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Abstract: Copper(ll) acetate is a frequent empirical choice of
the copper source in copper(ll)-mediated redox reactions. The
effect of the acetate counterion appears crucial but has not
been adequately investigated. Herein, we report that copper(ll)
acetate catalyzes the aerobic dehydrogenation of chelating aro-
matic secondary amines. The chemoselectivity of acetate and
chelating amines in this reaction provides a unique opportunity
for a mechanistic study. The progression of this homogeneous
reaction is monitored by using electron paramagnetic reso-
nance spectroscopy, UV/Vis absorption spectroscopy, and ma-
nometry. The kinetic dependence on the amine substrate, cop-
per(ll), and acetate counterion, together with the results of ki-

2

netic isotope and substituent effect experiments, suggests that
acetate acts both as a bridging ligand of a dinuclear catalytic
center for mediating two-electron transfer steps and as a base
in the turnover-limiting C-H bond-cleavage step. Upon includ-
ing 1,8-diazabicyclo[5.4.0lundec-7-ene (DBU) as a surrogate
base, DBU and acetate act in a complementary manner to ena-
ble a rapid, catalytic dehydrogenation reaction of a chelating
secondary amine substrate. Finally, the contrasting reactivities
between copper(ll) acetate (promoting two-electron transfer)
and copper(ll) perchlorate (promoting single-electron transfer)
underscores how a counterion could completely alter the
mechanistic pathway of a copper-mediated oxidation reaction.

%

Introduction

The prevalence of +1 and +2 oxidation states of copper ensures
that copper salts are effective single-electron transfer mediators
in radical-involved organic transformations.["! The majority of
organic redox elementary reactions, on the other hand, entail
two-electron transfer processes, of which palladium, an excel-
lent two-electron transfer mediator but a much less-abundant
element than copper, has been a major source of catalyst devel-
opment.?l The two-electron shuttling between the +1 and +3
oxidation states of a mononuclear copper center is implicated
in a growing number of copper-involved reactions,® notably in
Gilman chemistry,**# Ullmann cross-coupling,’ and C-H func-
tionalization reactions.®) The ability of mononuclear copper to
engage in both single- and two-electron transfer reactions was
recently described by Stahl, Ribas, and co-workers.>®”! How-
ever, mononuclear copper(lll) species have only been observed
in a handful cases in which a stabilizing macrocyclic [i-
gand©2628l was often present,*>?) which casts doubt on its
generality in the rapidly growing number of reported copper-
mediated redox reactions.

Dinuclear copper centers are capable of mediating two-elec-
tron transfer processes through collective redox switching be-
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tween the +1 and +2 oxidation states. A dicopper center may
lower the activation barrier of two-electron transfer steps, simi-
lar to the cases demonstrated in dipalladium!™ and digold
chemistry,l"" which would circumvent the relatively unstable
mononuclear copper(lll) intermediates. The utility of di- or mul-
tinuclear copper clusters in catalytic aerobic oxidation has been
recognized by the inorganic and bioinorganic communities.['?
As a result, elaborated ligand-supported multinuclear com-
plexes have been created to mimic the functions of copper-
dependent oxidases and oxygenases.['3] However, the potential
of dinuclear (or multinuclear) copper redox catalysis has not
yet been fully materialized in synthetic chemistry development.
Furthermore, copper-catalyzed oxidation methods have been
developed at a rapid rate;l"™'<'4 yet, the mechanistic clarifica-
tions of these reactions are disproportionally lagging behind.

In our investigation on the mechanism of copper(ll) acetate
mediated azide-alkyne cycloaddition (CuAAC) reactions,’> we
offered evidence and arguments that the copper(ll) acetate
dimer [Cu,(OAc)4(H,0),] mediates the inducting alkyne oxida-
tive homocoupling (OHC)!"®! stoichiometrically and the subse-
quent CuAAC reaction catalytically. The currently accepted
mechanistic models of both OHC'®'7! and CuAAC!™ '8 include
copper-catalyzed two-electron transfer steps. Copper(ll) acetate
equilibrates in solution between monomeric and dimeric forms,
depending on the solvent and additional ligand structures.!'?!
Given the frequent empirical choice of copper(ll) acetate in cop-
per-mediated oxidation reactions,['“721416.201 it is |ikely that the
acetate-bridged dinuclear copper(ll) core acts as a two-electron
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transfer mediator in many cases.?" Herein, we report our first
case study, which is the copper-dependent dehydrogenation of
chelating secondary amines, in testing this hypothesis.[22-24

Results and Discussion

Reactivity Profile

Secondary amine 1 (Scheme 1) was dehydrogenated rapidly to
1-im upon treatment with 1 mol-equiv. of Cu(OAc),-H,0 in
CH3CN (Table 1, Entry 1) under aerobic conditions (i.e., open to
air). A minor product of a deep-red color was also observed
(absorption centering at 505 nm, see Figure 1a), which upon
demetalation was characterized as the regiospecifically hydrox-
ylated derivative of 1-im (i.e., 1-im-OH) (see Figures S1-S4 in
the Supporting Information for characterization data). Titration
of Cu(OAc),H,0 into a CH3;CN solution of 1-im-OH reconsti-
tuted the absorption band of the reddish species (Figure 1b),
to which the formula [Cu(1-im-O)(OAc)] was tentatively as-
signed. The reaction shown in Scheme 1 may represent a simple
model of both copper-dependent oxidase (1 to 1-im) and oxy-
genase (1-im to 1-im-OH) activities,”#2%) which entail benzylic-
like C(sp®)-H and aromatic C(sp?)-H functionalizations, respec-
tively. In this article, the investigation of the mechanism of the
transformation from 1 into 1-im is described, whereas that on
the formation of 1-im-OH is deferred to a later study.

Nonchelating compounds 2 and 3 (Table 1, Entries 2 and 3)
did not undergo dehydrogenation under the same conditions.
Replacing Cu(OAc),-H,0 with Cu(ClO,),:6H,0 (Table 1, Entry 4),
which is a stronger single-electron oxidant,?®! resulted in a
much lower conversion of 1 to a mixture of undefined products
[other tested copper(ll) salts were also not as effective as
Cu(OAC),°H,0; see Table S11. If the reaction mixture was main-
tained under anaerobic conditions (Table 1, Entry 5), the reac-
tion proceeded at a reduced rate.?”? Aliphatic secondary
amines (Table 1, Entries 6 and 7) and a tertiary amine (1-Me
in Table 1, Entry 8) did not react. Upon installing an electron-
withdrawing group at the para position of the anilinyl moiety,
the reaction slowed down (Table 1, Entries 9-13). Finally, gem-
dimethyl substrate 11 did not undergo dehydrogenation, which
was expected, or hydroxylation (Table 1, Entry 14). These obser-
vations are summarized as follows: (1) the substrate needs to
be a chelating aromatic secondary amine; (2) molecular oxygen
is not required, but it accelerates the reaction; (3) Cu(OAc),-H,0
is by far the most effective copper(ll) salt; (4) oxidation of the
anilinyl moiety appears to be a kinetically significant step; (5) a
substrate that is unable to dehydrogenate (e.g., gem-dimethyl-
containing 11) cannot be hydroxylated.

Electron Paramagnetic Resonance Spectroscopy

Different techniques were applied to monitor the changes in
the key components over the course of this homogeneous reac-

O_/ O o Cu(OAc)z, air

CH3CN rt

Scheme 1. Cu(OAc)z—medlated oxidation of secondary amine 1.
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Table 1. Reactivity profile of copper(ll) acetate mediated dehydrogenation.[
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[a] Procedure: An amine (0.08 mmol) substrate was dissolved in CH;CN
(4.0 mL) in a round-bottom flask equipped with a magnetic stir bar.
Cu(OAC),+H,0 (0.08 mmol) was added, and the mixture was stirred at r.t. for
the listed time. An ethylenediaminetetraacetic acid (EDTA) solution (5 mL,
0.1 m, pH > 10) was added, and the mixture was extracted with CH,Cl, (2 x
5.0 mL). The organic layer was separated and dried with anhydrous Na,SO,
or K,COs. The solvent was removed under reduced pressure to obtain the
crude product, which was analyzed by 'H NMR spectroscopy (500 MHz,
CDCl3). [b] A complicated mixture of several compounds was observed. The
consumption of compound 1 was at best 11%. [c] If the amount of
Cu(OAc),-H,0 was doubled to 0.16 mmol so that Cu(OAc),-H,O was pre-
sumed to be the stoichiometric oxidant, the conversion went up to 26 % in
5 min.

