the palladium-alkyl intermediate 4 (Scheme 3).22 1H NMR spectroscopic
analysis of final product mixtures reveals an approximately 3:1 distribution between f3-
hydride elimination and B-deuteride elimination products.

The prospect of reversible aminopalladation was examined with substrate 5, which features
two symmetrical alkenes with isotopically substituted methyl groups (eq 7). Two limiting
scenarios are possible with this substrate: 1) if aminopalladation is reversible, the ratio of
cyclic products 6 and 7 could approach 3:1, as dictated by the relative rates of -H versus B-
D elimination; 2) if aminopalladation is irreversible, the yield of 6 and 7 should be identical
(Scheme 4). When this reaction was performed, a 1.04:1 ratio of 6: 7 was obtained,
implicating irreversible aminopalladation.

CD. CHy - AT%H CDy CHy
b ) 2ol PdIOASE g, * Loy e CH, ch;
: r 8 molth pynding | s TN ™o
- ichiane B Y {H N N
Wi 80 °C, 1atm O; L% 49%D ;
Ts ~N &_H/ Ts Ts
oW 6 7
-~
g # 51% o
fi<H Elim [0 Elim,
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1H NMR Spectroscopic Studies: Characterization of the Catalyst Resting

1H NMR spectroscopic studies were conducted to gain insights into the identity of the
catalyst resting state. Trans-(py),Pd(OAc), forms upon the addition of 2 equiv of pyridine to
Pd(OAC),, and was previously characterized in our mechanistic study of Pd(OAc)/pyridine
catalyzed aerobic alcohol oxidation.23 Two sets of pyridine 1H resonances are observed if
more then 2 equiv. of pyridine are present, corresponding to coordinated and free pyridine.
Titration of (2)-4-hexenyltosylamide (from 0 to 77 equiv. relative to Pd(OAc),) into a
solution of the catalyst (1:2.2 Pd(OAC),:py) results in essentially no change of the chemical
shifts %s;sociated with the coordinated and free pyridine at temperatures ranging from —40 to
40 °C.

Catalytic Mechanism Based on Experimental Observations

Intramolecular aerobic oxidative amination of alkenes catalyzed by Pd(OACc),/pyridine
proceeds via a Pd'!//PdC catalytic cycle in which palladium(I1)-mediated substrate oxidation
and aerobic oxidation of the catalyst occur in two independent, sequential stages. The kinetic
studies described above, which reveal no dependence of the rate on [O,] and a dependence
on [catalyst] and [amide], indicate that a step associated with Pd!!-mediated substrate
oxidation is turnover-limiting. Consistent with this proposal, trans-(py),Pd(OAc), has been
identified as the catalyst resting state, and this species is capable of promoting kinetically
competent stoichiometric substrate oxidation in the absence of molecular oxygen.

The catalytic cycle shown in Scheme 5 illustrates a mechanism that is consistent with all of
the experimental data presented above. Key features of this mechanism include: (1) a two-
step sequence for formation of the palladium(l1) amidate-alkene chelate 9, via release of one
equivalent of pyridine and acetic acid (steps i and ii); (2) turnover-limiting alkene insertion
into Pd—N bond (step iii); (3) B-hydride elimination from the alkyl-palladium(ll)
intermediate 10 (step iv); and (4) dissociation of product and reductive elimination of AcOH
(both included in step v). Reoxidation of a pyridine-ligated Pd® species completes the
catalytic cycle (step vi).

The precise nature and sequence of the first two steps (Scheme 5, steps i and ii) cannot be
established from the available data; however, reversible formation of intermediate 9 is
consistent with the small N-H/N-D isotope effect (Figure 8), and it rationalizes the
inhibitory effect of pyridine and AcOH. The amidate-alkene chelate 9 is the starting point
for cis-aminopalladation of the alkene.1’

This mechanism also accounts for the variable [catalyst] dependence observed under
different reaction conditions: hyperbolic dependence with a 1:4 Pd:py catalyst system; half-
order dependence in the presence of excess pyridine (py:Pd > 10:1); and first-order
dependence in the presence of excess pyridine and AcOH (Figure 2B, Figure 5). Nearly
identical kinetic behaviour was characterized previously for Pd(OAc),/pyridine-catalyzed
alcohol oxidation.20 These observations are attributed to the kinetic influence of the small
pre-equilibrium and/or steady-state quantities of pyridine and AcOH, whose concentrations
will be directly proportional to the concentration of the Pd intermediates, 8 and 9,
respectively. If sufficient quantities of pyridine and AcOH are added to ensure that a
constant excess concentration of these species is present, a first-order dependence on
[Pd(OAC),] is observed. A more-thorough discussion of this effect has been presented
previously,20 and rate laws, based on steady-state and pre-equilibrium formation of
intermediates 8 and 9 are presented in the Supporting Information.

The neutral ligand, pyridine, plays a key role in the stabilization and aerobic oxidation of
palladium(0). At pyridine:Pd ratio < 4:1 (e.g. 2:1), the catalytic turnover rate exhibits an O,
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dependence and significant palladium-black formation is observed (Figure 3B), indicating a
competition between catalyst oxidation and decomposition upon formation of palladium(0).
The beneficial rate effect of pyridine, which maximizes at a ~1:1-1:1.5 Pd:pyridine ratio
(Figure 4A), probably reflects several factors. Palladium acetate exists as a trimer in non-
polar solvents,24 and the presence of coordinating ligands lead to the formation of lower
nuclearity Pd species that are probably more electrophilic and/or reactive with organic
substrates.2® In addition, pyridine can stabilize the palladium(0) intermediate 12, either by
preventing aggregation or enhancing the reaction rate between 12 and molecular oxygen.23
At high concentrations, however, pyridine inhibits the catalytic turnover rate because it
competes with the substrate for coordination sites at the Pd center.26

The addition of excess AcOH strongly inhibits the catalytic turnover rates at high
concentrations (Figure 4B). This observation is readily explained by a competition between
alkene insertion into palladium-amidate bond (k3, Scheme 5) and protonation of palladium-
amidate intermediate 9 (k_», Scheme 5). Elevated [AcOH] will favor protonation of 9 and
lead to inhibition of catalytic turnover. The small, but noticable, beneficial effect of AcOH
at low concentrations (Pd:AcOH = 1:1) is less certain but may be related to the ability of
AcOH to promote the pyridine-dissociation equilibrium in step i via hydrogen bonding to
the pyridine (Figure 4B).27

The proposed turnover-limiting alkene insertion into a Pd—Ngmidate PONd (K3, Scheme 5) is
consistent with the observed Hammett correlation (Figure 6). Alkene insertion into the Pd-N
bond is expected to be more facile with more-electron-rich (i.e., nucleophilic) amidates.?8 p-
Hydride elimination (step iv, Scheme 5) takes place after the turnover limiting step and,
therefore, the proposed mechanism is consistent with the small secondary kinetic isotope
effect determined by comparing independent rates of tosylamide substrates bearing terminal
CHs- versus CD3-groups (Figure 7).

