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ABSTRACT: DFT calculations have been carried out to
study the mechanism of Cu(AcO),-catalyzed N-alkylation of
amino derivatives with primary alcohols. The calculations
indicate that tBuOK is necessary for the generation of the active
catalyst from Cu(AcO), and that the catalytic cycle involves
three sequential steps: (1) Cu-catalyzed alcohol oxidation
to give the corresponding aldehyde and copper hydride, (2)
aldehyde-amine condensation to generate an imine, (3) imine
reduction to yield the expected N-alkylation secondary amine
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product and to regenerate the active catalyst. Based on the comparison of different reaction pathways, we conclude that the outer-
sphere hydrogen transfer in a stepwise manner is the most favorable pathway for both alcohol oxidation and imine reduction.
Thermodynamically, alcohol oxidation and imine formation are all uphill, but imine reduction is downhill significantly, which is the
driving force for the catalytic transformation. Using the energetic span model, we find that the turnover frequency-determining
transition state (TDTS) and the turnover frequency-determining intermediate (TDI) are the hydride transfer transition state
for imine reduction and the active catalyst, respectively. The calculated turnover frequency (TOF) roughly agrees with the
experimental observation and, therefore, further supports the validity of the proposed hydrogen transfer mechanism.
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B INTRODUCTION

Formation of the carbon—nitrogen (C—N) bond is an active
area of research for organic synthesis because nitrogen-
containing compounds are necessary in building blocks for
robust pharmacophores and useful bioactive compounds.
Traditionally, C—N bonds are formed via substitution with
alkyl/aryl halides® or reductive amination from carbonyl com-
pounds.® These methods are efficient but may suffer from the
generation of too much waste. Environmental concerns in
chemistry have increased the demand for environmentally
friendly methods, which leads to the development of new C—N
bond-forming methods. Recently, significant attention has
been paid to transition metal-catalyzed N-alkylation of amino
derivatives with primary alcohols via a hydrogen transfer
(or hydrogen-borrowing) process.* This method is apparently
attractive, not only because alcohols are nontoxic, inexpensive,
and readily available but also because monoalkylated products
with high selectivity can be obtamed and the only byproduct
is water. Experimentally, Ry’ Pt° Rh, and It® catalysts have
been employed for this hydrogen transfer process. However,
a simple, selective, and economical catalyst is necessary for
the future profit-driven synthesis. In this regard, Cu(OAc), is a
good option.

Cu(OAc),-catalyzed N-alkylation of sulfonamides with alcohols
was first demonstrated in 2009.” Subsequently, a mechanistic
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study was also presented using sulfonamides as a nucleophile
in the air."® However, these two papers have only considered
N-alkylation of sulfonamides with alcohols, while other amino
derivatives, such as aromatic and heteroaromatic amines as well
as phosphinamides, carboxamides, and phosphazenes, are not
referred to. In 2010, another protocol about Cu(OAc),-catalyzed
N-alkylation of various amino derivatives with primary alcohols
appeared (eq 1)."" The mechanistic considerations indicated that

Cu(AcO); (1mol%),

+ RZ/\OH tBUOK (1 equiv) R2

! 1
RINF, dioxane, |toluene, NHR' + H0 (1)
130 °C, 2d|150 °C, 5d
(amines) I(sulfonamides)

R'=Ph, 4-MeOCgH,, 2-MeOCgHj, 3-CICqH,, 2-Pyridyl, 2-Pyrimidyl, MeSOs,,
4-MeCgH4S0,, 4-MeOCgH,SO,; R2=Ph, 4-MeOCgH,, 4-CICgH,, 4-MeCgH,
2-MeOCgH,, 3-CICgH,, 1-CygHy, 2,3-(OCH,0)CgH3, (CHa)sCH.

the N-alkylation reaction would proceed via the known hydrogen
transfer process in the presence of base and that the catalytic
process involved three sequential steps: (1) alcohol oxidation to
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give the corresponding aldehyde and Cu hydride species, (2)
aldehyde-amine condensation to generate imine and water, and
(3) imine reduction to yield the expected N-alkylation secondary
amine product and to regenerate the catalyst.'> Theoretically,
two key transformations of the N-alkylation reaction, alcohol
oxidation and imine reduction, have been studied extensively,
but mainly with Ru and Ir complexes." So far as we know, there
has been no theoretical study on Cu(Il)-catalyzed N-alkylation
of amino derivatives with alcohols. With this paper, we wish
to fill the lack of information. The objectives of the present
investigation are as follows: (1) to clarify the role of the base, (2)
to find the active catalyst, (3) to identify the most favorable
reaction pathway, (4) to locate the rate-determining key states.