Qi

1-im, major

1-im-OH, minor
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Figure 1. (a) Progression of the aerobic oxidation of 1 (0.06 mm) in the presence of Cu(OAc),-H,O (0.05 mm) in CH5CN. The absorption of the reddish copper(ll)
complex [Cu(1-im-O)(OAc)] is indicated by a red arrow. (b) Absorption spectral change of 1-im-OH (0.1 mm) in CH;CN upon addition of Cu(OAc),-H,O (0-

0.1 mm).

tion. The change in the copper oxidation state and/or nuclearity
was monitored by electron paramagnetic resonance (EPR) spec-
troscopy. The EPR signal of the copper(ll) acetate dimer
[Cu5(OAC)4(H,0),] in CH3CN was undetectable at room tempera-
ture (Figure S6). The addition of pyridine led to a small en-
hancement in the intensity of the EPR signals (Figure 2a). The
addition of nonchelating (e.g., compound 2, Figure S7) or
weakly chelating (e.g., compound 10, Figure 2b) amines also
barely affected the spectrum of copper(ll) acetate. However,
mixing of copper(ll) acetate with chelating amines, either sec-
ondary (e.g., compounds 1, 4, and 8) or tertiary (e.g., compound
1-Me, Figure 2d), aromatic or otherwise, led to the immediate
appearance of a four-line signal characteristic of mononuclear
isotropic hyperfine splitting (Gisotropic = 2.1298; Aisotropic =
67 Gauss).?®! Under aerobic conditions, the intensity of the EPR

spectra involving reactive substrates decreased over time (e.g.,
compound 1 in Figure 2c), whereas that of nonreacting sub-
strates underwent little change (e.g., compound 4 in Figure S8
and 1-Me in Figure 2d). Secondary chelating amines with elec-
tron-poor anilinyl groups, such as cyano-substituted 10, hardly
amplified the EPR signal of Cu(OAc),-H,0O (Figure 2b). Therefore,
their lack of reactivity of 10 was attributed to poor binding with
copper(ll).

The process depicted in Scheme 2 accounts for the EPR data
of copper(ll) acetate upon binding with various substrates or
ligands. The lack of EPR signals for copper(ll) acetate and its
pyridine complex is attributed to antiferromagnetic coupling
between the two copper(ll) centers in the acetate-bridged di-
mers,??) which appears to dominate in CH;CN. Upon interact-
ing with a pyridyl-containing secondary or tertiary amine, the
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Figure 2. The EPR (X-band) spectra of Cu(OAc),-H,0 (10 mm in CH3CN) in the presence of (a) 10 mm pyridine, (b) 10 mm of 10, (c) 10 mm of 1, and (d) 10 mm
of 1-Me over the allotted time. The y axes show the EPR intensity in arbitrary units of the same scale.
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Scheme 2. Amine substrate binding with copper(ll) acetate in acetonitrile. Acetate-copper(ll) bonding is simplified as shown in the box, that is, a Cu-O bond

in the scheme counts for a half bond.

(a)

Figure 3. ORTEP views (50 % probability ellipsoids) of (a) the asymmetric unit of [Cu,(6-Me),(OAc),]; selected distances [Al: Cu1-N1 2.219(5), Cu1-Cu2 2.644(1),
Cu1-01 1.954(5), Cu1-02 1.948(5), Cu1-03 1.974(5), Cu1-04 1.975(5); and (b) [Cu(11)(OAC),]; selected distances [Al: Cu1-N1 1.985(2), Cu1-N2 2.035(2), Cul-

01 1.958(2), Cu1-02 2.597(2), Cu1-03 1.957(2), Cu1-04 2.572(2).

axial water ligands are replaced by the pyridyl portion of the
amine, as suggested by the dimeric structure of [Cu,(6-
Me),(OAc),4] (Figure 3a). The dimer equilibrates with the EPR-
positive monomers, in which the chelating amine ligand is bi-
dentate as suggested by the structure of [Cu(11)(OAc),] (Fig-
ure 3b).

Following the binding of a secondary chelating amine sub-
strate with copper(ll) acetate, which increased the abundance
of the monomeric copper(ll) complex and consequently pro-
duced a strong EPR signal, the decrease in the EPR intensity
accompanied the progress of the dehydrogenation reaction
(such as 1 in Figure 2c). A couple of scenarios may account for
the drop in EPR intensity as the reaction proceeds: (1) the cop-
per oxidation state changes from the paramagnetic +2 to the
EPR silent +1 state; (2) an antiferromagnetically coupled cop-
per(ll) dimer is reconstituted owing to the fact that the binding
of the imine product to copper(ll) is weaker than that of the
amine reactant. The EPR signal of secondary amine 8 (Figure 4a)
prepared under anaerobic conditions also decreased as the re-
action progressed, which supported the former scenario that
copper(ll) was reduced to copper(l). The reddish color appeared
at the top of the EPR tube as a result of the slow entry of air
through the sealing grease and diffused down overtime, which
suggested that the formation of the reddish copper(ll)/8-im-OH
complex was O,-dependent.

Eur. J. Inorg. Chem. 2016, 3728-3743 www.eurjic.org
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Figure 4. (a) Conversion of amine 8 into imine 8-im; (b) photographs of the
EPR tube containing 8 (10 mm) and Cu(OAc),:H,0 (10 mm) in CH5CN, which
was sealed with grease, overtime undisturbed; (c) the corresponding EPR
spectra at the time intervals shown in panel b.
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Manometry

O, accelerates the dehydrogenation reaction, as concluded by
comparing the data from Entries 1 and 5 of Table 1. The O,
consumptions with a few amine substrates were monitored by
manometry.[°<3% The pressure change from 1 atm of air in a
closed reaction vessel was recorded for various secondary and
tertiary amines (Figure 5). Only chelating aromatic secondary
amines with adequate electron density on the anilinyl moiety
afforded a substantial reduction in pressure (e.g., compounds 1
and 8 in Figure 5). Neither tertiary amine 1-Me, which binds
copper(ll) strongly as shown by EPR spectroscopy (Figure 2d),
nor p-cyano-substituted secondary amine 10, which at best
weakly associates with copper(ll) (Figure 2b), enabled O, up-
take. Therefore, the consumption of O, was concurrent with
the progress of the dehydrogenation reaction under aerobic
conditions. The molar ratio between O, and the amine reactant
was ca. 1:2 (Figure S9, Table S2), which suggested that O, was
reduced to H,0.

760
=)
T
£ 740 —— 1-Me
=2 —*— Cu(0Ac),
g —a+—2Picoline
E’,’ 10
F 720}

700 L 1 Il L L

0 10 20 30 40 50
Time (min)

Figure 5. Pressure of the reaction vessel (total volume = 35 mL) over time of
mixtures of amines (1, 1-Me, 4, 8, 10, and 2-picoline, 0.25 m in CH3CN) and
Cu(OAc),-H,0 (0.25 m).

Linear Free-Energy Relationship and Kinetic Isotope Effect

The imine production was monitored by using UV/Vis absorp-
tion spectroscopy (e.g., Figure 1a).3?! The linear free-energy re-
lationship (LFER) and deuterium kinetic isotope effect (KIE) were
determined by using this method. If the substituent X
(Scheme 3) was varied, an LFER against op.," was observed
(Figure 6a).131 A g value of —1.0 suggested that electron density
of the anilinyl group was decreasing en route to the transition-
state structure of the turnover-limiting step, or a step of kinetic
relevance. This observation discounted the possibility that
amine deprotonation was turnover-limiting, of which the oppo-
site LFER was expected. Rather, a step involving anilinyl oxid-
ation was kinetically significant. The primary KIE (ky/kp = 2.5,
Figure 6b), determined by comparing the rates independently
acquired by using protio and deuterio substrates,*¥ indicated
that the C-H bond-cleavage step was turnover-limiting.>>!