The isotope-labelling studies reveal three key features of the reaction: (1) p-hydride
elimination is reversible (cf. eq 4, Scheme 3); (2) deuterium scrambling among the three
vinyl positions occurs exclusively in an intramolecular fashion (cf. eq 6); and (3)
aminopalladation of alkene is irreversible (cf. Scheme 4). All three observations are
accommodated by the proposed mechanism in Scheme 5. Turnover-limiting alkene insertion
into palladium-amidate bond renders the overall aminopalladation of alkene irreversible, and
the exclusively intramolecular deuterium scrambling suggests that the product dissociation
is irreversible.

Computational studies

With the mechanistic framework in Scheme 5 as a starting point, we performed
computational studies of the oxidative amination mechanism using density functional theory
(DFT) methods in order to gain further insights into the energetics of the reaction pathway.
These studies employed trans-(py),Pd(OAc), as the catalyst with a model substrate, (Z)-4-
hexenylmesylamide 1M (eq 8), in which the experimental toluenesulfonyl group was
replaced with a methanesulfonyl group in the computational studies (note: for experimental
compounds modeled by computed analogs differing only in the identity of the sulfonyl
group, we use the experimental compound number with an “M” suffix for the computed
structure). The calculations were performed using the B3LYP functional and the
experimental solvent, toluene, was described with a continuum solvent model. Free energies
(the only energies discussed here) were calculated for all intermediates and transition states
at 80 °C.2% All calculated free energies presented below are reported relative to the energy of
trans-(py),Pd(OAc), + 1M.30
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The experimental studies indicate that aminopalladation of the alkene is the turnover-
limiting step of the catalytic cycle. The Pd!'-amidate-alkene chelate 9M is the starting point
for the aminopalladation step, and the calculated pathway for formation of this species from
trans-(py),Pd(OACc), + 1M is presented in the Supporting Information. Two energetically
similar pathways were identified for alkene insertion into the palladium-amidate bond, a
pyridine-ligated and pyridine-dissociated pathway (Figure 9). The first pathway reflects the
proposed mechanism in Scheme 5 and proceeds via transition state 13AP-TS for C-N bond
formation, in which pyridine is coordinated to the Pd'' center (Scheme 5, solid line). Alkene
insertion into the Pd—N bond exhibits a barrier of 22.0 kcal/mol. In the other pathway,
pyridine dissociates from the Pd center to form a Pd'l-amidate-alkene species with a «2-
acetate ligand, k2-16M. Subsequent alkene insertion via the pyridine-dissociated transition
state 17AP-TS exhibits a much lower barrier, AG* = 14.7 kcal/mol (AAG* = —5.8 kcal/mol).
In this pathway, pyridine dissociation from Pd!' via [15/py] TS is calculated to be the rate-
limiting step, with a calculated barrier slightly higher (1.2 kcal/mol) than transition state
13AP-TS The pyridine-ligated alkyl-Pd'' metallacycle 10M is 4.7 kcal/mol higher in energy
than the corresponding pyridine-dissociated species 18M, which has a k2-acetate ligand.

Several other aminopalladation transition states were considered in the course of these
studies, but all proved to be higher in energy than those shown in Figure 9. For example, a
transition state isomer of 13AP-TS in which the amidate nitrogen atom and alkene are trans
to acetate and pyridine ligands, respectively, is 2.3 kcal/mol higher in energy (Scheme 6,
is0-13AP-TS) And, pathways that proceed via a six-membered C-N bond-forming transition
state, in which a sulfonyl oxygen atom is coordinated to the Pd'! center proved to be much
higher in energy (> 35 kcal/mol; see Scheme 6).

The metrical parameters for the Pd-amidate-alkene intermediates 9M and k2-16M and the
alkene insertion transition states 13AP-TS and 17AP-TS are shown in Figure 10. The bond
lengths together with the calculated natural charges for these species are consistent with a
reaction pathway that can be described as an intramolecular nucleophilic attack of the
amidate ligand onto a Pd'!-activated alkene. For example, transition state 13AP-TS features a
lengthened carbon-carbon bond relative to 9M (1.42 vs. 1.39 A, respectively), and the
alkene is unsymmetrically coordinated to the palladium center in 13AP-TS, reflecting a
progression toward the 5-exo-trig cyclization transition-state geometry. Natural charges
(NC) on the alkene reflect a highly polarized carbon-carbon bond, NC = —0.38 and +0.07 for
the terminal and internal carbon atoms of the alkene, respectively.2® In addition, the
palladium-coordinated nitrogen atom of the sulfonamide has substantial negative charge in
13AP-TS: NC = —0.86.

The experimental data reveal that p-hydride elimination and subsequent AcOH-reductive-
elimination take place after the turnover-limiting step in the catalytic mechanism.
Nevertheless, these are important steps in the overall reaction.31:32 The “pyridine-ligated”
intermediate 10M and the “pyridine-dissociated” intermediate 18M can both undergo B-
hydride elimination, and the energy profiles originating from these species are shown in
Figure 11. In both pathways, the energy barriers of vinyl pyrrolidine product dissociation
(via structures 22 and 31; red pathway) are large relative to the barriers associated with
isomerisation between 1° and 2° palladium-alkyl intermediates (blue pathway). Therefore,
both pathways are consistent with the experimentally observed intramolecular deuterium
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scrambling into B-vinyl position (eq 6). The overall barriers evident on these profiles,
however, suggests the “pyridine-ligated” pathway (Figure 11A) is unlikely. The barrier for
product dissociation via 22 is calculated to be higher in energy than the barrier calculated for
turnover-limiting aminopalladation (Figure 9). Turnover-limiting product dissociation is not
consistent with the Hammett correlation observed with the different sulfonamide
nucleophiles (Figure 6) and the pyridine-dissociated pathway (Figure 11B) provides an
energetically viable alternative for the B-hydride elimination and product dissociation steps.

