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Using DFT methods and the energetic span model, the most favorable hydrogen autotransfer
pathway for [Cp TrCl,],/K,CO;-catalyzed N-alkylation of amines with alcohols has been found.
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DFT calculations have been performed to study the mechanism of N-alkylation of amines with alcohols catalyzed by [Cp*IrCl; ],
(Cp* = n°-CsMes) in the present of K,COj3. The energetic results show that this N-alkylation reaction proceeds via the hydrogen
autotransfer mechanism and the catalytic cycle includes three sequential stages: (1) alcohol oxidation to produce aldehyde, (2)
aldehyde-amine condensation to form imine, (3) imine reduction to afford the secondary amine product. For stages 1 and 3,
the most favorable pathways are the inner-sphere hydrogen transfer pathway under the catalysis of Cp*Ir(NHPh)CI (C) and the
inner-sphere hydrogen transfer pathway with KHCOj as the proton donor, respectively. Thermodynamically, both stages 1 and 2
are endergonic, but stage 3 is highly exergonic. Thus stage 3 is the driving force for the catalytic cycle. The energetic span model
has also been used to assess the catalytic cycle, and it is found that the turnover frequency-determining intermediate (TDI) and
the turnover frequency-determining transition state (TDTS) are the 18¢ complex Cp*Ir(x2-CO3K) (A) and the transition state
BC-TS5i for B-H elimination, respectively. The calculated turnover frequency (TOF), 4.68 h—!, agrees with the experimentally

determined TOF and, therefore, provides strong support for the proposed catalytic cycle.

1 Introduction

N-Alkylation of amines plays an important role in the syn-
theses of polymers, peptides, pharmaceuticals, pesticides, and
functional materials.! N-Alkylated amines are usually pre-
pared via the reaction of amines with alkyl halides? or the re-
ductive amination with carbonyl compounds.® However, these
two methods have some drawbacks: The former requires to
use the toxic alkyl halides as the reactants and generates many
inorganic salts as byproducts; The latter needs to use the ex-
pensive and unstable carbonyl compounds as the reactants
and cannot always yield the monoalkylated products selec-
tively. Alternatively, N-alkylated amines can also be syn-
thesized through hydroaminations* or hydroaminomethyla-
tions. In recent decades, much attention has been focused
on N-alkylation of amines and their derivatives with alcohols
based on a hydrogen autotransfer (also called borrowing hy-
drogen) mechanism.® This N-alkylated method is a very at-
tractive candidate for the synthesis of amino derivatives be-
cause alcohols are nontoxic, inexpensive, and readily available
and the only side product is theoretically water.

1 Electronic Supplementary Information (ESI) available: Detailed optimized
geometries, energies, thermal corrections to enthalpies and free energies, the
energetic span model, and Fortran program for TOF and X; calculations. See
DOI: 10.1039/b000000x/

¢ State Key Laboratory of Theoretical and Computational Chemistry, Insti-
tute of Theoretical Chemistry, Jilin University, Changchun, China. E-mail:
huiling @jlu.edu.cn

b College of Science, Jilin Institute of Chemical Technology, Jilin, China.

N-Alkylation of amines with alcohols was first reported
by Grigg’ and Watanabe® in 1981, respectively, and since
then many homogeneous transition metal catalysts, such
as palladium-,° ruthenium-,'® rhodium-,'" iridium-, %"
copper-, '8 or iron-based ' complexes, have been used for
such an environmentally friendly process. Among these cata-
lysts, one of the most famous is the dimeric iridium complex
[Cp*IrCl;],. Since it was found to have a catalytic activity to-
ward hydrogen transfer reactions between organic molecules
in 2002,20 [Cp*IrCl], has been applied in N-alkylation of
amines, 1314 sulfonamides, 15 and ammonium salts !° with al-
cohols as the alkylation reagents and the desired products are
obtained in good yields. Some other Cp*Ir complexes with
functionalized ligands also exhibit high catalytic activity in the
N-alkylation reactions of amines with alcohols. !” Thus, Cp*Ir
complexes-catalyzed N-alkylation of amines with alcohols is
of significant importance.

Detailed mechanistic studies will help to promote develop-
ment of catalytic systems. In 2008, Eisenstein and cowork-
ers performed a DFT mechanistic study on N-alkylation of
amines with alcohols catalyzed by [CplIrCl,],/K>,CO3; (Cp
= CsHs).2! Their calculation results showed that the dis-
sociation energies of CH3;OH from Cplr(k?-CO3)(CH3;0H)
and CH3NH, from Cplr(k>-CO3)(CH3NH;) were 8.0 and
23.4 kcal mol™!, respectively. Then they believed that “the
amine inhibited the reaction by disfavoring the coordina-
tion of the alcohol”. Their calculation results also showed
that the dissociation energy of the product NHMe, from

This journal is © The Royal Society of Chemistry [year]
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Cplr(x2-CO3)(NHMe,), 22.1 kcal mol~!, was lower than that
of CH3NH, from CpIr(Kz-CO3)(CH3NH2). However, they
still argued that “the dissociation of NHMe, from Cplr(k>-
CO3)(NHMe,) was the rate-determining step”. In 2012, Mad-
sen and coworkers also studied the mechanism of N-alkylation
of amines with alcohols catalyzed by [Cp*IrCl,],/K,CO3 ex-
perimentally and computationally.?> They believed that an
amine as the ligand of the catalyst took part in the catalytic
process, which was different from Eisenstein and coworkers’
conclusion—the amine inhibited the reaction by disfavoring
the coordination of an alcohol. However, their DFT study is
incomplete because the proton transfer processes of alcohol
oxidation and imine reduction are not calculated in their re-
search. Therefore, a further mechanistic study on [Cp*IrCl, ],-
catalyzed N-alkylation of amines with alcohols is urgently
needed.