On the basis of the reactivity profile data in Table 1 in con-
junction with the LFER and KIE observations, it is possible to
determine the relative timing of the three key steps: deprotona-
tion of the N-H and C-H bonds and oxygenation of the sub-
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Scheme 3. Reaction for the linear free-energy relationship (LFER) and kinetic
isotope effect (KIE) experiments. Substrates of the KIE study (ky/kp = 2.5): R =
H/D, X = OCHs; substrates of the LFER experiment (0 = -1.0: R=H, X = H,
OCH;, iPr, CHs, Ph, I, and F.3"

— HNOX Cu(OAc),, air

\_/ I CH3CNrt

strate/copper complex. The fact that tertiary amine 1-Me is una-
ble to react (Table 1, Entry 8) suggests that N-H deprotonation
needs to occur before the turnover-limiting step. The primary
KIE suggests that C-H bond cleavage is turnover-limiting. Oxy-
genation of the substrate before dehydrogenation was not ob-
served. Consistent with the early-dehydrogenation model, an
oxygenated secondary aromatic amine was unable to dehydro-
genate if subjected under the reported reaction conditions
(data not shown). Furthermore, gem-dimethylated compound
11 under the reaction conditions failed to afford any anilinyl
hydroxylation product (Table 1, Entry 14), which further con-
firms that oxygenation occurs after, or simultaneously with, C-
H bond cleavage.

On the basis of the analysis at this stage, the validities of the
possible  dehydrogenation/copper-oxygenation  sequences
(Scheme 4) were assessed. The chelating amine substrate acts
as a bidentate ligand for copper(ll). The acetate counterion acts
as an internal base to deprotonate the secondary amine to af-
ford copper(ll) amido complex I. The internal base function of
the acetate (or other carboxylate or carbonate) counterions has
been proposed in Pd(OAc),-catalyzed®® and, more recently, in
Cu(OAc),-catalyzed C-H functionalization reactions.’>”!

From intermediate I, four possible pathways are illustrated in
Scheme 4. In the mononuclear two-electron transfer pathway
(Scheme 4a), | undergoes base-promoted C-H cleavage concur-
rent with the two-electron reduction of the copper(ll) center
to produce dead-end copper(0) species lll. The dinuclear two-
electron transfer pathway (Scheme 4b) is facilitated by the
bridging ability of acetate to afford dicopper(ll) intermediate IV.
Deprotonation of the C-H bond would release two electrons
that are collectively taken in by the two copper(ll) centers to
afford dicopper(l) intermediate V. Transition from IV to V could
be either a concerted two-electron transfer that flips the oxid-
ation state of both copper centers from +2 to +1 or a stepwise
sequence led by the disproportionation of copper(ll) to cop-
per(lll) and copper(l), which is followed by 2e reduction at the
copper(lll) center.[626<3%1 O, quickly traps the nascent dicop-
per(l) center in V to form p-n':n'-peroxo dicopper(ll) intermedi-
ate VI, which could be the precursor of the oxygenation agent
to afford the hydroxylated minor product. On the basis of the
observations of the LFER and KIE experiments, the conversion
from IV into V should be turnover-limiting (TOL).

On the basis of the suggestion of a reviewer, a -hydride
elimination pathway is included as Scheme 4c. The mononu-
clear intermediate after (3-hydride elimination (VII) would un-
dergo either reductive elimination or deprotonation to Ill, the
unlikely dead-end Cu® species. Intermediate VII could poten-
tially be transformed through the assistance of another cop-
per(ll) to intermediate V in Scheme 4b. We did not consider

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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1 (squares) and 1-d, (circles) upon reaction with Cu(OAc),*H,0 (50 pm) in CH5CN.
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states of copper are color-coded as gray, orange, and blue, respectively. TOL: turnover-limiting. S: a monodentate coordinating solvent, e.g., CHsCN; X: a singly-

charged counterion.

the B-hydride elimination pathway further owing to its lack of
precedence in copper(ll)-mediated oxidation reactions and its
lack of base dependence, which was observed in the dehydro-
genation reaction in the current work.

Lastly, single-electron transfer from the amido ligand to the
copper(ll) center could occur after the formation of intermedi-
ate | to afford VIII (Scheme 4d). Turnover-limiting hydrogen
atom abstraction, on the basis of the KIE data, from VIII by
O, results in intermediate IX and a hydroperoxy radical, which
subsequently oxidizes the copper(l) center to form copper(ll)-
hydroperoxy complex X. The pathway shown in Scheme 4d,
which involves proton transfer followed by hydrogen-atom
transfer, is similar to the proposal of Maseras and co-workers
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on macrocyclic amine oxidation by a mononuclear copper(ll)
complex.38

The pathways shown in Scheme 4b,d were considered fur-
ther, because they do not end with a Cu® species. They differ
n (1) the kinetic order of copper(ll), (2) the dependence on O,,
(3) the dependence on a base, and (4) the function of the acet-
ate ion. A second-order dependence on copper(ll) is expected
for Scheme 4b, whereas Scheme 4d requires first-order kinetics
in copper. Contrary to the mononuclear pathway in Scheme 4d,
which requires O, (or another hydrogen atom abstracting free
radical agent), the dinuclear pathway in Scheme 4b could pro-
ceed anaerobically if copper(ll) is provided stoichiometrically.
Finally, acetate acts as both a base and a bridging ligand in

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Scheme 4b, whereas the route in Scheme 4d only requires a
base to reach early copper(ll) amido intermediate I, following
which the acetate appears to be a spectator ion. The fact that
the dehydrogenation of 1 does proceed under the anaerobic
conditions (point #2), albeit at a slower rate than the open-to-
air reaction, favors Scheme 4b. The experiments described in
the following subsections were performed to distinguish the
pathways illustrated in Scheme 4b,d by looking at the differen-
ces raised in points #1, #3, and #4.

Kinetic Orders of Reaction Components

The kinetic orders of amine 1 and Cu(OAc),-H,O were deter-
mined by using the initial-rate method under the open-to-air
conditions. Amine exhibited saturation kinetic behavior (Fig-
ure 7a,b), which suggests a fast binding equilibrium between 1
and the copper catalyst prior to the turnover-limiting step. The
kinetic order of Cu(OAc),-H,O was 1.9 (Figure 7c), consistent
with a dinuclear transition-state structure for the turnover-limit-
ing step, and a mononuclear resting state of the copper cata-
lyst.5¥] Similar scenarios have been reported in palladium(ll)-
catalyzed C-H functionalization reactions. !

To decouple the functions of copper(ll) and the acetate ion,
Cu(Cl0O,),*6H,0 was used as the copper(ll) source, and the reac-
tion progress was monitored by using UV/Vis absorption spec-
troscopy in the presence of increasing amounts of Bus;NOAc
(Figure 8). Without BuyNOAC, very little absorption change was
observed over 40 min (Figure 8a). The broad peak centered at
490 nm could be the absorption of the radical cation (or a
derivative thereof) resulting from the single-electron oxidation
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of the p-methoxyanilinyl group by Cu(ClO,),*6H,0.4" A control
experiment to test the radical cation interpretation will be de-
scribed after the discussion on the data in Figure 8.

In the presence of 0.75 equiv. Bu;NOAc relative to the
amount of copper(ll), the presumed radical cation band at
490 nm was diminished, yet no reaction occurred over the same
time period (Figure 8b). This observation suggested that the
addition of the acetate ion reduced the ability of copper(ll) as
a single-electron oxidant. This possibility contradicts the mech-
anistic proposal illustrated in Scheme 4d, in which the addition
of acetate would have aided the formation of radical species
VIl

Upon increasing the BuyNOAc concentration up to
1.75 equiv. [relative to that of copper(ll)], the reaction pro-
ceeded to afford both 1-im (centering at 350 nm) as the major
product and 1-im-OH [centering at 505 nm as its copper(ll)
complex] as the minor component (Figure 8c). The rate was
enhanced in the presence of 2.5 equiv. of BuyNOAc relative to
the amount of copper(ll) (Figure 8d).