Modified Proposed Catalytic Mechanism

The collection of experimental and computational data presented above provide the basis for
a slightly revised catalytic cycle for the PA(OAC),/pyridine-catalyzed aerobic oxidative
intramolecular amination of alkenes (Scheme 7). This mechanism reflects the two possible
aminopalladation pathways, in which the Pd!!-amidate-alkene intermediate 9 can react via a
pyridine-ligated pathway or a pyridine-dissociated pathway. The former pathway features
direct insertion of the alkene into the palladium-amidate bond (Scheme 7, 9 — 10), followed
by dissociation of the pyridine from Pd!' (10 — 18). The latter pathway features dissociation
of pyridine prior to the insertion of alkene into palladium-amidate bond (Scheme 7,9 — 16
— 18). The two proposed pathways feature different turnover limiting steps, alkene
insertion (9 — 10) vs. pyridine disscociation (9 — 16), both of which are consistent with the
experimental data, including (a) the rate law, (b) the Hammett plot (pyridine dissociation
should proceed more rapidly with more-electron-rich trans amidate ligands), and (c)
reversible B-hydride elimination after the turnover-limiting step of the mechanism.

The pyridine-dissociated pathway for B-hydride elimination (Scheme 7, 18 — 29) is favored
over the originally proposed pyridine-ligated pathway (Scheme 5, 10 to 11) based on
computational analysis. The regeneration of palladium(ll) catalyst from palladium-hydride
intermediate 29 proceeds via irreversible reductive elimination of AcOH. Facile reoxidation
of palladium(0) complex 37 takes place in competition with catalyst decomposition.

Conclusion

The mechanistic study presented in this paper provides a thorough analysis of palladium-
catalyzed Wacker-type aerobic oxidative amination reactions. Experimental and
computational data suggest a catalytic mechanism that consists of (1) steady-state formation
of a Pd'!-amidate-alkene intermediate, (2) alkene insertion into a Pd—N bond, (3) reversible
B-hydride elimination, (4) irreversible AcOH reductive elimination, and (5) aerobic
oxidation of palladium(0) to regenerate the active catalyst trans-Pd(OAc)»(py),. Two
energetically-viable pathways, including a pyridine-ligated and a pyridine-dissociated
pathways, have been identified for the key C—N bond-forming step. The difference between
these two nearly-isoenergetic pathways lies in the coordination environment at Pd when the
alkene inserts into the palladium-amidate bond. Analysis of natural charges and bond
lengths of the alkene-insertion transition state reveal that this formal migratory insertion
process can be described as an intramolecular attack of the nitrogen nucleophile onto the
coordinated alkene. The possible involvement of ligand-dissociated pathways for
nucleopalladation of alkenes has important practical implications for the development of
enantioselective reactions. Dissociation of a chiral ligand from Pd' will result in formation
of an achiral catalyst. Depending on the relative energies of the other steps in the
mechanism, this process could account for some of the historical difficulty in developing
enantioselective Wacker-type oxidative cyclization reactions.
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Experimental Section

Representative procedure for gas-uptake kinetics

A typical reaction was conducted as follows. A 25 mL round-bottom flask with a stirbar was
attached to an apparatus with a calibrated volume and a pressure transducer designed to
measure the gas pressure within the sealed reaction vessel. The apparatus was evacuated to
10 Torr and filled with oxygen to 800 Torr and this cycle was repeated 10 times. The
pressure was established at 675 Torr. When the pressure stablilzed in the apparatus, stock
solutions of Pd(OAC), (2.5 mM, in 3.2 mL toluene) and pyridine (1.2M, in 0.4 mL toluene)
were added via syringe through a septum. The flask was heated to 80 °C. When the
temperature stabilized, stock solution of substrate (1.0 M, in 0.4 mL toluene) was added via
syringe through a septum. Data was acquired using custom software written within
LabVIEW™. Correlations between oxygen uptake and conversion were made by analysis
by H NMR spectroscopy with 1,3,5-trimethoxybenzene as an internal standard.

Representative procedure for reactions with isotopically-labeled substrates

Pd(OAc); (0.4 mg, 2 umol) was added to 13x100 mm disposable culture tubes. The reaction
tubes were placed into a custom 48-well parallel reactor mounted on a Large Capacity Mixer
and the headspace was purged with molecular oxygen for ca. 15 min. Solutions of pyridine
(8 pumol in 0.5 mL toluene) and substrate (0.1 mmol in 0.5 mL toluene) were added to the
tubes. The reactions were carried out for 24 h under an oxygen atmosphere (1 atm) at 80 °C.
Following removal of the solvent under vacuum, the crude oxidative amination product was
purified via column chromatography with ethyl acetate/hexanes and analyzed by *H NMR
spectroscopy.