Inspired by the mechanistic studies of Ir-,2'~2* Cu-,?* and
Ru-catalyzed? hydrogen transfer reactions, we carry out a
thorough DFT mechanistic study on [Cp*IrCl;],-catalyzed N-
alkylation of amines with alcohols. Our purposes are as fol-
lows: (1) to elucidate the roles of the base and the amine lig-
and, (2) to locate the active catalyst, (3) to seek the most favor-
able reaction pathway, (4) to identify the TDI and the TDTS,
(5) to point out the driving force of the catalytic cycle.

2 Computational details

All calculations were carried out using Gaussian09 suite of
programs.® Molecular geometries of all complexes were
fully optimized with tight convergence criteria (scf=tight)
at the B3LYP?728 /BSI (SMD,? toluene) level (BSI desig-
nates the basis set combination of SDD3 for the Ir atom
and 6-31G(d,p)3! for the other atoms; SMD corresponds
to Truhlar and coworkers’ solvation model which does an
IEFPCM calculation with radii and non-electrostatic terms).
At the same level of theory, frequency calculations were
performed to identify the stationary points to be real min-
ima or transition states and to provide thermal corrections
to enthalpies and Gibbs free energies at 383.15 K. When
necessary, intrinsic reaction coordinate (IRC) calculations 32
were conducted to verify that a transition state connected
its forward and backward minima on the free energy sur-
face. Single-point energies of stationary points were cal-
culated at the m0633/BSII(SMD,toluene) level (BSII desig-
nates the basis set combination of def2-QZVP3%3* for the Ir
atom and 6-311++G(2df,2p) for the other atoms). All ener-
gies used in this paper are the single-point energies corrected
by Gibbs free energy corrections, unless otherwise specified.
We also give the enthalpy results (single-point energies cor-
rected by enthalpies corrections) in the figures for reference.
To verify the functional and basis sets dependence, we car-
ried out M0O6/BSIV//B3LYP/BSIII (BSIII: the basis set com-

bination of SDDALL3%3 with an extra f polarization ba-
sis function (exponent 0.938) for Ir and 6-31G(d,p) for all
the other atoms; BSIV: the basis set combination of SD-
DALL with an extra f polarization basis function (exponent
0.938) for Ir and 6-311++G(2df,2p) for all the other atoms),
MO6/BSII//B3PW9127-36/BSI, MO06/BSII//PBEIPBE3"/BSI,
and MO6/BSII//MO6/BSI calculations on selective species.
The solvent model and the convergence criteria for those cal-
culations were the same as above.

3 Results and discussion

3.1 Model reaction

Molecular geometries of reactants and a catalyst have a signif-
icant impact on the TOF of a catalytic cycle.?® Thus the ex-
perimental reactants and catalyst were used in this calculations
without any simplification. As shown in eq 1, [Cp*IrCl, ], and

[Cp*IrClyl, (5.0 mol%lr)
K,COj (5.0 mol%)

FiNH; * PROELOH — oyt 110,178

PhCH,NHPh + H,0 1)

K>CO3 were employed as the catalyst precursor and the base,
respectively, and N-alkylation of PhANH; with PhnCH,; OH was
chosen as the model reaction.

3.2 Alcohol oxidation

3.2.1 Catalyst initiation. In the DFT study on Ir-
catalyzed N-alkylation reaction of amines with alcohols,
Eisenstein and co-workers postulated three possible Ir cata-
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Fig. 1 Catalyst initiation. Values in parentheses and square
brackets are Gibbs free energies and enthalpies in kcal mol !,
respectively.
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Fig. 2 Optimized geometries of Cp*Ir complexes with selected bond distances (in A).
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Fig. 3 Free energy profiles for B- and C-catalyzed benzyl alcohol oxidation via the inner-sphere hydrogen transfer pathways.

lysts: Cplr(k>-CO3), CpIrCl,, and CpIr(NH,Me)(Cl)*, and
found that CpIr(KZ—C03) was the active catalyst.21 To con-
trast with Eisenstein and co-workers’ work, Cp*Ir(Kz-CO3)
(D) was postulated as the possible catalyst in this study.
Meanwhile, we also proposed two other possible catalysts:
Cp*Tr(x'-CO3K) (B) and C. The correlations between B, C,
and D are shown in Fig. 1. The dimer 1/2[Cp*IrCl,], can
switch to the monomer A in the presence of K,CO3, giving
off a free energy of 11.8 kcal mol~'. A is an 18e Ir chloride

with a k?-CO3K ligand, in which the lengths of the two Ir—O
bonds are 2.126 and 2.134 A, respectively (Fig. 2). The de-
coordination of the arm oxygen of the x¥>-CO3K ligand can
afford the k'-CO;3K-coordinated 16e Ir chloride B by costing
a free energy of 15.8 kcal mol~!. The 16e complex C can be
obtained after passing through the PhNH,-coordinated inter-
mediate BN-IN1 and the transition state BN-TS2 for proton
transfer. The Ir—N bonds in BN-IN1, BN-TS2, and C are
2.230, 2.175, and 1.962 A, respectively, and the Ir—O bonds