The absorption band centering on 490 nm in Figure 8a is
postulated as the radical cation of the anilinyl group from the
single-electron transfer to Cu(ClO,4),-6H,0. On the basis of the
work of Stahl and co-workers,*? an aryl radical cation resulting
from single-electron oxidation from a copper(ll) center can be
halogenated by a halide ion. The hypothesis of anilinyl radical
cation formation was then tested by including LiCl in the reac-
tion mixture to trap the purported radical cation. As shown in
Scheme 53, in addition to being dehydrogenated, compound 1
was also chlorinated to 1-CI¥3! upon treatment with a combina-
tion of Cu(ClO,),-6H,0 and LiCl. Tertiary amine 1-Me, under the

(b)

3.0

y=0.88x+5.3

In(Rate)

-10.4 -10.2 -10.0 -9.8

In[amine 1]

(d)

y=19x+17

In(Rate)

-12.0 -11.5 -11.0 -10.5
In[copper(ll) perchlorate]

-7.0
-12.5 -10.0

Figure 7. Log plots of the initial rate dependence on the concentrations of (a) amine 1 (600-700 um) in the presence of Cu(OAc),-H,0 (50 um), (b) amine 1
(32-82 um) in the presence of Cu(OAc),*H,O (65 um), (c) Cu(OAc),H,0 (20-60 pm) in the presence of compound 1 (0.56 mm), and (d) Cu(ClO,),-6H,0 (5-

35 um) in the presence of 1 (100 um), DBU (80 pm), and BuyNOAC (30 um).
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Figure 8. Absorption spectra over 40 min (2 min interval) of amine 1 (100 pm in CH3CN) in the presence of Cu(ClO,4),*6H,0 (50 pm) and an increasing amount
of BuysNOAC (0 pm, a; 37.5 pm, b; 87.5 pm, ¢; 125 pm, d). The first and last spectra of each experiment are coded blue and red, respectively.

same conditions, was also chlorinated to 1-Me-Cl (Scheme 5c¢).
On the contrary, replacing Cu(ClO,4),6H,0 with Cu(OAc),-H,0
only led to the dehydrogenation of 1 (Scheme 5b), whereas no
reaction occurred with 1-Me (Scheme 5d). These data substanti-

/' Cu(ClOy), (2 equiv.)
@_/HN—Q—O Licl (2 ;t:uiv.)
@ Y CHACN, 1t, 6 h
1(10%)
Cu(OAc)z (2 equiv.)
O_/ LiCI (2 equiv.)
b
® CH;CN, rt, 6 h
1 (0%)
\ / Cu(ClOy); (2 equiv.)
@_/N O Licl (2 equiv.)
© N ,f CH4CN, rt, 6 h
1-Me (82%)
\ / Cu(OAc), (2 equiv.)
g CPN O LiCl (2 equiv.)
—_—
@\ N/ CH;CN, rt, 6 h

1-Me (100%)

ated the hypothesis that Cu(ClO,),*6H,0 oxidized the anilinyl
moiety in compound 1 by single-electron transfer and that
acetate attenuated the ability of copper(ll) as a single-electron
oxidant.

T Ao a el

1-im (73%) 1-ClI (17%)

@J“@‘J
N

1-im (100%)

\ /
O_/N‘QO
\ h{ Cl

1-Me-ClI (18%)

NO REACTION

Scheme 5. Cu(ClO,4), versus Cu(OAc), in the oxidation of chelating amines 1 and 1-Me. The copper salt (2.0 mol-equiv.), LiCl (2.0 mol-equiv.), CH3CN (4 mL),
and the amine (0.08 mmol) were added to a flask in this order. The resulting mixture was stirred at r.t. for 6 h. The reaction was then quenched by adding
an EDTA solution (0.1 m, 5 mL, pH > 10), and the mixture was extracted with CH,Cl, (2 x 5.0 mL). The combined organic layers were dried with anhydrous
Na,SO,, filtered, and concentrated under reduced pressure. The crude mixture was analyzed by 'H NMR spectroscopy (CDCls, 500 MHz). The molar percentages
of identified compounds are included in parentheses.
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Mechanistic Model

On the basis of these data, a catalytic cycle is sketched
(Scheme 6). Chelating aromatic secondary amine # first replaces
water in [Cu,(OAc)4(H,0),] to afford A. Acetate counterions in
complex A act as an internal base to deprotonate the amino
group to afford copper(ll) amido complex B (i.e., “concerted
metalation deprotonation”®6d)), in which the amine binds in a

H‘- -
o]
o]
o‘::Cu

<
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bidentate manner, as supported by the chemospecificity of che-
lating amines. Complex A also equilibrates with its off-cycle
monomeric form A’, which is the resting state of the catalyst.[*4
Base-promoted C-H bond cleavage in in-cycle complex B redu-
ces the dicopper(ll) core to dicopper(l) intermediate C, which
may or may not traverse disproportionated intermediate B’.[*°]
The close contact between two copper(ll) ions in B, which
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Scheme 6. Dinuclear catalytic cycle. Evidence supporting the individual steps is noted in parentheses. All steps are balanced. Copper is color-coded for its
oxidation states: orange: +1; blue: +2; purple: +3. L is a monodentate ligand, such as CH;CN or monodentate acetate. B = acetate or DBU. Cu-O (acetate)

bond counts for a half bond (see footnote of Scheme 2).
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should be similar to that in the copper(ll) acetate dimers {e.g.,
dcu_cu in [Cux(6-Me),(OAC),] (Figure 3a) is 2.644(1) A}, shall facili-
tate the two-electron transfer step. A recent computational
study on the mechanism of a Cu(OAc),-mediated C-H function-
alization reaction supports the beneficial ligand effect of acet-
ate in lowering the transition-state energy for the dispropor-
tionation step within an acetate-supported dicopper(ll) core.[*6!
The “redox cooperation” between two interacting metal centers
separated by a short distance™”! is also cited in dipalladium
catalysis.'948! This situation is different from another case of
amine oxidation by a copper(ll) complex, in which the shortest
Cu-Cu distance is >7 A and, hence, is less likely to have produc-
tive copper/copper interactions in aiding two-electron trans-
fer.38]

In the absence of O, Cu(OAc),-H,O becomes the stoichio-
metric oxidant [Equation (1)]. The rate of the reaction is lowered
as Cu(OAc),*H,0 is consumed. Under aerobic conditions, O,
shall trap C (Scheme 6) to regenerate copper(ll) in the form of
p-peroxo dicopper(ll) species D and with subsequent steps
turns the process catalytic in Cu(OAc),H,0. Complex D may
undergo stepwise protonation possibly through E**! to afford
complex F with the release of H,0,.°% H,0, rapidly dispropor-
tionates to O, and H,O under copper-catalyzed conditions,"
which accounts for the observed 2:1 (amine/O,) stoichiometry.
Substrate turnover converts complex F back into A. The turn-
over-limiting step is C-H bond cleavage of the substrate, which
in effect is the oxidation of the amine at the expense of the
reduction of the dicopper(ll) core. This conclusion is supported
by both the primary KIE (kn/kp = 2.5) and LFER (o = -1.0) data.
The steps after C are kinetically invisible and, therefore, are pro-
posed on the basis of precedented chemistry. Cu(OAc),-H,0 is
the catalyst, whereas O, is the stoichiometric oxidant for cata-
lyst regeneration [Equation (2)]. This scenario is consistent with
the “oxidase” model summarized by Stahl and co-workers.3472!
Unlike Equation (1), there is no net production of AcOH if O,
drives the cycle.

H,im + 2 Cu(OAc), — im + 2 Cu(OAc) + 2 AcOH (1)
. Cu(OAd), .,
H,im+1/20, — “im + H,0 2)

The rate law of the conversion from A into C (bolded steps
in Scheme 6) was derived [Equation (3)] by assuming that a
steady state was reached at intermediate B. Further derivation
to relate the rate to the concentrations of copper(ll) and the
acetate ions required the following approximations: (1) The
equilibrium between A and A’ [Equation (4)] favors mononu-
clear A’, as suggested by the EPR data, on the basis of which
we approximated [A’] to the total copper(ll) concentration [Cu'],
[Equation (5)]. (2) The equilibrium constant K (see Scheme 6)
shall depend on the concentration of a bidentate ligand [acet-
ate in this case, Equation (6)], which would facilitate the forma-
tion of dimer A. (3) The base to deprotonate complex B is the
acetate counterion [Equation (7)]. Acceptance of these approxi-
mations resulted in the rate law [Equation (8)] on which the
following conclusions were drawn:

(1) Under anaerobic conditions, the rate of the reaction
would drop as the reaction proceeds, because [Cu"], would de-
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crease and [AcOH] would increase [Equation (8)]. The participa-
tion of O, leads to the regeneration of copper(ll) in intermedi-
ate D and the consumption of AcOH in the H,0, disproportion-
ation step to maintain constant values of [Cu'"l, and [AcOH] and,
therefore, maximizes the rate. (2) The reaction is second order
in [Cu"l,. (3) If one (x = 1) bidentate acetate is required for the
formation of dinuclear intermediates, the kinetic dependence
on acetate is between first and second order, depending on the
relative magnitude of the [AcOH] term in the denominator of
Equation (8).

diPl  kky[Al[L1[base]
“dt  k4[ACOHI? + k,[base]

[A] = KIA')? (4)
[A7] = [Cu", (5)
K=K[ACO x > 1 (6)
[base] = [AcO7] 7

diP) _ kikoKICUALZACO T
— = iX >
dt ~ k4[ACOHI? + k,[AcO]

8)

P = product imine; L = monodentate ligand (e.g., CH3;CN or
monodentate acetate); k;, k,, and k_; are marked on Scheme 6.