B COMPUTATIONAL DETAILS

Molecular geometries of all complexes were fully optimized with the
tight convergence criteria (SCF = tight) at the B3LYP'*'*(SMD—
Truhlar and co-workers’solvation model which does an IEFPCM
calculation with radii and nonelectrostatic terms,'® 1,4-dioxane)/BSI
level (BSI designated the basis set combination of LanL2DZ'"*® for Cu
and 6-31G (d,p)"? for all nonmetal atoms). The reason why we chose
DFT method B3LYP was that this method has been shown to be a
good method for studying Cu-catalyzed organic reactions.”® Frequency
calculations at the same level of theory were also conducted to identify
the stationary point as a minimum (zero imaginary frequency) or transi-
tion state (one imaginary frequency) and to provide thermal correction
to Gibbs free energy at 403.15 K. Intrinsic reaction coordinate (IRC)>*
calculations were carried out to confirm the transition state connecting
the correct reactant and product on the potential energy surface. Single-
point energy calculations were performed on the stationary points at
the M06>*(SMD, 1,4-dioxane)/BSII level (BSII denoted the basis set
combination of LANL2TZ(f)'®** for Cu and 6-311++G(2df;2p) for all
nonmetal atoms). The MO06 functional was chosen because it could
describe noncovalent interactions and apply in organometallic chemistry.
Single-point energies corrected by Gibbs free energy corrections
were used in the following discussion, unless otherwise specified. We
also performed M06//BLYP,">** M06//TPSSTPSS,*® and M06//M06

DFT calculations to verify the conclusions drawn from M06//B3LYP
results. The basis sets, the solvent model, and the convergence criteria
for those DFT calculations were the same as used in the M06//B3LYP
calculations. All calculations were carried out by using Gaussian 09
programs.26

B RESULTS AND DISCUSSION

Model Reaction. As shown in eq 1, Cu(AcO), and tBuOK
are used as the catalyst precursor and the base, respectively. In
the following calculations, temperature = 403.15 K, solvent =
1,4-dioxane, and N-alkylation of aniline (PhNH,) with benzyl
alcohol (PhCH,OH) is chosen as the model reaction.

Alcohol Oxidation. Equilibrium between Different
Copper Complexes. At the beginning of the reaction, some
Cu(Il) complexes may exist in equilibrium through ligand
exchange in the solution. As shown in Figure 1A, Cu(AcO),
can exchange AcO~ with the tBuO™ of tBuOK to form a
tricoordinated Cu(II) complex O1_1. This process is exergonic
by 9.7 kcal mol™". Then coordination of PhNH, to O1_1 leads
to the formation of a more stable tetracoordinated intermediate
NH_1. The transition state NH_TSI is 9.1 kcal mol™" higher
than NH_1. In this proton transfer transition state, the proton
is located between the alcohol and the amine (O--H = 1.206 A
and N---H = 1.300 A, see Figure 1B), closer to the alcohol. This
transition state connects to intermediate NH_2, containing an
anionic aniline ligand and a tert-butanol ligand. Complex NH_2
is an unstable intermediate and can easily dissociate its tBuOH
ligand to give another tricoordinated Cu(Il) complex O2_1.
The fact that O2_1 and O1_1 have a vacant coordination site at
the metallic center, respectively, makes the two tricoordinated
Cu(II) complexes the candidates for the active catalysts in the
following calculations.

