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Density functional theory (DFT) calculations have been performed to investigate the alcohol oxidation to acetalde-
hyde catalyzed by [CuBrx(2,2’-bipy)]-TEMPO (TEMPO stands for 2,2,6,6-tetramethylpiperidinyloxy; bipy stands for
bipyridine). The total charge for the studied catalytic system is +1. The catalytic cycle consists of two parts, namely,
alcohol oxidation and TEMPO regeneration. In alcohol oxidation, the reaction follows the Sheldon’s mechanism for the
proposed two mechanisms, i.e., Semmelhack’s mechanism and Sheldon’s mechanism. The water participation plays
minor role in the H atom abstraction step. In TEMPO regeneration, the proposed three paths are competitive in energy.
By comparing with experimental observation, it is found that the path, in which alcohol provides the proton to TEMPO™ to
produce TEMPOH followed by the oxidation of TEMPOH directly to TEMPO by O,, is favored. In TEMPO regeneration,
CH4CN acts as the ligand to stabilize the Cu' species during the catalytic cycle.

Introduction

Selective catalytic oxidation of alcohol is one of the most
attractive transformations in the modern organic synthesis
and chemical industry.! Unfortunately, the alcohol oxidation
is often accompanied by toxic stochiometric oxidations and
forcing conditions, e.g., chromium(VI) oxide,” dichromate,”
and ruthenium (VIII) oxide,” which are generally toxic and
produce a large amount of waste. Consequently, from an
environmental and economic point of view, it is demanding
to develop new and green oxidation method to replace the
traditional stoichiometric oxidation.

In recent years, much attention for the alcohol oxidation
has been focused on the development of metal based catalysts
using clean oxidants, e.g., air, oxygen, or H,O,. It is well-
known that the galactose oxidase (GOase) could selectively
transforms primary alcohols in the presence of O, to
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aldehydes and H,0,.* Thus, a vast number of copper com-
plexes have been synthesized as the functional models of
GOase such as those by the groups of Stack* and Wieghardt.’
Stack group obtained a [Cu(IT)BSP] species,** which is able
to catalyze the oxidation of benzylic and allylic alcohols
under dioxygen at room temperature. Wieghardt group
developed the catalytic oxidation of primary and secondar

alcohols by a dinuclear Cu(II)—phenoxyl complex at 20 °C.”*
However, the catalytic activities for the most of these syn-
thetic models are low, and most of them can only oxidize the
active alcohol. On the other hand, a series of TEMPO based
(TEMPO stands for 2,2,6,6-tetramethylpiperidinyloxy) cop-
per systems have also been reported to be potential environ-
mental benign catalysts.® The stable, nonconjugated nitroxyl
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radical TEMPO can be stored for a long time without decom-
position.” The CuCl—TEMPO system was first reported by
Semmelhack and co-workers.® A mechanism was proposed
in which one-electron oxidation of TEMPO by Cu(II) gives
the oxoammonium cation. More recently, the Sheldon group
has investigated the mechanism proposed by Semmelhack
and co-workers and developed a new catalytic mechanism.’
Furthermore, they reported an efficient Cu''/bipyridine-
TEMPO catalytic system.'® Typically, the alcohol oxidation
was carried out by Cu"/bipyridine-TEMPO system in an
acetonitrile/water (2:1) solvent mixture at room temperature.
Moreover, it is important to note that after the oxidation
reaction, the copper catalyst is still active. Adding one more
equivalent of benzyl alcohol and another 5 mol % TEMPO
to the reaction mixture could continue the oxidation reaction.
Therefore, this catalytic system turns out to be a very attract-
ing catalytic system from both economic and environmental
point of view. Moreover, an interesting phenomenon was
observed, i.e., the concentration of TEMPO is constant
during the course of the reaction and dramatically drops
when all the substrate is consumed, which could not be
explained experimentally.'”