The Dual Role of Acetate as a Base and a Bridging Ligand

Acetate acts as the base in the reaction and the bridging biden-
tate ligand for facilitating the formation of dicopper intermedi-
ates. Both functions are factored into the rate law [Equation (8)].
To separate the functions of acetate as a base or a bridging
ligand, 1,8-diazabicyclo[5.4.0lJundec-7-ene (DBU), the conjugate
acid of which has a pK, of 24.1 in CH3CN,? slightly larger than
that of acetate (23.5),°3) was examined as a surrogate base for
acetate. At a 40 mol-% loading of Cu(ClO,4),6H,0 (relative to
the amount of amine 1), which is a mononuclear copper(ll)
source with little copper(ll)/counterion interaction, in the pres-
ence of increasing amounts of DBU, the reaction proceeded at
a slow rate and stalled once DBU reached 2 mol-equiv. relative
to the amount of Cu(ClO,4),*6H,0 (Figure 9, filled blue squares).
Acetate achieved a much higher rate at a high molar ratio (filled
red squares), for example, 3:1 relative to the amount of cop-
per(ll). Furthermore, the rate was fitted as a quadratic function
of [AcO7], which suggests second-order dependence.
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Figure 9. Rate of dehydrogenation of 1 (100 um) in CH3CN in the presence of
Cu(ClOy4),+6H,0 (40 um) and increasing amounts of DBU (blue filled squares),
BusNOAC alone (red filled squares), and Bu,NOAc in the presence of 80 um
of DBU (red open squares).

What was most intriguing was the mutually beneficial effect
of acetate and DBU, the combination of which enabled a much
faster reaction than either could manage alone. At 80 mol-%
loading of DBU (relative to the amount of amine 1), the rate of
the reaction increased linearly with growing concentrations of
AcO~ (Figure 9, open red squares). Therefore, the reaction order
of acetate was reduced to first order with 80 mol-% DBU
present. It appears that DBU relieves acetate of the duty as a
base, the remaining function of which is to facilitate the forma-
tion of dinuclear intermediates as a bridging ligand. Under the
same conditions, for which both acetate and DBU were in-
cluded, the kinetic order of Cu(ClO,),6H,0 was determined
once again to be second order (1.9, Figure 7d), which further
supports a dinuclear, rather than a mononuclear, pathway.

The function of acetate in copper(ll) acetate mediated reac-
tions has been scrutinized in two recent cases. Chemler and
co-workers investigated the function of added acetate in the
copper(ll) carboxylate catalyzed aminooxygenation of olefins
(Scheme 7a).P4 2,2,6,6-Tetramethylpiperidin-1-oxyl (TEMPO)
was found to promote the reaction, which suggested a radical-
involved mechanism. The reaction exhibited half-order depend-
ence on copper(ll) carboxylate, which supported a dinuclear

@?’

Cu(eh);
BuyNOAc
TEMPO

toluene
100°C, 24 h

Cu(OAc),"H,0
—_— (b)
1 atm O,, CH;0H

~a-Bo o 27°C,6h o,

" 0

Scheme 7. Two other kinetically characterized Cu(OAc),-mediated reactions.
eh = 2-ethylhexanoate, a soluble acetate surrogate.
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resting state and a mononuclear active state of the copper cata-
lyst.>>! Different from the rate dependence on acetate of the
reaction described in this paper (Figure 9), at high concentra-
tions of acetate, the aminooxygenation reaction was inhib-
ited.>¥ The authors concluded that the function of added acet-
ate (in the form of BusNOACc) was to activate the dinuclear cop-
per(ll) carboxylate to the active monomeric species. The carb-
oxylate counterion and/or the added acetate also acted as a
base for the formation of a copper(ll) amido intermediate.

In the copper(ll) acetate catalyzed Chan-Evans-Lam oxida-
tive coupling reaction studied by Stahl and co-workers
(Scheme 7b),B9 the reaction was either half or first order in
copper(ll), depending on the conditions.*®! Acetate appeared
to facilitate the transmetalation step by interacting with the
boron center and to deprotonate the nucleophile methanol,
which also doubled as the solvent.*® The addition of acetate
beyond an optimal ratio of copper and acetate inhibited the
reaction. The contrasting observations regarding acetate in the
two reactions in Scheme 7 and our current case underscore the
versatility of copper(ll) acetate in mediating oxidation reactions
and caution us from drawing overreaching conclusions on the
mechanistic issues of copper catalysis and counterion ef-
feCtS.[57'40a'40b’44c'44d'58]

The extra benefit of including DBU is the elimination of the
formation of 1-im-OH. Because the inclusion of DBU did not
alter the stoichiometry of O, consumption (Figure S9b), it is
likely that (1) DBU accelerates the disproportionation of H,0,
or the copper(ll)-bound hydroperoxo moiety,>* which thus pre-
vents the copper(ll) catalyst from poisoning by the formation
of 1-im-OH, or (2) DBU disrupts the formation of electrophilic
dicopper/O, complexes. In the presence of DBU, full conversion
of 1 into 1-im was achieved in the presence of 10 mol-%
Cu(ClO4)»*6H,0 and 30 mol-% BusNOAc (Figure 10), which ren-
ders this reaction a true catalytic process.

1.0

A@350 nm

® 1.0
c
(1]
£
8 2(;0 4(:’!0 5(;0 860 10I00
g 0.5 Time, min

0.0 — : :

300 400 500 600 700

Wavelength (nm)

Figure 10. Absorption spectra of 1 (100 pm) in the presence of DBU (80 um),
Cu(ClO4),+6H,0 (10 pm), and BuyNOAC (30 pm). Spectra were recorded at ev-
ery 5 min. Inset shows variation in the absorbance at 350 nm versus time.
The reaction mixture was stirred at a constant speed in the cuvette.
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Conclusions

Copper(ll) acetate catalyzes the aerobic dehydrogenation of
chelating aromatic secondary amines. In addition to acting as
a base, acetate aids the two-electron transfer elementary steps
by facilitating the formation of dicopper species containing a
short Cu-Cu distance (ca. 2.6 A). Copper(ll) acetate, therefore,
is a simple dinuclear copper catalyst for two-electron transfer
reactions of suitably selected substrates. Copper(ll) acetate cata-
lyzed dehydrogenation reactions with O, as the stoichiometric
oxidant appeared in the literature more than half a century
ago.[°¥ The importance of the dicopper(ll) core of copper(ll)
acetate in dehydrogenation reactions was postulated at the be-
ginning of this century.®”! The current work has provided cre-
dence to the hypothesis that copper(ll) acetate is capable of
mediating two-electron transfer steps in dehydrogenation and
perhaps in oxidative coupling and C-H functionalization reac-
tions, in which the acetate counterion may function as a base,
a bridging ligand of a dinuclear catalyst, or both. This proposi-
tion shall be challenged experimentally and computationally
under the contexts of other reactions.'®? The copper(ll) acetate
catalyzed dehydrogenation of a chelating aromatic secondary
amine and the following arene hydroxylation may represent a
simple functional model for both copper-dependent oxidases
and oxygenases, which in its own right merits further investiga-
tions.163!

Experimental Section

Materials and General Methods: Reagents and solvents were pur-
chased from various commercial sources and were used without
further purification unless otherwise stated. The purity of
Cu(OAC)*H,0 was >99 %. Analytical thin-layer chromatography
(TLC) was performed by using TLC plates precoated with silica gel
60 F254. Flash column chromatography was performed by using
40-63 pm (230-400 mesh) silica gel as the stationary phase. Silica
gel was carefully flame-dried under vacuum to remove adsorbed
moisture before use. 'H and '>C NMR spectra were recorded at 300
and 75 MHz or 500 and 125 MHz, respectively. All chemical shifts
are reported in § units relative to tetramethylsilane. High-resolution
mass spectra were obtained by using a time-of-flight analyzer. Com-
pounds 1,164 31651 4 [66] 5 [67] 7 [643.68] 3 9l66:69] gre known.