02_1- and O1_1-Catalyzed Alcohol Oxidation. With the
proposed active catalysts in hand, next we will study all the pos-
sible reaction pathways in alcohol oxidation. First, we consider
02_1-catalyzed benzyl alcohol oxidation via the outer-sphere
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Figure 1. (A) Equilibrium between different Cu(Il) complexes. Values in parentheses are Gibbs free energies in kcal mol™. (B) Optimized
structures of O1_1, NH_TSI (1270i cm™"), and O2_1, together with the key bond lengths in A.
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Figure 2. Energy profile for O2_1-catalyzed benzyl alcohol oxidation via

energies are given in kcal mol~L.

the outer-sphere hydrogen transfer pathway. The relative Gibbs free

hydrogen transfer pathway (this pathway is defined as O2o;
note: O, 2, and o denote alcohol oxidation, O2_1, and outer-
sphere, respectively). As shown in Figure 2, the initial
hydrogen-bonded structure 02_20 is 8.2 kcal mol™" higher
than O2_1 + PhCH,OH. This intermediate is well prepared for
proton transfer from the alcohol to the amine. The transition
state O2_TS1o for the proton transfer has been located at a free
energy of 22.5 kcal mol™" above intermediate O2_20. In this
six-membered transition state, the @ hydrogen has interactions
with the Cu center (C--H = 1.189 A and Cu---H = 1.881 A, see
Figure 3) and the proton is located between the alcohol and the
anionic aniline (O--H = 1.372 A and N---H = 1.144 A), closer
to the amine. This transition state leads to the formation of
intermediate O2_3o0, which is stabilized by an intramolecular
NH--O hydrogen bond of 1.597 A and a C—H:--Cu interac-
tion characterized by C—H and Cu---H bond distances of 1.212
and 1.826 A, respectively. It is worthwhile to note that the
optimized intermediate O2_30 is higher than the transition
state O2_TSlo and O2_TS2o in terms of Gibbs free energy,
30.8 vs 30.7 and 30.1 kcal mol™" relative to O2_1 + PhCH,OH,
but lower in terms of electronic energy, 13.9 vs 15.3 and
14.8 kcal mol ™. A similar situation has happened in the nitrogen
heterocycles dehydrogenation®” and the imine hydrogenation.”®
The transition state O2_TS2o for the hydride transfer also has
a six-membered structure, which contains a NH--O hydrogen
bond of 1.777 A and a strong C-+H--Cu interaction
characterized by C-H and Cu-H bond distances of 1.588
and 1.616 A, respectively. This transition state leads to the
H-bonded intermediate O2_4o0. Although intermediate O2_40
is 9.0 kcal mol™ in free energy lower than O2_TS2o, the
H bond in O2_40 is unstable and easily breaks to release the
aniline-coordinated Cu hydride O2_So and benzaldehyde. This
release process is exergonic by 7.1 kcal mol™". The Cu—H and
N-H bond lengths in O2_So are 1.553 and 1.017 A,
respectively. The geometry of O2_So with the H-Cu—N—-H
dihedral angle of 22.756° is very important for future imine
reduction because this geometry easily forms a six-membered
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structure with an imine, which will facilitate the hydride transfer
from O2_S0 to the imine. Overall, O2_I-catalyzed alcohol
oxidation via the outer-sphere hydrogen transfer pathway is
endergonic by 14.0 kcal mol™ and occurs with successive steps
having accessible energy barriers.