In this work, we present density functional theory (DFT)
calculations on the catalytic reaction mechanism of the Cu-
TEMPO catalytic system. The catalytic cycle of Cu-TEMPO
system consists of two parts, namely, alcohol oxidation
and TEMPO regeneration. For the alcohol oxidation, two
mechanisms were proposed, e.g., Semmelhack’s mechanism
(oxoammonium cation as the oxidant)® and Sheldon’s mech-
anism (copper-centered oxidative dehydrogenation of the
alcohol).” Recently, Baerend group'' have studied the alco-
hol oxidation by the OPBE functional'? with a basis set of
Slater-type orbitals of TZP quality. From that study, only the
restricted singlet species Cu-TEMPO was obtained as the
starting structure. Thus, they indicated that the mechanism
for the alcohol oxidation follows the Semmelhack’s mecha-
nism. In this work, by re-examining the starting structure,
we have found that besides the restricted singlet species
Cu-TEMPO, the open shell singlet and triplet spin states are
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also obtained. Our calculations indicate that restricted singlet
state is 10.9 and 6.7 kcal/mol higher in energy than the open
shell singlet and triplet spin states in solution. Thus, open
shell state is more suitable to be the starting structure.
In addition, by choosing the restricted singlet state as the
starting structure, we have reproduced the mechanism stu-
died by Baerend and co-workers.'! On the other hand, we
have also studied the TEMPO regeneration, which is not
accessed by Baerend and co-workers.'!

Computational Methods

The calculations were performed by use of the Gaussian 03
suite of programs.'® In the model reaction, the substrate
benzyl alcohol was simplified to methanol, and the four
methyl groups in TEMPO have been replaced by H atoms.
Geometries of the stationary points on the energy profiles
were optimized by use of B3LYP functional and the standard
6-31G(d) basis set.'* The same level of theory was used for
calculating Hessians and thermal corrections. Relative free
energies were obtained by performing single point calcula-
tions at B3LYP/6-3114+G(d,p) and by including thermal
corrections to free energies at B3LYP/6-31G(d), which in-
cludes entropy contributions by taking into account the
vibrational, rotational and translational motions of the
species at 298.15 K. The stationary points and transition
states on the energy profiles were confirmed by the normal-
mode analysis. Spin densities (p) are reported by Mulliken
population analysis from larger basis set (6-311+G(d,p))
calculations. All the complexes in the open shell singlet state
were calculated by the symmetry-broken method as used by
Wieghardt group.'®> Many open shell calculations for anti-
ferromagnetic coupled singlet state result in a great degree of
spin contamination with (S in the range of 0.26—1.00 (0 for
pure singlet). This large spin contamination will result some
errors in the description of the open shell singlet state. Thus,
the energy correction was estimated from the Heisenberg
spin-Hamiltonian formalism.'® The energy correction can
be estimated from the following equation:

Ast = 2(Es— E1)/(2—(S%s)

where Es is the open shell singlet energy, Et is the triplet
energy, (S%)s is the spin contamination for the open shell
singlet. Subscript S subscript stands for open shell singlet, T
for triplet. This energy correction approach has been widely
used in the previous studies.'>!” The intrinsic reaction coordi-
nate (IRC) approach was used to confirm that the transition
state connects the two relevant minima.'® The solvent effect
on the potential energy surface was investigated by single
point calculations at B3LYP/6-3114+G(d,p) level with the
conductor-like polarized continuum solvent model (CPCM)"°
using the acetonitrile/water (2:1) (¢ = 50.6) as the solvent.?’
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Scheme 1. Proposed Catalytic Mechanisms for the Alcohol Oxidation
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Although B3LYP 1s demonstrated to give good results for
the Cu complexes,>' the MPW1P95%? functional was also
adopted for comparison. The energies are all in kcal/mol.