This journal is © The Royal Society of Chemistry [year]
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Fig. 4 Optimized structures of the stationary points with selected bond distances (in A) for B- and C-catalyzed benzyl alcohol oxidation via

the inner-sphere hydrogen transfer pathways.

in B, BN-IN1, and BN-TS2 are 1.968, 2.091, and 2.204 A,
respectively, indicating that the formation of the Ir—N bond
accompanies the dissociation of the Ir—O bond. The free ener-
gies of BN-IN1 and BN-TS2, relative to A + PhINH,, are 18.5
and 25.4 kcal mol !, respectively, which shows that the for-
mation of C is feasible in kinetics under the experimental con-
ditions (see eq 1). Overall, the formation of C (A 4+ PhNH, —
C + KHCO3) is endergonic by only 4.1 kcal mol~!. The 16¢
Ir complex D can be formed by dissociating a molecule of KCl
from A with a free energy change of 15.2 kcal mol~!. Note
that A has the lowest free energy among all the Ir complexes,
so it is chosen as the energy reference point in the above and
following discussions.

3.2.2 Inner-sphere alcohol oxidation. With the postu-
lated catalysts in hand, we now study the possible inner-sphere
hydrogen transfer pathways for alcohol oxidation. The free
energy profiles for B- and C-catalyzed benzyl alcohol oxi-
dation via the inner-sphere hydrogen transfer pathways are
shown in Fig. 3, and the corresponding optimized structures
of the stationary points are displayed in Fig. 4. First, we con-
sider the B-catalyzed proton transfer pathway, in which coor-
dination of PhCH,OH to complex B gives the intermediate B-
IN1i by costing a free energy of 8.9 kcal mol~. This complex
is well prepared for the proton transfer. After passing through
the transition state B-TS2i with a relative free energy of 3.4
kcal mol~! to B-IN1i, the O—H bond of PhCH,OH breaks
and the proton transfers to the O atom of the CO3K ligand,

4| Journal Name, 2010, [vol]1—14
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Fig. 5 Free energy profile for D-catalyzed benzyl alcohol oxidation via the inner-sphere hydrogen transfer pathway.

leading to the formation of the KHCOj3-coordinated complex
B-IN3i, which can afford a more stable alkoxide intermediate
BC-IN4i by releasing a molecule of KHCO3.

The second scenario considered is the C-catalyzed proton
transfer pathway. The binding of PhCH,OH to C with an
OH- - -N hydrogen bond of 2.322 A generates the initial com-
plex C-IN1i. This binding process is favorable by 5.9 kcal
mol~! in enthalpy, but unfavorable by 7.0 kcal mol~! in Gibbs
free energy because of entropic effect. The transition state C-
TS2i for the proton transfer is located at a free energy of 14.8
kcal mol~! above C-IN1i, in which the proton lies midway
between the anionic O and N ligands (O---H = 1.176 A and
N---H = 1.330 A). This transition state leads to the formation
of the PhNH;-coordinated intermediate C-IN3i. The length
of the Ir—O bond in C-IN3i, 2.095 A, becomes much shorter
than that in C-TS2i, 2.237 A, while the distance of the Ir—N
bond in C-IN3i, 2.225 A, becomes longer than that in C-IN1i,
1.972 A, and in C-TS2i, 2.169 A. Although C-IN3i is 8.3 kcal
mol~! more stable than the transition state C-TS2i, the favor-
able entropy can provide the driving force for the PhNH, dis-
sociation from C-IN3i to give the key alkoxide intermediate
BC-IN4i. This dissociation lowers the system down by 4.6
kcal mol !

Now, we consider the common f-H elimination pathway
for B- and C-catalyzed alcohol oxidation. The transition state
BC-TS5i for B-H elimination is located at a free energy of
14.5 kcal mol~! above BC-IN4i, in which the C---H, Ir--- H,
and C—O distances are 1.478, 1.701, and 1.317 A, respec-
tively, confirming the C—H bond-breaking process and the
Ir—H and C=0 bond-forming processes. This transition state
results in the PhCHO-coordinated Ir hydride BC-IN6i. The
Ir—O and Ir—C distances in BC-ING6i are 2.157 and 2.277 A,

respectively, indicating the C=0 bond coordinates to the Ir
center. However, intermediate BC-ING6i is unstable, whose
dissociation leads to the formation of the alcohol oxidation
product PhCHO and the 16e Ir hydride intermediate BC-IN7i.
This dissociation lowers the system down by 17.8 kcal mol~!.