In the case of O2_1 as the catalyst via the inner-sphere
hydrogen transfer pathway (defined as O2i; note: O, 2, and i
denote alcohol oxidation, O2_1, and inner-sphere, respec-
tively), the beginning tricoordinated Cu(II) species is found to
be able to form a tetracoordinated intermediate O2_2i with
PhCH,OH by costing a free energy of 14.1 kcal mol ™" (Figure 4).
This intermediate is well prepared for proton transfer from the
alcohol to the amine. The transition state O2_TSli for proton
transfer is located at a free energy of 8.9 kcal mol™' above 02_2i,
in which the proton lies midway between the O of benzyl alcohol
and the N of aniline (O-+H = 1.194 A and N---H = 1.312 A, see
Figure 3). This transition state leads to the formation of the
aniline-coordinated intermediate O2_3i. However, this tetracoor-
dinated intermediate O2_3i is not well prepared for S-H
elimination of its deprotonated benzyl alcohol ligand because
no active site is available at the metallic center. The dissociation
of aniline from O2_3i leads to a tricoordinated metal alkoxide
02_4i which has an active site on Cu. This dissociation step only
requires a free energy of 0.8 kcal mol™". The transition state
02_TS2i for the f-H elimination is 19.5 kcal mol™" higher than
02_4i, in which the hydride is located between the carbon and
the copper (C-+H = 1.786 A and Cu--H = 1.629 A), closer to the
copper. In this four-membered transition state, the Cu--O
distance and C—O length are 12% longer and 9% shorter than
those in O2_4i, respectively, which confirms the Cu—O bond-
breaking and C=0 bond-forming processes. This transition state
connects to the PACHO-coordinated Cu hydride O2_5i, which is
not a stable Cu hydride although it is 11.3 kcal mol™" lower than
02_TS2i. The release of PhCHO from complex O2_Si gives the
Cu hydride O2_6i, which is 2.7 kcal mol™" more stable than
02_5i. However, in the calculations, we find that intermediate
02_6i is not the most stable either. A much more stable Cu
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Figure 3. Optimized structures of selected species with selected bond distances (in A) for benzyl alcohol oxidation. The value in parentheses is the

single imaginary frequency that the transition state has.

hydride is the aniline-coordinated Cu complex O2_50, which can
be obtained either by exchanging the PhCHO ligand in O2_Si
with PhNH, or by coordination of PhNH, to complex O2_6i.
The Cu hydride O2_50 is 6.0 kcal mol™ more stable than O2_5i
and 3.3 kcal mol™' more stable than O2_6i. Overall, 02_1-
catalyzed alcohol oxidation via the inner-sphere hydrogen transfer
pathway is endergonic by 14.0 kcal mol ™.

In the case of Ol_1 as the catalyst via the outer-sphere
hydrogen transfer pathway, the beginning tricoordinated copper-
(II) complex O1_1 can form a H-bonded intermediate O1_20
with PhCH,0OH by costing a free energy of 5.7 kcal mol™
(Figure S). The transition state O1_TSlo for the concerted
proton and hydride transfer is located at a free energy of
14.8 kcal mol™" above O1_20. In this six-membered transition
state, the o hydrogen and hydroxy hydrogen of benzyl methanol

2234

have interactions with the Cu center and tert-butanol oxygen,
respectively. The distances of C---H, Cu---H, PhCH,0O--H, and
tBuO--H are 1.598, 1.617, 1.592, and 1.007 A, respectively
(Figure 3). This transition state leads to the tBuOH-coordinated
Cu hydride O1_30 and PhCHO. In this Cu hydride, the Cu—H
and O—H distances are 1.550 and 0.970 A, respectively.
Subsequently, O1_30 exchanges its tBuOH ligand with PhNH,
to give a more stable Cu hydride O2_5o0.

In the case of O1_1 as the catalyst via the inner-sphere hydrogen
transfer pathway, the beginning tricoordinated copper(II)
complex O1_1 can form a tetracoordinated intermediate O1_2i
with PhCH,OH by costing a free energy of 4.0 kcal mol™
(Figure 6). The transition state O1_TSli for proton transfer of
PhCH,OH has been located at a free energy of 3.3 kcal mol™
above O1_2i, in which the PhCH,O---H and tBuO---H distances

dx.doi.org/10.1021/cs5004678 | ACS Catal. 2014, 4, 2231-2240
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are 1.201 and 1.229 A, respectively (see Figure 3). This transition
state O1_TSli leads to the formation of tetracoordinated
intermediate O1_3i, which can easily decompose into the
metal alkoxide O2_4i and tBuOH since it is less stable than
02_4i + tBuOH by 1.5 kcal mol™". The subsequent S-H
elimination process is the same as that in O2i, which is not
repeated here for brevity’s sake.