Synthesis and Characterization of New Compounds

1-Me: 4-Methoxy-N-methylaniline (200 mg, 1.46 mmol), 2-(chloro-
methyl)pyridine hydrochloride (240 mg, 1.46 mmol), and hexadecyl-
trimethylammonium chloride (HDTAC) (50 mg) were added to an
aqueous NaOH solution (7 mL, 5 m), and the mixture was stirred at
r.t. for 12 h. The mixture was diluted with water (100 mL) and ex-
tracted with CH,Cl, (3 x 20 mL). The organic layer was dried with
anhydrous Na,SO,, and subsequently, the solvent was removed un-
der reduced pressure. The crude product was subjected to column
chromatography (silica gel, 0-10 % EtOAc/CH,Cl,). The product was
isolated as a pale-brown solid. The yield was 210 mg (63 %). 'H
NMR (300 MHz, CDCls): 6 = 8.57 (d, J = 42 Hz, 1 H), 7.62 (dt, J =
72,12 Hz, 1 H), 725 (d, J=78 Hz, 1 H), 7.18 (t, J = 7.2 Hz, 1 H),
6.81 (d, J =9.0 Hz, 2 H), 6.72 (d, J = 9.0 Hz, 2 H), 4.58 (s, 2 H), 3.74
(s, 3 H), 3.04 (s, 3 H) ppm. 3C NMR (75 MHz, CDCl3): 6 = 159.7,
151.9, 149.5, 144.3, 136.8, 121.9, 121.2, 1149, 114.2, 60.0, 55.8,
39.8 ppm. HRMS (El+): calcd. for C;,H;¢N,O 228.1263 [M]*; found
228.1275.
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2: Synthesized by a procedure similar to that described for 1-Me.
4-(Chloromethyl)pyridine hydrochloride (500 mg, 3.04 mmol) and
p-anisidine (450 mg, 3.65 mmol) were used. The crude product was
subjected to column chromatography (silica gel, 0-50 % EtOAc/
CH,Cl,). The product was isolated as an off-white solid. The yield
was 384 mg (59 %). "H NMR (300 MHz, CDCl5): 6 = 8.54 (d, J =
54 Hz, 2 H), 7.29 (d, J = 5.4 Hz, 2 H), 6.75 (d, J = 9.0 Hz, 2 H), 6.54
(d, J=9.0 Hz, 2 H), 443 (s, 2 H), 3.96 (br. s, 1 H), 3.73 (s, 3 H) ppm.
13C NMR (125 MHz, CDCl3): & = 152.5, 149.9, 149.5, 141.7, 122.3,
115.1, 114.2, 55.8, 48.0 ppm. HRMS (El+): calcd. for C;3H,4N,0
214.1106 [M]*; found 214.1119.

6: A mixture of 2-pyridinecarbaldehyde (100 mg, 0.93 mmol) and
4-aminobiphenyl (157 mg, 0.93 mmol) was heated at reflux in dry
toluene for 1 h. The solvent was removed under reduced pressure
to afford the crude product, which was dissolved in CH;OH/CH,Cl,
[2:8 (v/v), 10 mL] and cooled in an ice bath. NaBH,; (52 mg,
1.39 mmol) was added in two batches between an interval of
30 min. After the complete addition of NaBH,;, the mixture was
stirred for an additional 2 h. It was then diluted with water (100 mL)
and extracted with CH,Cl, (3 x 20 mL). The organic layer was sepa-
rated and dried with anhydrous Na,SO,. The solvent was removed
under reduced pressure, and the crude product was subjected to
column chromatography (silica gel, 0-10 % EtOAc/CH,Cl,). The
product was isolated as a pale-yellow solid. The yield was 169 mg
(70 %). "H NMR (300 MHz, CDCl5): 6 = 8.60 (d, J = 4.2 Hz, 1 H), 7.66
(dt, J =7.8,1.8 Hz1 H), 7.16-7.48 (m, 9 H), 6.74 (d, J/ = 9.0 Hz, 2 H),
4.92 (br. s, 1 H), 451 (s, 2 H) ppm. "3C NMR (125 MHz, CDCl3): 6 =
1584, 149.3, 1474, 141.2, 136.7, 130.4, 127.9, 126.3, 126.2, 122.2,
121.6, 113.4, 49.3 ppm. HRMS (El+): calcd. for CigH,gN, 260.1313
[M]*; found 260.1304.

6-Me: Compound 6 (100 mg, 0.38 mmol) was dissolved in dry THF
(10 mL) and cooled in an ice bath. tBuOK (64 mg, 0.57 mmol) was
added, and the mixture was stirred for 10 min. lodomethane
(0.1 mL) was added, and the mixture was stirred for 12 h. Then, the
mixture was diluted with water (100 mL) and extracted with CH,Cl,
(3 X 20 mL). The organic layer was dried with anhydrous Na,SO,,
and the solvent was subsequently removed under reduced pres-
sure. The crude product was subjected to column chromatography
(silica gel, 0-20 % EtOAc/CH,Cl,). The product was isolated as an
off-white solid. The yield was 86 mg (82 %). '"H NMR (500 MHz,
CDCl3): 6 = 861 (d, J =42 Hz, 1 H), 761 (dt, J = 7.8, 1.8 Hz, 1 H),
7.55 (dd, J = 8.4, 1.2 Hz, 2 H), 7.48 (dd, J = 9.0. 2.4 Hz, 2 H), 7.39 (t,
J=72Hz 2 H),7.15-7.28 (m, 3 H), 6.78 (d, J = 9.0 Hz, 2 H), 4.71 (s,
2 H), 3.18 (s, 3 H) ppm. '*C NMR (125 MHz, CDCl3): 6 = 159.2, 149.6,
148.6, 141.1, 136.9, 129.4, 128.7, 127.9, 126.3, 126.1, 122.0, 120.8,
112.5, 58.8, 39.2 ppm. HRMS (El+): calcd. for C1oHqgN, 274.1470 [M]*;
found 274.1473.

8: Synthesized according to a procedure similar to that described
for 1-Me. 2-(Chloromethyl)pyridine hydrochloride (554 mg,
3.37 mmol) and 4-fluoroaniline (500 mg, 4.49 mmol) were used. The
mixture was diluted by the addition of water (100 mL) and ex-
tracted with CH,Cl, (3 x 20 mL). The organic layer was dried with
anhydrous Na,SO,, and the solvent was removed under reduced
pressure. The crude product was subjected to column chromatogra-
phy (silica gel, 0-50 % EtOAc/CH,Cl,). The product was isolated as
a white solid. The yield was 381 mg (42 %). '"H NMR (300 MHz,
CDCl3): 6 = 858 (d, J = 4.2 Hz, 1 H), 7.65 (dt, J = 7.8, 1.8 Hz, 1 H),
732(d,J=7.8Hz 1H), 719 (t, J =54 Hz, 1 H), 6.85-6.91 (m, 2 H),
6.57-6.63 (m, 2 H), 4.67 (br. s, 1 H), 441 (d, J = 5.4 Hz, 2 H) ppm.
13C NMR (125 MHz, CDCl3): 6 = 158.4, 155.9 [d, J(*C,"°F) = 233 Hz],
149.3, 144.4, 136.8, 122.3, 121.8, 115.7 [d, J('3C,'F) = 22 Hz], 113.9
[d, J('3C,'9F) = 7.0 Hz], 49.9 ppm. HRMS (El+): calcd. for Cy,H;1FN,
202.0906 [M]*; found 202.0921.
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10: Synthesized according to a procedure similar to that described
for 6. 4-Aminobenzonitrile (110 mg, 0.93 mmol) was used instead
of 4-aminobiphenyl. The product was isolated as a white solid. The
yield was 132 mg (68 %). "H NMR (300 MHz, CDCl5): 6 = 8.59 (d, J =
4.2 Hz, 1 H), 7.68 (dt, J = 7.8, 1.8 Hz, 1 H), 7.43 (d, J = 9.0 Hz, 2 H),
7.23-7.42 (m, 2 H), 6.64 (d, J = 8.4 Hz, 2 H), 5.56 (br. s, 1 H), 4.47 (d,
J = 4.8 Hz, 2 H) ppm. '3C NMR (125 MHz, CDCl5): 6 = 156.5, 151.1,
149.4, 137.1, 133.9, 122.8, 121.9, 120.6, 112.8, 99.2, 48.2 ppm. HRMS
(El+): calcd. for Cy3H;,N5 209.0953 [M]*; found 209.0958.