Substrate syntheses

(2)-4-hexenylbenzenesulfonamide 1

3%, H
o 1L| 4 mal'h (dppp)NICl; e~ _DH PR
[ i &g CHsMgBr in EtzO_ r T 1) MsCl, NEt; - [ T
. toluene, 30 °C 38 2) Seq KaCOy | 1
Seq TsNH;

Cis-4-Hexen-1-ol 38 was prepared by a modification of the literature procedure.33 A 3.0 M
ethereal solution of MeMgBr (100 mL, 0.3 mmol) was added to a stirring suspension of
(dppp)NiCl, (610 mg, 1.1 mmol) in 200 mL dry toluene under an N5 atmosphere. The
stirring was continued at room temperature for 20 min. 4,5-Dihydropyran (25 g, 0.3 mol)
was added, and the solution was heated to 90 °C and stirred overnight. The cooled reaction
mixture was poured into a saturated ammonium chloride solution and extracted with ether.
The extract was dried with MgSO,4 and the solvent was removed under vaccum. The residue
was purified by distillation to afford cis-4-hexen-1-ol (27 g, 90% yield). The identity and
purity of cis-4-hexen-1-ol was confirmed by comparison of the 1H NMR spectrum to that
reported in the literature.33

(2)-4-Hexenyltoluenesulfonamide 1 was prepared via sequential formation of the mesylate
from cis-4-hexen-1-ol and Sy2 substitition of the mesylate by tosylamide according to
literature procedures.1’

(2)-4-hexenyltoluenesulfonamide-ds (6-d3-1)

o 0.4 mol® {dppp)NICl;
[’ “T 1 89 CO;Mgl in E0 rﬁ‘\/“\«'OH 1) MsCl, NEt; .- l/;\/\_’,w\ Ts
U toluene, 90°C D, 2) 5eq TsNHz, KoCO3 o,

6-dy-38 T Bedy

e
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The procedure for preparation of CD3-labeled (Z)-4-hexenyltoluenesulfonamide 6-d3-1 was
the same as that of (Z)-4-hexenyltoluenesulfonamide, with the exception that CD3Mgl (1.0
M in diethyl ether) was used instead of CHzMgBr.33 (Z)-4-Hexenylbenzenesulfonamide-

ds: 'H NMR (CDCls) 6 7.74 (dt, J = 8.4, 1.8 Hz, 2H), 7.31 (dt, J = 8.4, 1.8 Hz, 2H), 5.44
(dt, J=10.8, 0.9 Hz, 1H), 5.27 (dt, J = 7.2, 10.8 Hz, 1H), 4.50 (t, J = 6.0 Hz, 1H), 2.95 (dt, J
= 6.9, 6.3 Hz, 2H), 2.43 (s, 3H), 2.03 (dg, J = 7.2, 1.2 Hz, 2H), 1.54 (m, 2H); 2H NMR
(CHCI3) & 1.52 (s, 3D);13C NMR (CDCls) & 143.5, 137.2, 129.9, 129.2, 127.3, 125.2, 43.1,
29.5,24.1,21.7,12.1 (heptad, J = 19.2 Hz); HRMS (ESI) calculated for C13H15D3NO2SNa,
279.1223; measured, 279.1211.

CHyD-labeled (2)-4-hexenyltosylamide 2

1) DHP, 2% Ts0H Tamb, ]
|_~.__OH _2)Bull, {CH0) P Lindllar's catalys e
T OTHP S GTHR

- £

(= D o
MsCl, iPryNEY o Lao, 1) 2% TsOH, MeOH ‘l
— " ™ O THP S gryp 2)MsClLELN " SR

el 42 Giecf 43

TsNH;, K;CO05

OWF 80 °C T

40: Alkyne 39 was synthesized according to literature procedures.34 To a solution of 39 (4
g, 20 mmol) in MeOH (50 mL), Lindlar’s catalyst (100 mg) and quinoline (1 mL, 8.5 mmol)
were added. The mixture was agitated under an H, atmosphere (8 psig) at room temperature
for 2 hours. The catalyst was filtered, and the solvent was removed under vacuum. The
residue was purified by silica gel chromatography (hexane/ethyl acetate) to afford 40 (3.23
g, 79% vyield over three steps). 1H NMR (CDCl3) § 5.66 (m, 1H), 5.50 (m, 1H), 4.53 (dd, J =
4.2,2.7 Hz, 1H), 4.24 (ddd, J = 12.6, 7.2, 1.2 Hz, 1H), 4.10 (ddd, J = 12.6, 7.2, 1.2 Hz, 1H),
3.86 (m, 1H), 3.74 (dt, J = 9.6, 6.6 Hz, 1H), 3.48 (M, 1H), 3.39 (dt, J = 9.6, 6.6 Hz, 1H),
3.12 (br, 1H), 2.20 (m, 2H), 1.81-1.50 (m, 8H).

41: To a solution of allylic alcohol 40 (3 g, 15 mmol) in methylene dichloride (50

mL), 'ProNEt (2.6 g, 20 mmol) and MsCI (1.8 g, 16 mmol) were added at 0 °C via syringe.
The reaction was monitored by TLC. After the reaction was complete, water (40 mL) was
added. The mixture was extracted with diethyl ether. The extract was dried with MgSO,4 and
the solvent was removed under vaccum. The residue was purified by silica gel
chromatography (hexane/ethyl acetate) to afford 41 (1.9 g, 59% yield). 'H NMR (CDCl3) &
5.66 (m, 2H), 4.57 (dd, J = 4.2, 2.7 Hz, 1H), 4.16 (d, J = 5.1 Hz, 2H), 3.88 (m, 1H), 3.75 (dt,
J=9.6, 6.6 Hz, 1H), 3.50 (m, 1H), 3.39 (dt, J = 9.6, 6.6 Hz, 1H), 2.23 (m, 2H), 1.71-1.50
(m, 8H).

6-dq-42: Under an N, atmosphere, LiAID4 (150 mg, 4 mmol) was suspended in dry diethyl
ether (20 mL). 41 (600mg, 2.8mmol) was added slowly via a syringe to this solution. The
resulting suspension was refluxed for 2 hours. Excess LiAID4 was quenched by water, and
then by an aqueous solution of NaOH (40%, 10 ml). The mixture was stirred for 1 h. The
white solid was filtered, and the solvent was removed under vacuum to afford crude 6-d;-42
(471 mg, 91%). IH NMR (CDCls) & 5.44 (m, 2H), 4.58 (dd, J = 4.2, 2.7 Hz, 1H), 3.87 (m,
1H), 3.75 (dt, J = 9.6, 6.6 Hz, 1H), 3.50 (M, 1H), 3.39 (dt, J = 9.6, 6.6 Hz, 1H), 2.12 (m,
2H), 1.71-1.50 (m, 10H).