Comparison of Different Alcohol Oxidation Pathways.
The apparent activation energies for O1_1-catalyzed alcohol
oxidation in Figures S and 6 are 20.5 and 19.5 kcal mol ™},
respectively. These two barriers are much higher than the
activation energy for the formation of 02_1 (9.1 kcal mol™,

Figure 1A), so that O1_1 has reacted with PhNH, to generate
02_1 and tBuOH before Ol1_1 catalyzes benzyl alcohol
oxidation to give benzaldehyde via the outer-sphere or inner-
sphere hydrogen transfer pathway. This fact means that O1_1
cannot be taken as the starting material for alcohol oxida-
tion when we determine how the activation barrier should
be calculated, but it does not mean that O1_1 is not a reactive
intermediate.

Treating O2_1 as the starting species, two new alcohol
oxidation pathways containing O1_1 can be proposed: one is
02_.1 > NH_2 - NH_TS1 - NH_.1 - O1_.1 - Ol_20 —
01_TSlo — 0O1_30 — 02_50 (defined as O210; note: O, 2, 1,
and o denote alcohol oxidation, O2_1, O1_1, and outer-sphere,
respectively), and the other is O2_1 - NH_2 — NH_TSI —
NH_1 - O1_.1 - O1.2i - O1_TS1li =» O1_3i —» O2_4i —
02_TS2i - 02_5i — 02_6i — 02_50 (defined as O21j;
note: O, 2, 1, and i denote alcohol oxidation, O2_1, O1_1, and
inner-sphere, respectively). The apparent activation energies in
pathways 020, O2i, 0210, and O21i are 30.8 (02_30 relative
to O2_1 + PhCH,OH), 31.3, 33.9, and 31.3 kcal mol™},
respectively. Therefore, we can draw the following conclusions:
(1) O20 is the most favorable alcohol oxidation pathway, in
which the highly apparent activation energy accounts for the
high temperature needed to achieve an acceptable reaction rate.
(2) 02i and O21i have equal apparent activation energies
which are only slightly higher than that in 020, thus becoming
the second favorable alcohol oxidation pathways. (3) Pathway
O2lo cannot compete with pathways O20, O2i, and O21j,
therefore becoming the most unfavorable alcohol oxidation
pathway.

Note that in the above discussion, each of the alcohol
oxidation initial steps is an endergonic process. However, the
calculations show that all of these processes are downhill in
enthalpy (see Table 1). Thus, it is the entropy changes that
result in the increase in Gibbs free energy of the alcohol
oxidation initial step.

Imine Formation. Aldehyde reacting with primary amine
to yield imine and water is a standard organic condensation
reaction, and the polar solvent facilitating the imine forming

2235 dx.doi.org/10.1021/cs5004678 | ACS Catal. 2014, 4, 22312240
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Table 1. Changes of Gibbs Free Energy, Enthalpy, and

Entropy at the M06//B3LYP and M06//MO06 Levels during
the Alcohol Oxidation Initial Steps

AG

AH AS
initial step (kcal mol™)  (kcal mol™") (J mol™' K1)
02_1 + PhCH,0H — 02_20 8.2/10.5 —5.4/-6.4 —141.2/-175.5
02_1 + PhCH,OH — 02_2i 14.1/13.8 —-12/-32 —158.9/-176.5
O1_1 + PhCH,0OH — O1_20 5.7/5.5 —10.3/-13.5 —166.2/—197.3
O1_1 + PhCH,OH — O1_2i 4.0/5.6 —12.5/-147 —171.4/-210.8

reaction has been studied theoretically in detail.”** Thus, We do
not model the condensation process (PhCHO + PhNH, —
PhCH=NPh + H,0) here, but only consider the reaction
thermodynamically. The overall imine formation process is
endergonic by only 2.9 kcal mol™. We will directly add this
energy to the starting species of imine reduction in the
following discussion.