Cplr(k2-CO3)-catalyzed alcohol oxidation has been studied
by Eisenstein and co-workers with CH3OH and CH3NH; as
the reagents.?! Here, we reconsider the possibility of CO3%~
as the ligand participating in alcohol oxidation using the ex-
perimental reagents and ligand (Cp*). As shown in Fig. 5,
the alcohol oxidation takes place stepwise by passing the
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(7 et 3
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|
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r ™
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7 | 0—
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B-IN1o

Fig. 6 Free energy profile for B-catalyzed benzyl alcohol oxidation
via the outer-sphere hydrogen transfer pathway.
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Fig. 7 Optimized structures of the key stationary points with selected bond distances (in A) for the outer-sphere benzyl alcohol oxidation.

PhCH;OH-coordinated intermediate D-IN1i, the transition
state D-TS2i for proton transfer, the alkoxide intermediate D-
IN3i, the alkoxide intermediate D-IN4i, the transition state D-
TS5i for B-H elimination, and the PnACHO-coordinated Ir hy-
dride D-INGi. Relative to the energy reference point, the free
energies of D-IN1i, D-TS2i, D-IN3i, D-IN4i, D-TSS5i, and D-
INGi are 28.5, 37.8, 25.1, 27.1, 39.0, and 37.1 kcal mol~!,
respectively. This alcohol oxidation results in the formation
of the alcohol oxidation product PA\CHO and the Ir hydride
species D-IN7i containing a k!-bicarbonate ligand.

3.2.3 Outer-sphere alcohol oxidation. In this section,
we will consider the possible outer-sphere hydrogen transfer
pathways for alcohol oxidation under the catalysis of B, C,
and D, respectively. The first scenario considered is the B-
catalyzed alcohol oxidation pathway. As shown in Fig. 6 and
7, the binding of PhCH,OH to B with a (PhCH;)O—K bond
of 2.659 A and an OH.--O hydrogen bond of 1.774 A gives
the initial intermediate B-INlo, which is 12.9 kcal mol™!
more stable than B + PhCH,OH. The transition state B-TS20
for the concerted proton and hydride transfer is located at a
free energy of 33.8 kcal mol~! above B-INlo. In this six-
membered transition state, The distances of PhCH,O---H,
KO,CO---H, C---H, and Ir-- - H are 1.298, 1.123, 1.344, and
1.782 A, respectively. This transition state yields the alcohol

oxidation product PhACHO and the KHCO3-coordinated Ir hy-
dride species B-IN3o.
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' ! [12.8]
-~ ,N\ —
H™H Ph/ \
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-2.0] / * \ N
Cp CH'H>
B \H'H Ph
PhCH20H/, W Ilr“CI .C-IN30
41 N & 8.9
[4.6] .- “H K Ph [8.2]
c C-IN1o

Fig. 8 Free energy profile for C-catalyzed benzyl alcohol
oxidation via the outer-sphere hydrogen transfer pathway.

The second scenario considered is the C-catalyzed alcohol
oxidation pathway. As shown in Fig. 7 and 8, PhCH,OH
first binds to C with a OH---N hydrogen bond of 2.258 A
and simultaneously forms the initial intermediate C-IN1o by
costing a free energy of 8.8 kcal mol~!. The transition state C-
TS2o0 for the concerted proton and hydride transfer has a six-

6| Journal Name, 2010, [voll1-14
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membered structure, in which the distances of O---H, N---H,
C---H, and Ir---H are 1.301, 1.185, 1.253, and 1.886 A, re-
spectively, confirming the concerted proton and hydride trans-
fer process. After passing through the transition state C-TS20
with a relative free energy of 18.8 kcal mol~! to C-INlo,
the product of alcohol oxidation, PhCHO, and the PhNH,-
coordinated Ir hydride C-IN3o are generated.

AG [AH] 5 ?p*
(kcal mol")y  O=<"""Ir.
DTS1O:‘ .
D-TS10 "H_ >>~—Ph
;497 N 0
/ [45.5]
; . PhCHO
PhCH,OH // N—
26.8
J206] .
: ool
152 / 0=~y
[28.9] “H
D D-IN20

Fig. 9 Free energy profile for D-catalyzed benzyl alcohol
oxidation via the outer-sphere hydrogen transfer pathway.

The final scenario considered is the D-catalyzed alcohol ox-
idation pathway. As displayed in Fig. 7 and 9, The transition
state D-T'S1o for the concerted proton and hydride transfer, lo-
cated at a free energy of 34.5 kcal mol~! above PhCH,OH +
D, also has a six-membered structure, in which the distances
of PhCH,O---H, O,CO---H, C---H, and Ir---H are 1.292,
1.120, 1.488, and 1.729 A, respectively. This transition state
delivers the alcohol oxidation product PhCHO and the Ir hy-
dride D-IN20 containing a k2-bicarbonate ligand.