Results and Discussion

1. Alcohol Oxidation. 1.1. Starting Structures. The
proposed mechanisms of the Cu-TEMPO catalyzed alco-
hol oxidation reaction were presented in Scheme 1.
Experimental study indicated that the substrate alcohol is
probably deprotonated to alkoxide ( OCH3) by the basic
cocatalyst (potassium hydroxide).'” Thus, we propose
that OCH; and TEMPO are coordinated to the Cu"
ion of the Cu"-bipy complex to initiate the alcohol
oxidation. Then, the complex (' OCH5)Cu'(TEMPO)-
(bipy) (denoted as 1) is the reasonable starting structure
for the alcohol oxidation. Similar situation was encoun-
tered in the previous mechanistic study of GOase func-
tional complex.?® From 1, two possible mechanisms have
been proposed (Scheme 1), i.e., Semmelhack’s mecha-
nism® and Sheldon’s mechanism.” In Sheldon’s mecha-
nism, 1 has the Cu"-TEMPO character. On the contrary,
1 has the Cu'-TEMPO™ character in Semmelhack’s mech-
anism. In principle, the unpaired electrons of Cu" (d°, S¢,, =
1/2) and of TEMPO (S = 1/2) in 1 can be antiferromag-
netically and ferromagnetically coupled yielding the open
shell singlet "lu and triplet state *1. In addition, the
unpaired electron of the TEMPO radical migrating to
the Cu'ion could produce closed shell singlet state 1 with
Cu'-TEMPO™ character. For 1, geometry optimizations
were performed by cons1der1ng three poss1ble isomers (77 -
O-bound, 5'-N-bound or 7*-0, N bound) in three spin
states. In our calculations, the 5'-N- bound and 17 -O,N-
bound isomers converged to the 5'-O-bound isomer
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during the optimization process. This is consistent with
the situation for the TEMPO coordination to Cu, Ru, and
Ir.""?* For "lu (*1), the calculated spin densities on Cu,
TEMPO group, methoxyl group and bipy ligand are 0.51
(0.56), —0.81 (1.00), 0.17 (0.21), and 0.13 (0.23), respec-
tively (negative sign indicates the opposite direction). For
"r, the spin density of each atom is zero. From the previ-
ous study on the Cu-containing enzyme by Siegbahn,*’
Cu is assigned to be Cu(Il) state when the spin density is
around 0.50, Cu(I) state when the spin density is 0.0,
mixture of Cu(I) and Cu(II) when the spin density is in the
range 0.20—0.30. Moreover, for '1u, electronic config-
uration is the combination of d*,.d*,d*,.d*,,d" - - anti-
ferromagnetically coupled with the p-spin unpaired
electron on TEMPO. This is further supported by the
molecular orbitals for "1u (Scheme 2). It is seen that the
two unpaired electrons are located in a TEMPO z-type
orbital and Cu d,.— . orbital with a significant contribu-
tion of the o orbital of the connecting atoms, respectively.
"u has a weak antiferromagnetic coupling character
between Cu and TEMPO. For 31, electronic configura-
tion is the combination of dzudzzzd2 ~dzmdlxz ,2 ferro-
magnetically coupled with the S-spin unpaired electron
on TEMPO. Thus, combination of the electronic config-
uration and the spin density distributions indicate that *1
and "u possess the (bipy)Cu"(TEMPO) character. Con-
sequently, *1 and 'lu could be the starting structure
for the Sheldon’s mechanism. For 1r, if it has the Cu'-
TEMPO™ character, it could be the starting structure for
the Semmelhack’s mechanism. However, from the NBO
analysis, the atomic net charges of the nitroxide ligand in
"r are the same as those in the free radical: i.e., —0.04e
on N and —0.44¢ on O in TEMPO. On the contrary, the
atomic net charges of the nitroxide ligand are 0.27¢ on N
and —0.14e on O in TEMPO™. Moreover, the overall
charges of TEMPO group in '1r is only +0.16e, which is
much smaller than +1.00e. In addition, the N—O bond
length of TEMPO group in "ris 1.299 A (close to that
in TEMPO radical species, 1.283 A) which is much longer
than that in TEMPO™ species (1 196 A) Thus, it is
obvious that the TEMPO group in '1r does not have the
TEMPO™ character. Moreover, our calculations indi-
cated that '1r is 10.9 and 6.7 kcal/mol higher in energy
than "luand *1 in solution, respectively. Calculations from
MPWI1P95 support the results from the B3LYP, in which
"1ris 16.8 and 14.2 kcal/mol higher in energy than '1u and
*1 in solution, respectively. Thus, from both the NBO
analysis and energy, the complex 1 (5'-O-bound) will have
the Cu'TEMPO character. Therefore, Semmelhack’s
mechanism can be excluded. On the other hand, a >0,
N-bound CuBr,-TEMPO complex was found to have the
Cu'-TEMPO" character theoretically.*** Experimentally,
however, the CuBr,-TEMPO complex has the Cu"-TEMPO
character based on the structural parameters.*®
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Scheme 2. Molecular Orbital Energy Diagram for '1u. (Contour Values = 40.04)
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Because methanol was used as the substrate model in
our calculations, different from the study of Baerend and
co-workers,'! in which propanol was used as the substrate
model, we have checked the propanol as the substrate
for 1 at the three spin states on the B3LYP level. Our
calculations indicate that 'Ir is 10.7 and 4.6 kcal/mol
higher in energy than 'lu and 1 in solution for the
propanol model, in agreement with the results from the
methanol model (*1r is 10.9 and 6.7 kcal/mol higher in
energy than '1u and 31 in solution). Thus, the methanol
model represents a good trade-off between accuracy and
computational cost.