Imine Reduction. Having discussed the alcohol oxidation
and the imine formation, we next complete the catalytic cycle
by studying the imine reduction. We first consider the outer-
sphere hydrogen transfer pathway using the aniline-coordinated
copper hydride O2_50 and PhCH=NPh as the beginning
reactants (this pathway is defined as R20; note: R, 2, and o
denote imine reduction, O2_So, and outer-sphere, respectively).
As shown in Figure 7, the transition state R2_TSlo for the
hydride transfer is located at a free energy of 14.6 kcal mol™
above the beginning reactants. This transition state has
a six-membered structure, in which the imine is bound to the
aniline ligand by an intramolecular NH---N hydrogen bond of
2.123 A (see Figure 8), and the hydride is located between the
copper and the carbon on the C=N bond (Cu-~H = 1.611 A
and C--H = 1.688 A). The transition state R2_TS1lo connects
to the H-bonded intermediate R2_lo. This hydride transfer
process is moderately exergonic by 8.4 kcal mol™". The transi-
tion state R2_TS20 for the proton transfer is 9.8 kcal mol™*

higher than the immediate R2_lo, in which the proton lies
midway between the aniline N and the secondary amine N
(PhN(H)---H = 1.369 A and (PhCH,)N--H(Ph) = 1.214 A),
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Figure 7. Energy profile for the imine reduction with O2_50 as the
reducing intermediate via the outer-sphere hydrogen transfer pathway.
The relative Gibbs free energies are given in kcal mol™.

close to the secondary amine. After the proton transfer, the final
second amine product PhCH,NHPh is obtained, and the active
catalyst O2_1 is regenerated.

Next, we consider the inner-sphere hydrogen transfer
pathway using the aniline-coordinated copper hydride O2_5o0
and PhCH=NPh as the beginning reactants. As shown in
Figure 9, O2_50 exchanges its PhNH, ligand with PhCH=
NPh to form a slightly stable tetracoordinated intermediate
R_1i. This intermediate is well prepared for the hydride transfer
from the copper to the imine. The transition state R_TS1i for
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Figure 8. Optimized structures of selected species with selected bond distances (in A) for the imine reduction. The value in parentheses is the single

imaginary frequency that the transition state has.

the hydride transfer is located at a free energy of 17.0 kcal mol™
above R_1i. This transition state has a four-membered structure,
in which the distances of Cu---H and C---H are 1.604 and 1.782 A,
respectively (Figure 8). The transition state R_TS1i connects to a
very stable tricoordinated Cu(II) complex R_2i (22.5 kcal mol™
below R_1i), which has a short Cu—N bond of 1.893 A (2.091 A
in R_li and 2.173 A in R_TSli) and a planar Cu center,
indicating the formation of a Cu—N 7z bond.

Protonating the PhCH,NPh group of R_2i to give the final
secondary amine product has two optional pathways: one is
using PhNH, as the proton donor (this pathway together with
the hydride transfer (PhCH=NPh + O2_So — R_2i) is defined
as R2i; note: R, 2, and i denote imine reduction, O2_50, and
inner-sphere, respectively); the other is using tBuOH as the
proton donor (this pathway together with the hydride transfer
(PhCH=NPh + 02_50 — R 2i) and the active catalyst
generation (O1_1 + PhANH, — O2_1 + tBuOH) are defined as
R1j; note: R, 1, and i denote imine reduction, O1_30, and inner-
sphere, respectively). As for the proton transfer in R2i, the
reaction begins with coordination of PhNH, to R_2i, leading to
the formation of the tetracoordinated complex R2_3i. This step
requires a free energy of 12.7 kcal mol™". The transition state
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R2_TS2i for the proton transfer is located at a free energy
of 15.1 kcal mol™ above R2_3i, in which the distances of
PhN(H)---H and (PhCH,)N---H(Ph) are 1.288 and 1.317 A,
respectively. This transition state connects to the PhCH,NHPh-
coordinated intermediate R2_4i, which can be easily decom-
posed into the secondary amine product and the active catalyst
02_1. The proton transfer process in Rli is similar to that in
R2i. It can take place by passing the tBuOH-coordinated
intermediate R1_3i and the transition state R1_TS2i for the
proton transfer. Relative to R_2i + tBuOH, the free energies of
R1_3i and R1_TS2i are 14.6 and 24.6 kcal mol ™, respectively.
After the proton transfer, the secondary amine product
coordinated complex R1_4i can be obtained. Dissociation of
the product from R1_4i only requires 1.1 kcal mol™" and gives
the complex O1_1, which can react with PhNH, to regenerate
the active catalyst O2_1 via the pathway shown in Figure 1A.
Finally, we consider the imine reduction using O1_3o0 as the
reducing intermediate via the outer-sphere hydrogen transfer
pathway (this pathway together with the active catalyst genera-
tion (O1_1 + PhNH, — O2_1 + tBuOH) is defined as R1o; note:
R, 1, and o denote imine reduction, O1_30, and outer-sphere,
respectively). As shown in Figure 10, the aniline-coordinated
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copper hydride O2_So and PhCH=NPh are treated as the
beginning reactants because O2_50 is more stable than O1_3o0.
02_50 can exchange its PhNH, ligand with tBuOH to give
01_30 by costing a free energy of 5.0 kcal mol ™. Similar to the
imine reduction in R20, this imine reduction from PhCH=NPh +
01_30 to PhCH,NHPh + O1_1 takes place stepwise by passing
the transition states R1_TS1lo and R1_TS2o. The six-member
transition state R1_TSlo for the hydride transfer, connecting
to a stable intermediate R1_lo where the tBuOH ligand is
hydrogen bonded to PhCH,NPh group, is located at a free
energy of 13.7 keal mol™! above PhCH=NPh + O1_30, while
the transition state R1_TS2o0 for the proton transfer is only
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6.8 kcal mol™" higher than the intermediate R1_1o. This transi-
tion state leads to the formation of the secondary amine product.