3.2.4 Comparison of different alcohol oxidation path-
ways. In the above discussions of alcohol oxidation, we
postulated three possible catalysts (B, C, and D) and calcu-
lated the corresponding inner-sphere and outer-sphere hydro-
gen transfer pathways. The six complete pathways for alcohol
oxidation are as follows: (1A) (Note: A denotes alcohol oxi-
dation) the inner-sphere alcohol oxidation pathway under the
catalysis of B (Fig. 1 (A — B) and 3 (black pathway + green
pathway)), (2A) the inner-sphere alcohol oxidation pathway
under the catalysis of C (Fig. 1 (A — B — BN-IN1 — BN-
TS2 — C) and 3 (blue pathway + green pathway)), (3A) the
inner-sphere alcohol oxidation pathway under the catalysis of
D (Fig. 1 (A — D) and 5), (4A) the outer-sphere alcohol oxi-
dation pathway under the catalysis of B (Fig. 1 (A — B) and
6), (5A) the outer-sphere alcohol oxidation pathway under the
catalysis of C (Fig. 1 (A — B — BN-IN1 — BN-TS2 —
C) and 8), and (6A) the outer-sphere alcohol oxidation path-
way under the catalysis of D (Fig. 1 (A — D) and 9). For
pathways 1A-6A, the activation free energy barriers are 28.1,
27.5, 39.0, 36.7, 31.7, and 49.7 kcal mol !, respectively, and

the reaction free energies are 6.9, 6.9, 20.1, 12.8, 8.9, and 26.8
kcal mol~!, respectively. On the basis of these calculation re-
sults, we can draw the following conclusions: (1) Although
pathway 2A is endergonic, it is still the most favorable when
compared with other alcohol oxidation pathways. The ender-
gonic reason can be attributed to the formation of chemically
more reactive aldehyde and Ir hydride species. (2) C is the
active catalyst, in which one of the chloride ligands has been
displaced by PANH™. The release of the chloride is in agree-
ment with Fristrup and co-workers’ experimental result. 22 (3)
Pathway 1A is the second favorable alcohol oxidation path-
way. (4) Other alcohol oxidation pathways cannot compete
with 2A or 1A, thus becoming the unfavorable pathways.
Note that the difference between pathways 1A and 2A is
that the CO3K™ ligand is used as the proton acceptor in 1A,
and the PhNH™ ligand is used as the proton acceptor in 2A
(Fig. 3). Thus, it is the PANH™ ligand lowering down the
free energy barrier for the proton transfer that makes 2A is
more favorable than 1A kinetically. The conclusion that a cat-
alyst with a deprotonated reactant amine as the ligand may fa-
cilitate alcohol oxidation is consistent with our previous the-
oretical study.?* If Cp*Ir active catalyst could be previously
synthesized in toluene from [Cp*IrCl,],, K,CO3, and the cor-
responding reactant amine, Cp*Ir-catalyzed N-alkylation of
amines with alcohols would be greatly accelerated. In fact, the
reactant NH3 was used as the ligand to synthesize the Cp*Ir
catalyst in the multialkylation reaction of aqueous ammonia
with alcohols as early as 2010.3 Therefore, this study will
provide useful information for the synthesis of novel catalysts.

3.3 Imine formation

The product of PhCH,OH oxidation, PhACHO, can readily re-
act with PhNH, to give the imine PhCH=NPh and H,O un-
der the experimental conditions (see eq 1). And water-*? and
alcohol-catalyzed*! condensation of aldehyde with amine to
form imine and alcohol-mediated coupling of aldehyde with
amine to generate amide*? have been studied computation-
ally. Therefore, we do not consider the condensation process
(PhCHO + PhNH, — PhCH=NPh + H,0) in detail here, but
only calculate the reaction free energy—the overall imine for-
mation process is endergonic by only 2.9 kcal mol~!. In order
to link the free energy profile for alcohol oxidation (pathway
2A) with a free energy profile for imine reduction, this energy
has been directly added to the starting point of the free energy
profile for imine reduction (see below).

3.4 Imine reduction

The above calculations show that the most favorable alcohol
oxidation pathway is the inner-sphere hydrogen transfer path-
way under the catalysis of C, so the Ir hydride BC-IN7i ob-

This journal is © The Royal Society of Chemistry [year]
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Fig. 11 Optimized structures of the key stationary points with selected bond distances (in A) shown in Fig. 10.

tained from this pathway is chosen as the initial species of =~ most favorable imine reduction pathway by considering dif-
all the possible imine reduction pathways. Next, we seek the ferent beginning coordination geometries of all the possible
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Fig. 12 Free energy profile for the inner-sphere imine reduction with D-IN7i as the reducing species.

hydrogen donors, inner-sphere and outer-sphere.

3.4.1 Inner-sphere imine reduction. The first scenario
considered is the inner-sphere imine reduction pathways with
KHCOs3, PhNH,, and PhCH;OH as the proton donors, re-
spectively. As shown in Fig. 10, coordination of the imine
PhCH=NPh to the 16¢ Ir hydride BC-IN7i gives the starting
intermediate BC-INS8i, in which the distances of Ir---N and
Ir---Care 2.187 and 2.210 A, respectively (see Fig. 11), indi-
cating that the imine is %>-bonded. This coordination process
is favorable by 7.7 kcal mol~! in enthalpy, but unfavorable
by 10.0 kcal mol~! in free energy owing to entropic penalty.
The transition state BC-TS9i for the hydride transfer, only 3.8
kcal mol™! higher than BC-INS8i, has a four-membered struc-
ture, in which the distances of Ir---H and C---H are 1.661
and 1.504 A, respectively, confirming the Ir—H bond-breaking
and C—H bond-forming processes. This hydride transfer af-
fords Ir-amino intermediate BC-IN10i, which is only located
at a free energy of 4.8 kcal mol~! above the energy reference
point.