1.2. Substrate Oxidation. Because 'lu is lower in
energy than *1 by 4.2 kcal/mol in solution, within the
overall average error of 3—5 kcal/mol for B3LYP
method,?’ the open shell singlet state (*1u) could not be
regarded as the ground state. As a consequence, the
catalytic reaction mediated by the Cu-TEMPO catalyst
would involve two-state reactivity (TSR).*® The TSR is
encountered in many reactions in the organometallic
chemistry, especially for the Cu (ref 21.) and Fe (ref 29.)
complexes. Furthermore, in order to compare with
Baerend’s work,'" the reaction mechanism starting with
the closed shell singlet state in the substrate oxidation is
also considered.

As seen in Figure 1, the open shell singlet state is the
ground state in the process 1 — 2, similar to a previous
study for galactose oxidase.*® In this process, the H atom
abstraction occurs via 'TSy,_», with the energy barrier of
19.6 kcal/mol with respect to '"lu. Thus, the H atom
abstraction step is the rate-determining step. From the
turnover frequency (K = 14 h™") reported experimen-
tally,'% the experimental barrier height AG can be

(27) Bassan, A.; Blomberg, M. R. A.; Siegbahn, P. E. M.; Que., L., JrJ.
Am. Chem. Soc. 2002, 124, 11056.
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Soc. 2006, 128, 11028. (c) Derat, E.; Shaik, S. J. 4m. Chem. Soc. 2006, 128,
8185. (d) Kumar, D.; de Visser, S. P.; Shaik, S. Chem.—Eur. J. 2005, 11, 2825.
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Figure 1. Calculated energy profile and optimized geometries for the H
atom abstraction step. The dashed line represents triplet spin state; solid
line represents open shell singlet spin state; wavy line represents restricted
singlet spin state. The values are from solution, whereas those in
parentheses are from the gas phase.

estimated from the following equation (based on the
transition state theory)®!

K= IQ;TTexp(— AG/RT)
where £ is Planck’s constant, kg is Boltzmann constant,
and R is the gas constant. The estimated experimental
barrier height for benzyl alcohol oxidation reaction at
298.15K is 18.3 kcal/mol, which is close to the calcu-
lated barrier height 19.6 kcal/mol, demonstrating that
Sheldon’s mechanism is reasonable.
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1740.
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Scheme 3. Proposed Catalytic Mechanisms for the TEMPO Regeneration
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For the H atom abstraction product 2, the unrestricted
singlet '2u was converged to restricted closed shell singlet
12r during the geometry optimization. The spin densities
in the restricted singlet '2r on all atoms are zero, indicat-
ing the (TEMPOH)(CH,O)Cu'(bipy) character. Thus,
from "u to '2r, product CH,O is generated, coupled with
the formation of TEMPOH.

To see if H,O is directly involved in the catalytic
reaction, a H,O molecule was added to the studied model
system. The obtained energy barrier for the H atom abstrac-
tion with water molecule is 22.1 kcal/mol, 2.5 kcal/mol
higher than 19.6 kcal/mol (without water participation).
This energy difference is within the B3LYP error limits
(3—5 kcal/mol). Thus, our calculations suggest that the
water molecule does not participate the reaction on the H
atom abstraction step.

2. TEMPO Regeneration. After the TEMPOH forma-
tion, TEMPOH should be oxidized back to TEMPO to
restart the catalytic cycle. In this process, three different
pathways (path A, path B and path C) were proposed

o~ o)
AN
HH  CHy

TEMPO+ H,0,

(Scheme 3). In path A, O, molecule coordinates to the Cu'
ion to form the Cu"™~0O-~ species. This species then
abstracts the H atom from TEMPOH to produce TEMPO.
In paths B and C, the O, molecule oxidizes TEMPOH
directly to TEMPO (Scheme 3, process 11 — 14). The newly
formed TEMPO assists the oxidation of Cu' to Cu'". The
difference between path B and C is that in path B, alcohol
provides the proton to TEMPO™ to produce the TEMPOH,
whereas the proton is provided by H,O in path C.