On the basis of the above calculations, we can know that the
total reaction Gibbs energies for imine reduction are —22.6,
—22.6, =9.2, and —9.2 kcal mol™ in pathways R20, R2i, Rlj,
and Rlo, respectively, and the apparent activation energies
for imine reduction are 14.6, 27.8, 24.6, and 18.7 kcal mol™!
in pathways R20, R2i, Rli, and Rlo, respectively. These
results indicate that R20 is the most favorable imine reduction
pathway.

Discussion with the Energetic Span Model. On the
basis of the above discussion, we find O20—R20 is the most
favorable catalytic cycle. To further verify the conclusion and
identify the key states influencing the reaction rate, a Fortran
program® based on the energetic span model®' is used for
TOF and degree of TOF control (Xrop) calculations. The TOF
values, Xyop, key state energies, and energetic span values for
the proposed reaction pathways are collected in Table 2, from
which we can get the following results: (1) O20—R20 has the
highest TOF, 4.0 dl verifying that O20—R2o0 is the most favor-
able catalytic cycle. (2) The tricoordinated Cu(II) complex
02_1, the hydride transfer transition state R2_TSlo, and
the proton transfer transition state O2_TS1o are the key states
influencing the reaction rate, of which the first two are the TDI
and the TDTS, respectively. (3) The energetic span between the
TDTS and the TDI is 31.5 kcal mol™. (4) The TOFs in O2i—
R20 and O21i—R2o0 are equal and a little lower than that in
020—R20, implying that O2i—R20 and O21i—R20 are the
second favorable catalytic cycles. (S) The other pathways are
unfavorable because their TOFs are 1 to 2 orders of magnitude
smaller than that in O20—R2o0. (6) 020—R20, 02i—R20, and
021i—R20 have equal energetic span values, but their TOFs are
not equal, and the main reason for this phenomenon is that the
apparent activation energies in the alcohol oxidation processes
are different.
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Table 2. TOF Values (in d™'), Degrees of TOF Control, Key
State Energies (in kcal mol™") at 403.15 K and Energetic
Span Values (6E) for the Proposed Reaction Pathways