Protonating the amino nitrogen of BC-IN10i to afford the
final secondary amine product has three optional pathways,
in which KHCO3, PhNH;, and PhCH,OH serve as the pro-
ton donors, respectively. As for KHCO3 serving as the proton
donor, the binding of KHCOj3 to BC-IN10i generates the in-
termediate B-IN11i and initiates the proton transfer process
by costing a free energy of 17.9 kcal mol~!. The transition
state B-TS12i for the proton transfer is only 2.0 kcal mol~!
higher than B-IN11i, in which the proton is located between
the Ir-bound oxygen and the amino nitrogen (O---H = 1.145
A and N---H = 1.383 A). This transition state connects to the
secondary amine product PhCH,NHPh-coordinated interme-
diate B-IN13i, which is 17.7 kcal mol~! less stable than the

energy reference point. However, a favorable free energy can
promote the dissociation of PhCH,NHPh from B-IN13i. This
dissociation results in the regeneration of complex A (or B
which can easily isomerize to A, not shown in the free energy
profile) and lowers the free energy of the system down by 22.7
kcal mol .

As for PhINH; serving as the proton donor, the proton trans-
fer process is similar to that with KHCO3 as the proton donor.
PhNHj first coordinates to BC-IN10i to give the intermediate
C-IN11i by requiring a free energy of 12.0 kcal mol~!. Then
the proton transfers to the N atom of the PhCH,NPh moiety
from the PhNH; ligand via the transition state C-TS12i with a
relative free energy of 12.2 kcal mol~! to C-IN11i, produc-
ing the secondary amine product PhCH;NHPh-coordinated
intermediate C-IN13i. C-IN13i could further dissociate into
PhCH,NHPh and C.

As for PhCH;OH serving as the proton donor, the pro-
ton transfer process is similar to that with KHCO3 or PhNH;
as the proton donor. The starting PhCH; OH-coordinated in-
termediate Ph-IN11i is 20.3 kcal mol~! higher than BC-
IN10i + PhCH,OH. After passing through the transition
state Ph-TS12i with a relative free energy of 1.4 kcal mol~!
to Ph-IN11i, the secondary amine product PhCH,NHPh-
coordinated intermediate Ph-IN13i is obtained, from which
the release of the weakly bound secondary amine product is
exergonic by 9.4 kcal mol~!, and regenerates the alkoxide
complex BC-IN4i.

The second scenario considered is the inner-sphere imine
reduction pathway with D-IN7i (produced by the reaction of
BC-IN7i with KHCO3) as the reducing species, which is the
same as Eisenstein and co-workers’ proposed pathway.?! As
shown in Fig. 12, imine Ph\CH=NPh first coordinates to D-

This journal is © The Royal Society of Chemistry [year]
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IN7i to yield the intermediate D-INS8i by costing a free energy
of 15.3 kcal mol~!. After climbing the transition state D-TS9i
with a relative free energy of 3.8 kcal mol~! to D-INSi, the
amino intermediate D-IN10i is formed. However, D-IN10i
can not directly undergo an intramolecular proton transfer re-
action to give the secondary amine product PhnCH,NHPh. It
must isomerize the complex D-IN11i, which could generate
PhCH,;NHPh and D via the transition state D-TS12i. Relative
to D-IN10i, the free energies of D-IN11i and D-TS12i are 5.9
and 18.0 kcal mol ™!, respectively.

3.4.2 Outer-sphere imine reduction. The 16e complex
BC-IN7i has a vacant site on the Ir center, so KHCO3, PhNH,,
and PhCH,OH can coordinate to BC-IN7i, respectively, and
generate the 18¢ complexes B-IN3o, C-IN3o, and Ph-IN1o.
KHCOj3 could also react with BC-IN7i to afford another 18e
complex D-IN2o. In the following, the outer-sphere imine
reduction pathways with these complexes as the hydrogen
donors will be considered, respectively.

In the case of B-IN3o serving as the reducing species, the
imine PhACH=NPh binds with B-IN3o to form the beginning
hydrogen-bonded intermediate B-IN4o by costing a free en-
ergy of 7.3 kcal mol~! (Fig. 13). The transition state B-TS50

Cp*
AG [AH] Ph
" i 38.8
(kcal mol") { Cl;lr—-H:) [17.7]
O%H--NT
B-TS50Ph”
23.0 3
G5 ,[8—'3]* "PhCH,NHPh
KHCOs 155 . " 3
9.8 . v PV r—H
~BIN3o + [ JIr—H/
= + — D
Bh N B-IN4o Ph :
=y Fn L 5.0
7N \ e,
By [-6.8]
A

Fig. 13 Free energy profile for the outer-sphere imine reduction
with B-IN3o as the reducing species.

for the concerted proton and hydride transfer, located at 15.8
kcal mol~! above B-IN4o, has a six-membered structure, in
which the distances of O---H, N---H, Ir---H, and C---H are
1.018, 1.712, 1.851, and 1.293 A, respectively (Fig. 14). This
transition state leads to the formation of the secondary amine
product PhCH,NHPh and the regeneration of the complex A.