12: 2-Pyridinecarbonitrile (250 mg, 2.40 mmol) was dissolved in dry
toluene (10 mL) in a round-bottom flask under argon. Methylmag-
nesium iodide (3.0 mL) was added, and the mixture was heated at
reflux for 12 h. The mixture was cooled in an ice bath, and water
(1 mL) was carefully added; the mixture was stirred for 10 min. The
mixture was diluted with water (50 mL) and extracted with CH,Cl,
(3 x 20 mL). The organic layer was collected and dried with anhy-
drous Na,SO,. The solvent was removed under reduced pressure.
The product was isolated as a pale-brown solid (185 mg, 57 %)
(Scheme 8). "TH NMR (300 MHz, CDCl5): 6 = 8.55 (d, J = 4.2 Hz, 1
H),7.63 (dt, J = 7.8, 1.8 Hz, 1 H), 744 (d, J = 7.8 Hz, 1 H), 7.12 (dt,
J=48,12Hz 1H),23 (br. s, 2 H), 1.52 (s, 6 H) ppm. '3C NMR
(125 MHz, CDCl3): 6 = 168.2, 148.8, 136.6, 121.4, 118.5, 54.2,
31.3 ppm. HRMS (ESI+): calcd. for CgH13N5137.1079 [M + HI*; found
137.1090.

11: Compound 12 (30 mg, 0.22 mmol), (4-methylphenyl)boronic
acid (45 mg, 0.33 mmol), pyridine (52 mg, 0.66 mmol), and
Cu(OAC),*H,0 (44 mg, 0.22 mg) were dissolved in CH5CN (8 mL),
and the mixture was stirred at r.t. for 12 h. A basic EDTA solution
(5 mL, 0.1 m, pH 10) was added, and the mixture was stirred for
10 min. The mixture was then extracted with CH,Cl, (2 x 10 mL).
The organic layer was collected and dried with anhydrous Na,SO,.
The solvent was removed under reduced pressure. The crude prod-
uct was subjected to column chromatography (silica gel, 0-30 %
EtOAc/CH,Cl,). The product was isolated as a pale-brown solid. The
yield was 31 mg (62 %) (Scheme 8). "H NMR (500 MHz, CDCl3): 6 =
8.60 (d, J=4.8Hz 1H),759(d,J=42Hz 1H),713(q, /] =44 Hz,
1 H), 6.85(d, J=82Hz 2 H),6.25(d,J=82Hz 2 H), 413 (br. s, 1
H), 2.2 (s, 3 H), 1.67 (s, 6 H) ppm. '*C NMR (125 MHz, CDCl,): 6 =
166.4, 148.9, 143.6, 136.9, 129.5, 126.8, 121.6, 120.9, 115.9, 57.9, 29.3,
20.5 ppm. HRMS (ESI+): calcd. for C;5H;gN,Na 249.1368 [M + Nal*;
found 249.1377.

N-(4-Isopropylphenyl)-1-(pyridin-2-yl)methanimine (13): A mix-
ture of 2-pyridinecarbaldehyde (500 mg, 4.66 mmol) and 4-isopro-
pylaniline (631 mg, 4.66 mmol) was heated at reflux in toluene
(10 mL) for 1 h. The solvent was removed under reduced pressure,
and the obtained residue was purified by precipitation from CH,Cl,/
hexanes. The product was isolated as an off-white solid. The yield
was 857 mg (82 %). "H NMR (300 MHz, CDCl3): 6 = 8.69 (d, J =
48 Hz, 1 H), 862 (s, 1H),819(d, J=78Hz 1H),7.78(t, J=7.8Hz,
1 H), 7.32-7.35 (m, 1 H), 7.22-7.29 (m, 4 H), 2.93 (sept, J = 6.6 Hz, 1
H), 1.27 (s, 3 H), 1.25 (s, 3 H) ppm. '3C NMR (75 MHz, CDCl5): 0 =
159.7, 154.8, 149.7, 148.6, 147.8, 136.6, 127.3, 125.0, 121.8, 121.3,
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33.8, 24.1 ppm. HRMS (ESI+): calcd. for C;5H;,N, 225.1392 [M + H]*;
found 225.1394. This compound is the imine precursor for the
amine (next compound) used for LFER studies.

(2-Pyridylmethyl)(4-isopropylphenyl)amine (14): N-(4-Isopropyl-
phenyl)-1-(pyridin-2-yl)methanimine (100 mg, 0.44 mmol) was dis-
solved in CH,Cl,/CH3OH (8:2) and cooled in an ice bath. NaBH,
(25 mg, 0.67 mmol) was added, and the mixture was stirred for an
additional 2 h. It was then diluted with water (100 mL) and ex-
tracted with CH,Cl, (3 x 20 mL). The organic layer was separated
and dried with anhydrous Na,SO,. The solvent was removed under
reduced pressure, and the crude product was subjected to column
chromatography (silica gel, 0-10 % EtOAc/CH,Cl,). The yield was
72 mg (71 %). "H NMR (300 MHz, CDCl5): 6 = 8.58 (d, J = 4.8 Hz, 1
H), 7.64 (dt,J=7.8,1.8 Hz, 1 H), 735 (d, J=7.8 Hz, 1 H), 7.18 (t, J =
4.8 Hz, 1 H), 7.05 (d, / = 84 Hz, 2 H), 6.62 (d, J = 9.0 Hz, 2 H), 4.45
(s, 2 H), 411 (br. s, 1 H), 2.80 (sept, J = 6.6 Hz, 1 H), 1.21 (s, 3 H),
1.19 (s, 3 H) ppm. '3C NMR (75 MHz, CDCls): 6 = 158.9, 149.2, 146.1,
138.1, 136.6, 127.2, 122.1, 121.6, 113.1, 49.7, 33.2, 24.3 ppm. HRMS
(ESI+): calcd. for CysHq9N;, 227.1548 [M + H]*; found 227.1538.

N-(4-Methoxyphenyl)-2-picolinamide (15):  2-Picolinic  acid
(500 mg, 4.06 mmol) was dissolved in dry CH,Cl, (10 mL). Oxalyl
chloride (1.0 mL) was added, and the mixture was stirred at r.t. for
30 min. The solvent was removed under reduced pressure. The
crude acyl chloride was then dissolved in dry CH,Cl, (10 mL). Anhy-
drous Na,COs3; (860 mg, 8.12 mmol) and p-anisidine (500 mg,
4.06 mmol) were added sequentially, and mixture was stirred at r.t.
After 12 h, the mixture was diluted with CH,Cl, (50 mL) and washed
with dilute HCI (2 % v/v, 20 mL). The organic layer was neutralized
with a dilute NaHCO; solution. The organic layer was collected and
dried with anhydrous Na,SO,, and the solvent was subsequently
removed under reduced pressure. The crude product was subjected
to column chromatography (silica gel, CH,Cl,) to afford the pure
product. The product was isolated as a dull-white solid. The yield
was 47 % (433 mg) (Scheme 9). "TH NMR (300 MHz, CDCl5): 6 = 9.93
(br. s, 1 H), 861 (d, J = 4.8 Hz, 1 H), 830 (d, J = 7.8 Hz, 1 H), 7.90
(dt, J=72,1.2Hz, 1H),7.70 (d, J=9.0 Hz, 2 H), 7.47 (t, J = 7.8 Hz,
1 H), 6.93 (d, J = 9.0 Hz, 2 H), 3.82 (s, 3 H) ppm.""!