intermediate/ transition
pathway ~ TOF  Xrpop; AG XrorT state/AG 6E
020-R20 4.0 1.00 02_.1/-23.1 0.65 R2_TSlo/8.4 315
024 0O2_TSl0/7.6
020-R2i 0.25 0.88 R 2i/—30.4 0.82 R_TS1i/9.1 33.8
0O20-R1i 0.25 0.88 R 2i/-304 0.82 R_TS1i/9.1 33.8
0O20-Rlo 0.036 1.00 02_.1/-23.1 1.00 RI1_TSlo/12.5 35.6
02i-R20 3.5 1.00 02_.1/-23.1 0.56 R2_TSlo/8.4 315
044 02_TS2i/8.2
02i-R2i 0.23 0.88 R_2i/—30.4 0.75 R_TS1i/9.1 33.8
02i-R1i 0.25 0.88 R_2i/-304 0.82 R_TS1i/9.1 33.8
0O2i-Rlo 0.036 1.00 02_.1/-23.1 1.00 RI1_TSlo/12.5 35.6
0O210-R20  0.29 1.00 02_.1/-23.1 095 O1_TS10/10.8 33.9
0O210-R2i  0.033 0.88 R_2i/—304 0.89 O1_TS10/10.8 35.5
O21o0-R1i  0.033 0.88 R_2i/-304 0.89 O1_TS10/10.8 35.5
O21o0-Rlo 0.033 1.00 02_.1/-23.1 0.89 RI1_TSlo/12.5 35.6
021i-R20 3.5 1.00 02_.1/-23.1 0.56 R2_TSlo/8.4 315
044 02_TS2i/8.2
021i-R2i 0.23 0.88 R_2i/—30.4 0.75 R_TS1i/9.1 33.8
0O21i-R1i 0.23 0.88 R 2i/-304 0.75 R_TS1i/9.1 33.8
O21i-Rlo  0.036 1.00 02_1/-23.1 1.00 RI1_TSlo/12.5 35.6

Table 3. Key State Energies (in kcal mol™") at Different DFT
Levels and TOF Values (in d™")

Mo6// Moé6// Mo6// Mo6//
key state B3LYP BLYP TPSSTPSS Mo6
02_1 —23.1 —26.8 —-23.9 —26.0
02_TSlo 7.6 4.3 6.8 6.0
02_30 7.7 44 7.3 6.5
02_TS20 7.0 2.7 5.2 4.4
02_50 -9.1 —-12.7 —10.8 —-10.7
R2_TSlIo 8.4 4.9 72 8.3
TOF in O20-R20 4.0 3.1 6.0 0.17
02_TS2i 82 54 7.9 6.8
TOF in 02i/021i-R20” 3.5 1.6 2.9 0.16

“02i-R20 and 021i-R20 have the common key states and TOFs.

To test the functional dependence, we recalculated the key
state energies selected on the basis of the energetic span model.
The energetic results are shown in Table 3. These additional
calculations further support that alcohol oxidation takes place
in a stepwise manner via the outer-sphere hydrogen transfer
pathway, and O20—R20 is the most favorable catalytic cycle.

B CONCLUSIONS

DEFT calculations have been performed to study the mechanism
of Cu(AcO),/tBuOK-catalyzed N-alkylation of amino deriva-
tives with primary alcohols by choosing PhNH, and PhCH,OH
as the reagents. A viable catalytic cycle, involving the mec-
hanism postulated by Martinez-Asencio et al,'"'* has been
found, which contains three sequential steps: alcohol oxidation,
imine formation, and imine reduction. For alcohol oxidation, the
outer-sphere hydrogen transfer is the most favorable pathway, in
which the two hydrogen atoms successively eliminated from
benzyl alcohol in the form of the proton and the hydride are
respectively transferred to the PhNH™ ligand and the metal
of the active catalyst O2_1 to generate the aniline-coordinated
Cu hydride O2_So and benzaldehyde (Figure 2). For imine
reduction, the aniline-coordinated Cu hydride O2_50 is the
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reducing intermediate and the outer-sphere hydrogen transfer is
also the most favorable pathway, in which the hydride and the
proton on complex O2_50 are separately added to carbon and
nitrogen on the C=N bond of the imine to give the secondary
amine product and regenerate the active catalyst O2_1 in a
stepwise manner (Figure 7). The calculated TOF roughly agrees
with the experimental observation and, therefore, further sup-
ports the validity of the proposed hydrogen transfer mechanism.
This theoretical study can provide important insights for
understanding N-alkylation of amino derivatives with primary
alcohols catalyzed by other transition metal complexes.
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