In the case of C-IN3o serving as the reducing species,
the imine reduction with C-IN3o proceeds by way of the
hydrogen-bonded intermediate C-IN4o (Fig. 15). Inter-
mediate C-IN4o is 10.3 kcal mol~! higher than C-IN3o +
PhCH=NPh. The transition state C-TS5o for the concerted
proton and hydride transfer with a relative free energy of 15.6
kcal mol~! to C-INdo also has a six-membered structure, in
which the proton is located between the two nitrogens, and

B-TS50 (46i cm™)

D-TS4o0 (202i cm™")

Ph-TS30 (779i cm")

Fig. 14 Optimized structures of the key stationary points with
selected bond distances (in A) for the outer-sphere imine reduction.
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AG [AH] Ph
JHo )
(kcal mol™) \[ ~!rA\C| [:13;.;]
NN —_—
Ph™ H H Ph
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22.1 Y
[6.6] cp* ‘PhCH,NHPh
~'Ph | cl
118 7 A=
9.8 PhNH, [10.0] Ne. ML
[24.5] > - mmm—— h H”H Ph
= C-IN3o +
BC-IN7i + Ph C-IN4o
Ph —N _——
N \[2.1]
Ph 1211
Ph/_ S

Fig. 15 Free energy profile for the outer-sphere imine reduction
with C-IN3o as the reducing species.

the hydride lies midway between Ir and C (Fig. 14). This
transition state results in the formation of the secondary amine
product PhCH,NHPh and the regeneration of the complex C.

In the case of Ph-IN1o serving as the reducing species, the
binding of PhCH=NPh to Ph-IN1o generates the initial inter-
mediate Ph-IN2o by requiring a free energy of 6.3 kcal mol~!
(Fig. 16). After passing through the six-membered transition
state Ph-TS30 with a relative free energy of 15.9 kcal mol~!
to Ph-IN2o, the secondary amine product PhCH,NHPh and
the alkoxide complex BC-IN4i are obtained.

In the case of D-IN2o serving as the reducing species,
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Fig. 16 Free energy profile for the outer-sphere imine reduction
with Ph-IN1o as the reducing species.

the imine reduction takes place concertedly by passing
through the hydrogen-bonded intermediate D-IN3o and the
six-membered transition state D-TS40 (Fig. 17). Relative to

AG [AH] o ?p*
(kcal mol") o=<""Ir
O H
Z79. H.
-_ [43.9] \ l/\l/\Ph
0] Epr \_ Ph
s ,_[34-?)] Cp 'D-TS40
(42.4) /,xo—ﬁxo;"\H ‘PhCH,NHPh
/DIN20 + i b
KCI/, _NIPh NF
KHCQJ/ i Ph
B D-IN3o :
98 Ph . 10.2
[24.5] / ~N [22.1]
BC-IN7i + Ph/_ D

Fig. 17 Free energy profile for the outer-sphere imine reduction
with D-IN2o as the reducing species.

D-IN20 + PhCH=NPA, the free energies of D-IN3o and D-
TS4o are 7.0 and 18.1 kcal mol ™!, respectively. D-TS4o leads
to the formation of the secondary amine product PhnCH,NHPh
and the regeneration of the complex D.

3.4.3 Comparison of different imine reduction path-
ways. In the above discussions of imine reduction, we pro-
posed eight possible pathways: (1I) (Note: I denotes imine
reduction) the inner-sphere imine reduction pathway with
KHCOj3 as the proton donor (Fig. 10, green pathway + black
pathway), (2I) the inner-sphere imine reduction pathway with
PhNH; as the proton donor (Fig. 10, green pathway + blue
pathway), (3I) the inner-sphere imine reduction pathway with
PhCH,OH as the proton donor (Fig. 10, green pathway +
red pathway), (4I) the inner-sphere imine reduction pathway
with D-IN7i as the reducing species (Fig. 12), (5I) the outer-

sphere imine reduction pathway with B-IN3o as the reducing
species (Fig. 13), (6I) the outer-sphere imine reduction path-
way with C-IN3o as the reducing species (Fig. 15), (7]) the
outer-sphere imine reduction pathway with Ph-IN1o as the re-
ducing species (Fig. 16), and (8I) the outer-sphere imine re-
duction pathway with D-IN2o as the reducing species (Fig.
17). For pathways 11-8I, the activation free energy barriers are
19.9, 24.2, 21.7, 32.3, 29.0, 27.9, 33.5, and 38.1 kcal mol !,
respectively, and the reaction free energies are -14.8, -10.7,
-1.8, +0.4, -14.8, -10.7, -1.8, and +0.4, kcal mol~!, respec-
tively. On the basis of these calculation results, we can draw
the following conclusions: (1) Pathway 11 is the most favor-
able imine reduction pathway both kinetically and thermody-
namically. (2) Pathway 3I is the second favorable imine re-
duction pathway. (3) Other imine reduction pathways cannot
compete with 11, and thus can be ruled out safely.