6-dq-43: To a solution of crude 6-d;-42 (471 mg, ~2.6 mmol) in MeOH (5 mL), TsOH-H,0
(10 mg, 0.05 mmol) was added. The mixture was stirred for 1 h. Then Na,CO3 (50 mg, 0.5
mmol) was added, and the mixture was stirred for 30 min. The solid was filtered, and the
solvent was removed under low vacuum. The crude oil was dissolved in CH,Cl, (20 mL),
and EtzN (1 mL) and MsCI (400 mg, 3.5 mmol) were then added slowly via syringe. The
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mixture was stirred overnight at room temperature. After the reaction was complete (by
TLC), water (20 mL) was added. The mixture was extracted with diethyl ether. The extract
was dried with MgSO,4 and the solvent was removed under vaccum. The residue was
purified by silica gel chromatography (hexane/ethyl acetate) to afford 6-d;-43 (214 mg, 78%
yield). IH NMR (CDCls) & 5.52 (m, 1H), 5.37 (m, 1H), 4.23 (t, J = 6.6 Hz, 2H), 3.01 (s,
3H), 2.18 (g, J = 7.2 Hz, 2H), 1.83 (m, 2H), 1.60 (m, 2H). 13C NMR (CDCl3) & 128.4,
125.9,69.7, 37.5,29.1, 22.8, 12.7 (t, J = 19.6 Hz).

2: This compound was prepared according to the literature procedure used for 1.17 (60%
yield, colorless oil) IH NMR (CDCl3) & 7.76 (dt, J = 8.4, 1.8 Hz, 2H), 7.31 (dt, J = 8.4, 1.8
Hz, 2H), 5.45 (m, 1H), 5.28 (m, 1H), 4.42 (t, J = 1.8 Hz, 1H), 2.95 (dt, J = 6.9, 6.3 Hz, 2H),
2.43 (s, 3H), 2.03 (q, J = 7.2 Hz, 2H), 1.54 (m, 4H); 2H NMR (CHCl5) 6 1.53 (s, 1D); 13C
NMR (CDCl3) 6 143.6, 137.3, 129.9, 129.1, 127.4, 125.4, 43.1, 29.6, 24.2, 21.7,12.9 (t,J =
19.8 Hz); HRMS (ESI) calculated for C13H1gDNO5S, 254.1199; measured, 254.1192.

CHDy-labeled (2)-4-hexenyltosylamide 3

- MeDOC., Lindlar D.L0H
Fm . _OM 1)DHP, 2% TsOH " one LD,

} 2 S OTHP SR -l
2 Bull, GO0he . —H; TR e THE

a4 a5 6-d-40
ol ol n o9 u
MsCl, IPLNEL LifdH, 1) 2% T3OH, MaOH _ |
TR ~OTHP 2} MsCL, EbN S OpMs
) G-da2 60,43

45: The compound 44 was synthesized from 4-pentyn-1-ol according to literature
procedures.3® 44 was hydrogenated according to the procedure used for compound 40 to
afford 45 (95%, colorless oil). IH NMR (CDCls3) & 6.28 (dt, J = 11.7, 7.5 Hz, 1H), 5.79 (dt,
J=117,1.8 Hz, 1H), 4.58 (dd, J = 4.2, 2.7 Hz, 1H), 3.88 (m, 1H), 3.75 (dt, J = 9.6, 6.6 Hz,
1H), 3.70 (s, 3H), 3.50 (m, 1H), 3.41 (dt, J = 9.6, 6.6 Hz, 1H), 2.75 (m, 2H), 1.81-1.45 (m,
8H).

6-d»-40: Under an N, atmaosphere, LiAID4 (1.1 g, 27 mmol) was suspended in dry diethyl
ether (40 mL). 45 (3.4 g, 15 mmol) was added to this suspension at —20 °C via syringe. The
mixture was warmed to 0 °C and stirred for 2 hours. The excess LiAlID,4 was quenched by
water, and then an aqueous solution of NaOH (40%, 10 ml) was added. The mixture was
stirred for 1 h. The white solid was filtered and the solvent was removed under vacuum to
afford crude 6-d»-40 (2.8 g, 93%). IH NMR (CDCls3) 5.70 (d, J = 10.8 Hz, 1H), 5.50 (ddd, J
=10.8, 8.4, 6.6 Hz, 1H), 4.52 (dd, J = 4.2, 2.7 Hz, 1H), 3.86 (m, 1H), 3.75 (dt, J = 9.6, 6.6
Hz, 1H), 3.49 (m, 1H), 3.41 (dt, J = 9.6, 6.6 Hz, 1H), 2.30 (m, 2H), 2.19 (s, 1H), 1.79-1.51
(m, 8H).

6-d,-41: This compound was prepared according to the procedure used for 41 (see above).
(62% yield). 1H NMR (CDCl3) § 5.41 (m, 2H), 4.58 (dd, J = 4.2, 2.7 Hz, 1H), 3.88 (m, 1H),
3.75 (dt, J = 9.6, 6.6 Hz, 1H), 3.50 (m, 1H), 3.39 (dt, J = 9.6, 6.6 Hz, 1H), 2.13 (m, 2H),
1.71-1.50 (m, 8H).

6-d,-42: Under an N, atmosphere, LiAlH,4 (500 mg, 13 mmol) was suspended in dry diethyl
ether (40 mL). Then 6-d,-41 (1.5 g, 6.8mmol) was added via a syringe. The mixture solution
was refluxed for 2 hours. The excess LiAIH4 was quenched by water, and then an aqueous
solution of NaOH (40%, 10 ml) was added. The mixture was stirred for 1 h. The white solid
was filtred and the solvent was removed under vacuum to afford crude 6-d,-42 (1.18 g,
94%). 1H NMR (CDCl5) 6 5.65 (m, 2H), 4.57 (dd, J = 4.2, 2.7 Hz, 1H), 3.86 (m, 1H), 3.76
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(dt, J = 9.6, 6.6 Hz, 1H), 3.52 (m, 1H), 3.39 (dt, J = 9.6, 6.6 Hz, 1H), 2.23 (m, 2H),
1.71-1.50 (m, 9H).

6-d,-43: This compound was synthesized according to the procedure used for 6-dq-43 (see
above). (75% yield over two steps). IH NMR (CDCl3) § 5.57 (m, 1H), 5.39 (m, 1H), 4.27 (t,
J =6.6 Hz, 2H), 3.06 (s, 3H), 2.21 (q, J = 7.2 Hz, 2H), 1.86 (m, 2H), 1.63 (m, 1H). 13C
NMR (CDClg) 8 128.5, 125.9, 69.7, 37.6, 29.1, 22.9, 12.4 (p, J = 19.6 Hz).