2.1. Path A. Theenergy profile and optimized structures
are given in Figure 2. From '2r, the O, molecule replaces
formaldehyde to coordinate to the Cu' ion generating *'3.
On the basis of experimental and theoretical studies,*>

(32) (a) Aboelella, N. W.; Kryatov, S. V.; Gherman, B. F.; Brennessel,
W.W.; Young, V. G.; Sarangi, R.; Rybak-Akimova, E. V.; Hodgson, K. O.;
Hedman, B.; Solomon, E. I.; Cramer, C. J.; Tolman, W. B. J. Am. Chem. Soc.
2004, 126, 16896. (b) Chen, P.; Solomon, E. 1. J. Am. Chem. Soc. 2004, 126,
4991. (c) Schatz, M.; Raab, V.; Foxon, S. P.; Brehm, G.; Schneider, S.; Reiher, M.;
Holthausen, M. C.; Sundermeyer, J.; Schindler, S. Angew. Chem., Int. Ed. 2004,
43, 4360. (d) Prigge, S. T.; Eipper, B. A.; Mains, R. E.; Amzel, L. M. Science
2004, 304, 864.
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Figure 2. Calculated energy profile and optimized geometries for path A in the TEMPO regeneration process. The values are from solution, whereas those

in parentheses are from the gas phase.

the side-on and end-on fashion isomers were optimized
for *'3. Our calculations indicate that the side-on fash-
ion was converged to the end-on fashion during the
optimization process. Thus, '**3 has the end-on charac-
ter. In 33 (13), the spin densities are 0.49 (0.53) on the Cu
center, 1.26 (—0.79) on O, species, and 0.25 (0.26) on
bipy. The small fraction of the spin density on bipy
comes from the spin delocalization of the Cu center.
Thus, >'3 has the Cu'"—0O0-~ character. The only
difference between *3 and '3 is that two unpaired elec-
trons in *3 are ferromagnetically coupled, while for '3,
they are antiferromagnetically coupled. In addition,
because *3 is 20.6 kcal/mol lower in energy compared
to '3, only the triplet state surface is discussed for the
process 3 — 4. In the process 3 — 4, the reaction is
endothermic by 10.8 kcal/mol (Figure 2). In >4, the spin
densities are 0.56 on the Cu center, 0.22 on O, species,
0.97 on TEMPO, and 0.25 on bipy. This indicates that *4
has the TEMPO-Cu''—HOO™ character. Thus, the pro-
cess 3 — 4 could be described as the H atom migra-
tion from TEMPOH to OO-" species giving OOH
species. In the process 4 — 5, another methanol replaces
TEMPO binding to the Cu center and provides a proton to
the HOO™ group. It results in the formation of H,O,.
Finally, another TEMPO replaces H,O, to regenerate 1.
H>O5 could be finally reduced to H,O in the basic
environment.

2.2. Path B. The energy profile and optimized struc-
tures are given in Figure 3. From '2r, two CH;CN solvent
molecules replace formaldehyde and TEMPOH generat-
ing '7. The reaction is exothermic by 23.9 kcal/mol (in
solution) in the process '2r — '7. The energy for '7 is
—20.0 kcal/mol relative to '1u. It seems that '7 is very
stable. This shows that the coordination of CH;CN to
Cu' stabilizes the Cu' species, which is consistent with the
experimental conjecture.'® After the formation of 7, in
order to regenerate 1, TEMPOH and Cu' should be

oxidized back to TEMPO and Cu'. Initially, O, molecule
oxidizes TEMPOH to TEMPO in the process 11 — 14
(Scheme 3). Subsequently, the newly formed TEMPO
replaces one CH3;CN molecule to form 8, which is in the
doublet spin state. Inspection of the structure *8, TEMPO
is coordinated to the Cu center in the 3°-O,N-fashion. In
28, the spin densities are 0.35 on the Cu center, 0.51 on
TEMPO group, and 0.14 on bipy. The spin distribution is
an indicative of the formation of the resonance structure
Cu'-TEMPO < Cu"™-TEMPO ™. This means that some
TEMPO radicals were reduced to TEMPO ™. From 28, a
methanol molecule replaces CH;CN generating 9.
In 29, the spin densities are 0.51 on Cu center, 0.38 on
TEMPO group, and 0.11 on bipy. The spin density on
TEMPO and bipy can be traced to the electron deloca-
lization from the Cu center. This indicates the for-
mation of Cu'-TEMPO™. The proton then transfers
from methanol to TEMPO™ to form *10 (CH;0 -Cu'"-
TEMPOH). Finally, TEMPO replaces TEMPOH to
regenerate 1.