1-dy: Lithium aluminum deuteride (LiAID,4) (36 mg, 0.86 mmol) was
suspended in dry THF (10 mL) in a round-bottom flask (50 mL)
under argon and cooled in an ice bath. N-(4-Methoxyphenyl)-2-pic-
olinamide (100 mg, 0.44 mmol) in dry THF (2.0 mL) was added
slowly, and the mixture was heated at reflux for 12 h. The mixture
was then cooled in an ice bath, and the reaction was quenched by
the addition of water (1.0 mL), which was followed by the addition
of an NaOH solution (5 % v/v, 20 mL). It was extracted with CH,Cl,
(2 x 50 mL). The organic layer was collected and dried with anhy-
drous Na,SO,4. The solvent was removed under reduced pressure,
and the crude product was subjected to column chromatography
(silica gel, 0-50 % EtOAc/CH,Cl,) to isolate the product. The product
was isolated as pale-brown solid. The yield was 45 % (42 mg)
(Scheme 9). 'H NMR (300 MHz, CDCl5): 6 = 8.59 (d, J = 4.8 Hz, 1 H),
7.62 (t,J=9.0Hz 1 H),7.35(dd, J=6.6,12Hz 1H),7.17-7.19 (m,

NH, L HN
N CN toluene, reflux, 12 h Cu(OAc),, pyridine,
12 CH3CN, 12 h, rt 11
Scheme 8. Synthesis of 11.
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Scheme 10. Synthesis of 1-Cl.

1 H), 6.78 (d, J = 9.0 Hz, 2 H), 6.63 (d, J = 9.0 Hz, 2 H), 3.73 (s, 3 H),
3.2 (br. s, T H) ppm. "3C NMR (125 MHz, CDCl3): 6 = 158.8, 152.2,
149.3, 142.3, 136.7, 122.1, 121.7, 114.9, 114.3, 55.8, 49.6 [quint,
J3C2H) = 21.5 Hz] ppm. HRMS (ESI+): calcd. for Cy3H;,3D,N,0
217.1309 [M + H]*; found 217.1297.

1-Cl: A mixture of 2-pyridinecarbaldehyde (200 mg, 1.87 mmol) and
4-amino-3-chlorophenol hydrochloride (336 mg, 1.87 mmol) was
heated at reflux in dry toluene (5 mL) for 1 h. The solvent was
removed under reduced pressure to afford the crude product,
which was dissolved in CH;OH (8 mL). The solution was heated at
50 °C, and then NaBH,4 (120 mg, 3.17 mmol) was added. After the
complete addition of NaBH,, the mixture was heated at reflux for
30 min. To quench the reaction, water was added. Most of the
CH3OH was removed under reduced pressure, and then the aque-
ous solution was extracted with CH,Cl,. The organic layer was dried
with anhydrous Na,SO,, filtered, and concentrated in vacuo. The
resulting residue was dissolved in acetone (5 mL), and then K,CO3
(198 mg, 1.43 mmol) was added, followed by the addition of CH;l
(89 pL, 1.43 mmol). The mixture was heated at reflux for 3 h and
then stirred at r.t. overnight. The crude mixture was concentrated
in vacuo and then subjected to column chromatography (silica gel,
15 % EtOAc/hexanes) to afford the desired product as a yellow oil
(Scheme 10). "H NMR (500 MHz, CDCl5): 6 = 8.60-8.57 (m, 1 H), 7.64
(dt, J = 12.0, 6.0 Hz, 1 H), 7.34-7.30 (m, 1 H), 7.20-7.16 (m, 1 H),
6.92 (d, J = 2.4 Hz, 1 H), 6.69 (dd, J = 9.0, 3.0 Hz, 1 H), 6.54 (d, J =
9.0 Hz, 1 H), 479 (s, 2 H), 3.72 (s, 3 H) ppm. "*C NMR (125 MHz,
CDCl3): 6 = 158.6, 151.7, 149.4, 138.3, 137.0, 122.3, 121.5, 120.0,
1156, 113.8, 112.6, 56.1, 49.8 ppm. HRMS (ESI+): calcd. for
Ci3H14CIN,O 249.0795 [M + HI*; found 249.0785.

Reaction under Anaerobic Conditions: A solution of amine 1
(0.08 mmol) in CH3CN (4.0 mL) was placed in a two-neck, round-
bottom flask. This flask was fitted with a solid addition adapter and
an argon-supplying adapter. Cu(OAc),-H,0O (0.08 mmol) was trans-
ferred to the solid addition adaptor. Through three freeze-pump-
thaw cycles, the system was put under argon. Once the system was
under argon, Cu(OAc),-H,0 (0.08 mmol) was added to the flask by
rotating the adapter, and the reaction was allowed to run under
constant stirring for 5 min. Afterwards, the reaction was quenched
by addition of an EDTA solution (0.1 m, pH > 10, 5 mL). The resulting
mixture was transferred into a separatory funnel and extracted with
CH,Cl, (2 X 5.0 mL). The combined organic layers were dried with
anhydrous Na,SO,, filtered, and concentrated under reduced pres-
sure. The crude mixture was analyzed by 'H NMR spectroscopy
(CDCl3, 500 MHz) to determine the conversion value of the reaction
(Table 1, Entry 5).
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Electron Paramagnetic Resonance Measurements: Solution EPR
spectra were measured at the X-band microwave frequency
(9.4 GHz) by using a Bruker Elexsys-500 Spectrometer at r.t. The
magnetic field was calibrated by using DPPH (2,2-diphenyl-1-picryl-
hydrazyl) standard (g = 2.0037), and the microwave frequency was
measured by using a built-in digital counter. The modulation ampli-
tude and microwave power were optimized for high signal/noise
ratio. Glass capillary tubes were used as sample holders. In a typical
measurement, a freshly prepared mixture was taken in a glass capil-
lary (borosilicate melting point tube, i.d. ca. 1.4 mm) and then
placed inside a standard quartz X-band sample tube. The back-
ground from the empty capillary tube was measured prior to each
sample measurement and was subsequently subtracted. Sufficient
care was taken to maintain similar experimental conditions during
both the background and sample measurements.

Manometry: A round-bottom flask equipped with a magnetic stir-
ring bar was connected to a computer-interfaced digital manome-
ter (VWR Traceable manometer) through a T-bore stopcock and Tef-
lon tubing. The amine solution in CH3CN was added to the reaction
vessel through the T-bore stopcock by using a syringe and allowed
to equilibrate at r.t. Then, a CH3CN solution of Cu(OAc),*H,O was
added through the syringe, and immediately the T-bore stopcock
was turned to close the reaction vessel. The change in pressure with
respect to time was monitored by using Data Acquisition Software
(DASTM, Control Company).

Kinetic Measurements: CH;CN stock solutions of amine (0.2 mwm,
400 pL) and Cu(OAc),+H,0 (0.1 mm, 400 pL) were successively added
by syringes into a semimicro quartz cuvette (1.5 mL). The combined
solutions were mixed for ca. 10 s before absorption spectra were
acquired. The spectroscopic data were collected at 22 °C every
2 min. The rate of the reaction was obtained from the slope of the
linear portion immediately after mixing up to the 14 min mark. The
absorption spectra of compounds 1 and 1-im in their metal-free
forms in CH3CN are shown in Figure S10.

X-ray Crystallography: A suitable single crystal was mounted on a
goniometer head of an APEX Il diffractometer by using a nylon loop
with a small amount of Paratone oil. All three samples were run at
-170 °C with the first two at 60 s of frame time and the third at
40 s. For the first two, 0.5° Q were employed, whereas the third was
0.3°. Data integration was performed by using the program SAINT,
which is part of the Bruker suite of programs. Empirical absorption
correction was performed by using SADABS. XPREP was used to
obtain an indication of the space group, and the structure was
solved by direct methods and refined by SHELXTL. With the excep-
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tion noted below, all non-hydrogen atoms were refined anisotropi-
cally, whereas hydrogen atoms were typically placed in calculated
positions and constrained to a riding model. [Cu,(OAc)4(6-Me),]
(Figure 3a) was needle-like and 8-im-OH (Figure S4) was a thin
sheet. Reflections were not found to adequately high angles in spite
of the longer frame times nor was the data collection complete.
Not surprisingly, the data/parameter ratio was generally not 10:1.
Notwithstanding these problems, both structures make chemical
sense, and only the fine details are in question. The dicopper(ll)
tetraacetate structure of [Cu,(OAC),(6-Me),] is quite normal if com-
pared to the literature structures containing other axial ligands. In
the structure of 8-im-OH, electron density was found in the area
between molecules and it was assigned as oxygen from a water
molecule. It proved to be disordered and was refined as 1/2 of an
oxygen atom at each site. CCDC 1455876 {for [Cu,(6-Me),(OAC),4l},
1455877 {for [Cu(11)(OAc),]}, and 1455878 (for 8-im-OH) contain
the supplementary crystallographic data for this paper. These data
can be obtained free of charge from The Cambridge Crystallo-
graphic Data Centre.
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