3: The compound 3 was prepared according to the literature procedure used for 1.17 (60%
yield, colorless oil). 'H NMR (CDCl3) & 7.76 (dt, J = 8.4, 1.8 Hz, 2H), 7.30 (dt, J = 8.4, 1.8
Hz, 2H), 5.45 (dd, J = 10.8, 6.6 Hz, 1H), 5.27 (m, 1H), 4.52 (t, J = 1.8 Hz, 1H), 2.96 (dt, J =
6.9, 6.6 Hz, 2H), 2.43 (s, 3H), 2.03 (q, J = 7.2 Hz, 2H), 1.54 (m, 3H 2H NMR (CDCl3)); &
1.51 (s, 2D); 13C NMR (CDCls3) & 143.6, 137.3, 129.9, 129.1, 127.3, 125.3, 43.1, 29.6, 24.2,
21.7,12.4 (t, J = 19.6 Hz); HRMS (ESI) calculated for C13H17D,NO,S, 255.1262;
measured, 255.1259.

1) 0.4 mal % (dppe)NiCl;
1eq CDuMglin E0 op, MaCN  r~p 1LbA T g A
o Mal - ~ THEHMPA (2:1) i
b DM BB~ S [

46 47 quinline

[ " _ benzene

Sg” ZMSCI, NET =

Dye.
1) LAH, THF
T Ta &
e, NHTE
5

46: The compound was prepared by a modification of the literature procedure.36 A 1.0 M
ethereal solution of CD3Mgl (35 mL, 35 mmol) was added to a stirring suspension of
(dppe)NiCl, (526 mg, 1 mmol) in 40 mL dry benzene under N, and the stirring was
continued at room temperature for 20 min. 4,5-Dihydropyran (2.8 g, 40 mmol) was added
and the solution was refluxed for 2 h. The cooled reaction mixture was poured into a
solution of saturated ammonium chloride and was extracted with ether. The extract was
dried with MgSOy4 and the solvent was removed under reduced pressure. The crude product
was dissolved in toluene, and EtzN (6 mL) and MsCI (0.44 mL, 4.5 mmol) were added
slowly via syringe to the toluene solution. The mixture was stirred overnight at room
temperature. After the reaction was completed, water (20 mL) was added. The mixture was
extracted with diethyl ether. The extract was dried with MgSO, followed by the removal of
solvent under reduced pressure. The residue was purified by silica gel chromatography
(hexane/ethyl acetate) to afford 46 (5.4g, 92% yield over two steps). 1H NMR (CDCl3) &
5.64 (d, J =10.8 Hz, 1H), 5.38 (dt, J = 10.8, 7.2 Hz, 1H), 4.22 (t, J = 6.9 Hz, 2H), 3.00 (s,
3H), 2.51 (dg, J = 6.9, 1.5 Hz, 2H).

47: To a solution of 46 (5.4g, 3.2 mmol) in DMSO (20 mL), NaCN (1.6 g, 3.2 mmol) and
Nal (480 mg, 3.2 mmol) were added under an N, atmosphere. The mixture was stirred at 55
°C for 12 hours. After the reaction was complete, water (50 mL) was added. The mixture
was extracted with diethyl ether. The extract was dried with MgSQO,4 and the solvent was
removed under vaccum. The residue was purified by distallation to give 47 (2.8 g, 89%
yield, colorless liquid). 1TH NMR (CDCl3) & 5.64 (d, J = 10.8 Hz, 1H), 5.41 (m, 1H), 2.40
(m, 4H).

48: The compound was prepared by a modification of the literature procedure.3’ To a
solution of 47 (1.1 g, 11 mmol) in a 2:1 (volume ratio) mixture of THF and HMPA, a
solution of LDA (6.1 mL 1.8 M in THF, 11 mmol), was added slowly via syringe at =78 °C
under an N, atmosphere. After stirring for 30 min at =78 °C, 1-Bromo-2-butyne (1.6 g, 15
mmol) was added to the mixture solution.38 The mixture was stirred for 3 hours at —78 °C,
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and then was warmed to room temperature. After the reaction was complete, water (40 mL)
was added. The mixture was extracted with diethyl ether. The extract was dried with MgSO4
and the solvent was removed under vaccum. The residue was purified by silica gel
chromatography (hexane/ethyl acetate) to give 48 (750 mg, 45% yield over two steps). 1H
NMR (CDCl3) 6 5.69 (m, 2H), 5.44 (m, 2H), 2.58 (p, J = 7.2 Hz, 1H), 2.39 (m, 4H), 1.66
(dp, J=6.9, 0.9 Hz, 3H). 13C NMR (CDCls) 5 128.4, 128.2, 125.1, 125.0, 122.1, 32.0,
29.13, 29.11, 13.2. HRMS (ESI) calculated for C1gH12D3NNa, 175.1290; measured,
175.1295.

5: Under an N, atmosphere, 48 (350 mg, 2.3 mmol) was added to a suspension of LiAlH,4
(150 mg, 4 mmol) in dry THF (10 mL) at 0 °C, and the mixture was stirred overnight at
room temperature. After the reaction was complete, water (0.5 mL) was added. To the crude
reaction mixture, EtsN (1 mL) and TsCI (570 mg, 3 mmol) were added via a syringe. The
mixture was stirred for 12 hours. After the reaction was complete, water (20 mL) was added.
The mixture was extracted with diethyl ether. The extract was dried with MgSQO, and the
solvent was removed under vaccum. The residue was purified by silica gel chromatography
(ethyl acetate/hexanes) to afford 5 (550 mg, 77% vyield, colorless oil). 1TH NMR (CDCl3) &
7.74 (dt, J = 8.4, 1.8 Hz, 2H), 7.31 (dt, J = 8.4, 1.8 Hz, 2H), 5.51 (m, 2H), 5.29 (m, 2H),
4.54 (t,J=1.8 Hz, 1H), 2.87 (t, J = 6.6 Hz, 2H), 2.43 (s, 3H), 2.01 (t, J = 6.9 Hz, 4H), 1.60
(m, 1H), 1.55 (dt, J = 6.9, 0.9 Hz, 3H). 2H NMR (CHCl3) & 1.49 (s, 3D). 13C NMR (CDCls)
8143.5,137.2,129.9, 127.9, 127.8, 127.3, 126.3, 126.2, 46.9, 39.1, 29.43, 29.41, 21.7, 13.1.
HRMS (ESI) calculated for C17H22D3NO,SNa, 333.1692; measured, 333.1705.