2.3. Path C. The energy profile and optimized struc-
tures are given in Figure 4. Reaction steps (2— 7 —8) and
(11 — 14) in path C are the same to those in path B
(Scheme 3 and Figure 3). From 28, a H,O molecule
replaces a CH3CN molecule generating 215. The spin dis-
tribution for 215 (0.41 on the Cu center, 0.48 on TEMPO
group, and 0.11 on bi{py) indicates the formation of the
resonance structure Cu'-TEMPO < Cu'-TEMPO . Then,
the proton mi%rates from H,O to TEMPO™ group giving
216 ( OH-Cu'-"TEMPOH). In the following steps, metha-
nol replaces TEMPOH forming 17 (' OH-Cu"-CH;0H).
In the process 217 — 218, the proton migrates from
methanol to OH species giving H,O. Finally, TEMPO
replaces H,O to coordinate to the Cu center to regen-
erate 1.

2.4. Explanation of Experimental Observation. Experi-
mentally, it has been observed that the concentration
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Figure 3. Calculated energy profile and optimized geometries for path B in the TEMPO regeneration process. (A) Cu' — Cu" process (B) TEMPOH —
TEMPO process. The values are from solution, whereas those in parentheses are from the gas phase.

of TEMPO is constant during the course of the reac-
tion and dramatically drops when all the substrate is
consumed.'® Thus, this observation is closely related
to the TEMPO regeneration and the alcohol concen-
tration. In the TEMPO regeneration, the proposed
three paths (A, , and C) are energetically competitive.
In the following, we will analyze the steps associated
with the alcohol involvement in the three paths for
the TEMPO regenerationi.e., 3— 6 (path A, Figure 2),
8 — 10 (path B, Figure 3) and 16 — 18 (path C,
Figure 4).

For path A, alcohol was involved in the process 4 — 5
(the alcohol molecule replaces TEMPO). If alcohol is
fully consumed, the process 4 — 5 will be stopped. This
would give the final product 4. Because 4 has the
TEMPO-Cu""—HOO™ character (see above discussion),
in which TEMPOH is oxidized to TEMPO in 4, TEMPO
will be constant even if the alcohol was consumed
completely, in disagreement with the experimental
observation.'?

For path B, alcohol is used to replace CH3CN in the
process 8 — 9. If alcohol is fully consumed, the process
8 — 9 will be terminated and gives the final product
8. 8 has the resonance structure Cu'-TEMPO< Cu'-
TEMPO . Thus, some TEMPO radicals can be reduced
to TEMPO™, in agreement with the experimental obser-
vation that TEMPO concentration change is due to the
presence of TEMPO ™.

For path C, alcohol replaces TEMPOH (16 — 17) to
form 17 with the (CH;OH)-Cu''-OH character. If alco-
hol is fully consumed, the process 16 — 17 will be
stoPped and give the final product 16 (TEMPOH-
Cu''—OH). The newly formed TEMPOH will be oxi-
dized to TEMPO via the process 11 — 14 (Scheme 3).
Thus, similar to path A, TEMPO will be constant even if
the alcohol was fully consumed. That is, the fully
consumed alcohol can not affect the TEMPO concen-
tration.

In a word, among the three paths, only path B could
explain the experimental observation.
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Figure 4. Calculated energy profile and optimized geometries for path C in the TEMPO regeneration process. The values are from solution, whereas those

in parentheses are from the gas phase.

Conclusions

The reaction mechanisms of the alcohol oxidation cata-
lyzed by Cu™-TEMPO have been performed by use of density
functional method B3LYP. The catalytic cycle consists of
two parts, namely, alcohol oxidation and TEMPO regenera-
tion. For the alcohol oxidation, two mechanisms were
proposed, i.e., Semmelhack’s mechanism and Sheldon’s
mechanism. According to our calculations, Sheldon’s mech-
anism is preferred. The rate-determining step is the hydrogen
atom transfer process in the alcohol oxidation. The calcu-
lated overall reaction barrier is 19.6 kcal/mol, which is very
close to the estimated experimental barrier height 18.3 kcal/
mol. For the TEMPO regeneration, three possible pathways
are proposed (A, B, and C). and they are competitive in
energy. By comparing with the experimental observation that

the concentration of TEMPO is constant during the course
of the reaction and dramatically drops when all the substrate
is consumed, only path B is favored. H,O does not directly
involve in the reaction cycle in the H abstraction step.
CH;CN coordinated to the Cu' ion stabilizing the Cu'
species, supporting the experimental conjecture.
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