Computational Studies

All computations were performed with the Gaussian 03 (G03) program3? using resources
provided by NSF TeraGrid partners. Spin-restricted density functional theory (RDFT)40
calculations were performed with the hybrid density-functional, B3LYP.41+42 A combination
of the Stuttgart RSC 1997 ECP“3 for Pd and the all-electron 6-31+G(d) basis sets (Basis 1)
for all other atoms were used for gas-phase geometry optimization and normal mode
analyses. Full geometry optimizations were carried out in internal coordinates using the
Berny algorithm.*> Frequency calculations were performed at optimized geometries and
transition states, confirming that each optimized minimum has zero imaginary frequencies
and each optimized transition state has exactly one imaginary frequency. When visual
inspection of the single negative eigenvalue defining a saddle point did not clearly confirm
the reaction trajectory, IRC calculations were performed to verify that the identified
transition state corresponded to the appropriate reactant/product potential energy surface.46
Zero-point energy, thermal corrections, and entropic corrections were estimated from
normal-mode analysis. Charge analyses were carried out on converged spin-restricted
density matrices using the Natural Population Analysis (NPA) method*’ as implemented
within NBO 3.1 in G03.

At the calculated stationary points, solvation-corrected single-point total energy calculations
were carried out with the Pd basis detailed above and the 6-311+G(d, p) basis (Basis I1) on
all other atoms with electrostatic and non-electrostatic solvation effects evaluated using the
integral-equation-formalism polarizable-continuum model (IEF-PCM).#8 These calculations
were used to predict the solvation free energy under typical catalytic conditions (i.e., toluene
solvent at 80° C (353 K)). The solvation cavity was generated using UFF radii, explicitly
treating hydrogen atoms, and the radii were scaled by a factor of 1.2. The PCM input was
modified with the following parameters to define the physical characteristics of the solvent
(e=2.24,p=0.810 gecm™1, r = 2.82 A). The dielectric constant (e) used here was
determined with (eq 1).4° The temperature range over which (eq 9) is reported is 207-316K;
however, we find that (eq 9) reproduces, with necessary accuracy, dielectric constants at the
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higher temperature examined here.?? The density (p) of toluene at 353K was determined
using a 24-parameter empirical model that is valid for T = 223-423 K and P = 1-30 atm.>1

&(T)=3.26 — 0.00344 - T+1.59 x 1076 . 72 ©)

We report Gibbs’ free energies at 353 K (AG353K) (egs 10-13). Since the reported free
energies are corrected for a solvated environment, an additional energy correction (Sggyr) to
the translation entropy component of the gas-phase entropy was included. This correction
(eq 123) is necessary to account for the standard state change from gas (1 atm) to solution (1
M).>

Eson=Ei+Gsor (10)

1 hv; n
HSS'}K:ESOI‘V-*ZEM’&ZW*— Eka (11)
where n = # of rotational and translational modes

G H

353K T(S 353K +S corr) (12)

353K

S corr=RT(Q°/0)=2.36 kcal @ mol ™! (13)

where R = 0.001987 kcalemol~1eK~1 and T = 353.15 K and Q°/Q = 28. 977.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

A representative kinetic time-course for Pd(OAc),/pyridine catalyzed intramolecular
oxidative amination of (Z)-4-hexenyltosylamide obtained by gas-uptake methods. Data
sampling occurred at a rate of 1 s™1 (not all data are shown). Conditions: [Pd(OAc),] = 2.0
mM, [pyridine] = 8.0 mM, [amide] = 100 mM, 4.0 ml of toluene, 80 °C.
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Figure 2.

(A) Dependence of the initial rate on amide concentration. The curve fit results from a
nonlinear least-squares fit to a hyperbolic function of [amide]. Conditions: [Pd(OAc),] = 2.0
mM, [pyridine] = 8.0 mM, [amide] = 0-240 mM, 4.0 ml of toluene, initial pO, = 700 torr,
80 °C. (B) Dependence of the initial rate on catalyst concentration, where the “catalyst” is a
4:1 mixture of pyridine and Pd(OAc),. Conditions: [Pd(OAc),] = 0-12.0 mM, [pyridine] =
0-48.0 mM [amide] = 100 mM, 4.0 ml of toluene, initial pO, = 700 torr, 80 °C.
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(A) Dependence of the initial rate on the initial oxygen pressure (with Pd/py ratio of 1/4).
Conditions: [Pd(OAc),] = 2.0 mM, [pyridine] = 8.0 mM, [tosylamide] = 100 mM, 4.0 ml of
toluene, initial pO, = 300-700 torr, 80 °C. (B) Dependence of the initial rate on the initial
oxygen pressure (with Pd/py ratio of 1/2). Conditions: [Pd(OAc),] = 2.0 mM, [pyridine] =
4.0 mM, [tosylamide] = 100 mM, 4.0 ml of toluene, initial pO, = 300-700 torr, 80 °C.
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(A) Dependence of the initial rate on pyridine concentration with the [Pd(OAc),] held
constant. Conditions: [Pd(OAC),] = 2.0 mM, [pyridine] = 0-10 mM, [amide] = 100 mM, 4.0
ml of toluene, initial pO, = 700 torr, 80 °C. (B) Dependence of the initial rate on acetic acid
concentration. Conditions: [Pd(OACc),] = 2.0 mM, [pyridine] = 8.0 mM, [amide] = 100 mM,
[AcOH] = 0-100 mM, 4.0 ml of toluene, initial pO, = 700 torr, 80 °C.
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(A) Dependence of the initial rate on the square root of Pd(OAc), concentration in the
presence of large excess of pyridine. Conditions: [pyridine] = 120 mM, [amide] = 100 mM,
4.0 ml of toluene, initial pO, = 700 torr, 80 °C. (B) Dependence of the initial rate on the
concentration of Pd(OAC); in the presence of excess pyridine and acetic acid. Conditions:
[pyridine] = 120 mM, [AcOH] = 5 mM, [amide] = 100 mM, 4.0 ml of toluene, initial pO, =
700 torr, 80 °C.
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Figure 6.

Hammett plot derived from the relative initial rates of catalytic oxidative amination
conducted with a series of para-substituted benzenesulfonamides. Conditions: [Pd(OAc),] =
2.0 mM, [pyridine] = 8.0 mM, [amide] = 100 mM, 4.0 ml of toluene, initial pO, = 700 torr,
80 °C.
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Figure 7.

Dependence of the initial O, uptake rate on amide concentration. CHz- vs. CD3-labelled
tosylamides. Conditions: [Pd(OAc),] = 2.0 mM, [pyridine] = 8.0 mM, [amide] = 0-240 mM,
4.0 ml of toluene, initial pO, = 700 torr, 80 °C.
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Figure 8.

Dependence of the initial O, uptake rate on amide concentration. NH- vs. ND-labelled
tosylamides. Conditions: [Pd(OAc),] = 2.0 mM, [pyridine] = 8.0 mM, [amide] = 0-240 mM,
4.0 ml of toluene, initial pO, = 700 torr, 80 °C.
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Figure 9.

Lowest free energy pathways for formation of aminopalladative intermediates with and
without pyridine ligation. All reactions are relative to trans-(py),Pd(OAc), + 1M; free py
and %[AcOH]».
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Figure 10.
Ball-and-stick models with bond-length metrics for the Pd-amidate-alkene intermediates,
9M and k2-16M, and alkene insertion transition states, 13AP-TS and 17AP-TS,

J Org Chem. Author manuscript; available in PMC 2012 February 18.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuei\ Joyiny Vd-HIN

Yeetal.

A. Pyridine-ligated Energy Landscape

: py Ms
: v
- i| Aco—Pd_H HN

80.04 AcOH reductive elimination
py +
15 24.8 | P by F
trans-199HETS 248 cis20BHETs ) AcO~Pd—H Pd=H -
B\ 5P| [ae
20.0 cis-191~BHETS 19.7 rd \ 2 T ht
=7 / | \ *veyr 175 24T
E . \ 15.9 26™
K]
o
£ i )
groo4 AcO P|d H P
g 74 5 Ms, /= 8.1 PeH R
: by N 1 3 v OTO oy
' A ofPé : py O—Pd-H +VPyr 07
§ AOTRHAT AcO-Pd g sveyr 25 +VPyr
00 1 MeN<7Z, | M, 2 7
| 10M +py H d
+1/2[AcOH], ! H
JmE : 21

: o :
[ O-pa | Opa. ;
: Hi CH ) :
: pEa - !
30.0 i My H ) : o_’»Lo +

? R, M ‘so\/
AcO-Pd—" O ot o, CHa t
200- Ms-N 18, d s 520~ 0~
2 B . 33 N [-"% o
14 +py 156
H 35TS

S 10.0-

7.4
py

: H SN \

TN w9 TPy
oo] | W<, = o e
Potom ey T RA— Mswy 08 H
IR0 s N,

18M +py 32

AGjs3k (keal'mol ™) ——»
E4 \O ¢
X
\ £
\ ¢

Figure 11.

Low-energy pathways for the B-hydride elimination and AcOH-reductive-elimination. All
reactions are relative to (py),Pd(OAc), + 1M; free py and %2[AcOH],. (A) Pyridine-ligated

pathway; (B) Pyridine-dissociated pathway.
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Scheme 1.
Intramolecular Aerobic Oxidative Amination of Alkenes Catalyzed by Pd(OAc),/Pyridine.12
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Possible Pathways for Intramolecular Aminopalladation of Alkenes.

J Org Chem. Author manuscript; available in PMC 2012 February 18.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnue\ Joyiny Vd-HIN

Yeetal. Page 31

9% D
CH.D 2 mol% Pd(OAc), H=< H/D H/D H/D
\2/\/\ T 8 mol% py { 4 X
A ~1s Toluene A\ 43% D
, H 80°C,1atm0O,  Ts JH NN o N e
T T~ 43%D 43% 43% 14%
_ _ ;W_—J
H p-H Elim. p-D Elim.
amino- D B-H or B-D
palladiation D/HW elimination kulkp = 43%/14% = 3.1
Pd]  Ts
4
D

2 mol% Pd(OAc) W 20%D D—{D MD N

molt7o C)2

[GAPMEI oo e n e
D D H

X N/Ts Toluene N\ L 82%D
; H 80°C, 1atm O, Ts H 64% 18% 18%
~-— o Y
82% D B-H Elim. p-D Elim.
kulkp = 64%/18% = 3.5
Scheme 3.

Intramolecular Selectivity Between pB-Hydride and B-Deuteride Elimination.
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Scheme 4.

Probing the Reversibility of Aminopalladation of Alkene with Diene Substrate 5.
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Scheme 5.
Proposed Catalytic Mechanism for Pd(OAc),/Pyridine-Catalyzed Aerobic Oxidative
Intramolecular Amination of Alkenes.
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Scheme 6.
Calculated Energies for Alternative Aminopalladation Transition States.

J Org Chem. Author manuscript; available in PMC 2012 February 18.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuey JoyIny vd-HIN

Yeetal. Page 35

2HOAC VIS «
2p AcO- Pd OAc
k1 py
o. ,Tol rest/ng state
¥5=0.1 0
/ Pd
EN)J/ AcO- F|>d OAc
37
K\/\//N‘H
Ts
HOAc 8
K \2
-2 HOAc
R p
~Pd—H y
| AcO- Pd

|
/ Ts/
16
¥O
oﬂﬁdg
/ AcO—-Pd
N /

Ts” N%

Ts”
18 \T/ 10

Scheme 7.
Refined Catalytic Mechanism for Pd(OAc),/Pyridine-Catalyzed Aerobic Oxidative
Intramolecular Amination of Alkenes.
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