3.5 Discussion with the energetic span model

The above discussions indicate that 2A-11 is the most favor-
able catalytic cycle. To further confirm this conclusion and
look for rate-affecting key states, we calculated TOFs and
degrees of TOF control (X;) for the six lower-energy path-
ways using the Fortran program* based on the energetic span
model.*** The calculated results are shown in Table 1, from

Table 1 TOF values (inh™!), key state energies (in kcal mol™ 1y and
degrees of TOF control for the six lower-energy pathways
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pathway/TOF ~ TDI/X; TDTS/AG/Xt STDTS/AG/X T
1A-11/1.84 A/1.00  B-TS2i/28.1/0.68 BC-TSS5i/27.5/0.31
1A-21/0.58 A/0.99  C-TS12i/29.0/0.69  B-TS2i/28.1/0.21
1A-31/1.69 A/1.00  B-TS2i/28.1/0.63 BC-TS5i/27.5/0.29
2A-11/4.68 A/1.00 BC-TSS5i/27.5/0.82  C-TS2i/25.9/0.10
2A-21/0.68 A/0.99  C-TS12i/29.0/0.86  BC-TS5i/27.5/0.12
2A-31/3.96 A/0.99  BC-TS5i/27.5/0.68 Ph-TS12i/26.5/0.18

which we get the following results: (1) 2A-11 has the highest
TOF, 4.68 h™!, confirming that 2A-1I is the most favorable
catalytic cycle. (2) The TDI and the TDTS are the 18e com-
plex A with X1 = 1.00 and the transition state BC-TS5i for 3-
H elimination with X1 = 0.82, respectively. (3) The energetic
span is 27.5 kcal mol~!. (4) 2A-3I becomes the second favor-
able catalytic cycle since it has the second highest TOF, 3.96
h~!'. 2A-3I and 2A-11 have the identical TDI and TDTS. It
is the secondary TDTS (STDTS) Ph-TS12i in 2A-3I, slightly
higher than the STDTS C-TS2i in 2A-11, that makes 2A-31
the second favorable catalytic cycle. (5) 1A-11 and 1A-31 are
the third and the fourth favorable catalytic cycles, respectively.
They have the identical TDI, TDTS, and STDTS. The TOF
difference between 1A-11 and 1A-3I is caused by the proton
transfer transition states for imine reduction, B-TS12i in 1A-
1I and Ph-TS12i in 1A-3I (not shown in Table 1). (6) Other

This journal is © The Royal Society of Chemistry [year]
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catalytic cycles are unfavorable. On the basis of results 4 and
5, we can also know that neither a transition state nor a reac-
tion step could determine the TOF of a catalytic cycle.*

To test the functional and basis sets dependence, we se-
lected some complexes, which were necessary for the TOF
calculations, from catalytic cycles 2A-11, 2A-31, and 1A-11,
and recalculated their energies. The key state energies and
TOF values are shown in Table 2 (see the Supplementary In-
formation for other energies). All the calculated TOFs consis-

Table 2 Key state energies (in kcal mol~!) at different DFT levels
and TOF values (in h—1)

MO6// MO6// MO6// MO6//
key state B3LYP? B3PW91 PBEIPBE  MO06
BC-TSSi 27.5(27.3) 28.3 28.3 27.9
C-TS2i 25.9(24.5) 254 244 253
TOF in 2A-11 4.68(6.84) 1.91 1.91 2.23
Ph-TS12i 26.5(25.5) 26.5 26.5 31.7
TOF in 2A-31 3.96(6.48) 1.80 1.84 0.0234
B-TS2i 28.1(27.5) 27.5 26.3 30.6
TOF in 1A-11 1.84(3.31) 1.51 1.80 0.0972

2 Values in parentheses were obtained at the MO6/BSIV//B3LYP/
BSIII level (BSIII: the basis set combination of SDDALL with an
extra f polarization basis function (exponent 0.938) for Ir and 6-
31G(d,p) for all the other atoms; BSIV: the basis set combination of
SDDALL with an extra f polarization basis function (exponent 0.938)
for Ir and 6-311++G(2df,2p) for all the other atoms).

tently support that 2A-11 is the most favorable catalytic cycle.

4 Conclusions

We have carried out a thorough theoretical study on the
reaction mechanism of [Cp*IrCl;],/K,COs-catalyzed N-
alkylation of amines with alcohols using DFT calculations.
The calculation results reveal that this N-alkylation reaction
proceeds via the hydrogen autotransfer mechanism and the
catalytic cycle includes three sequential stages: (1) alcohol ox-
idation, (2) imine formation, (3) imine reduction. For alcohol
oxidation, the inner-sphere hydrogen transfer pathway under
the catalysis of Cp*Ir(NHPh)CI (i.e. pathway 2A) is the most
favorable. This pathway consists of three successive steps:
(I) The precatalyst [Cp*IrCl,], is activated by K,CO3 and
PhNH, to generate the active catalyst Cp*Ir(NHPh)CI (Fig.
1); (II) The hydroxyl hydrogen of benzyl alcohol transfers to
the PANH™ ligand in the form of the proton to give the alkox-
ide complex BC-IN4i (Fig. 3, blue pathway); (III) The 3-H
atom transfers to the Ir atom to afford benzaldehyde and the
Ir hydride BC-IN7i (Fig. 3, green pathway). The activation
free energy barrier for the 3-H elimination is as high as 27.5
kcal mol~!, which accounts for the high temperature required
to obtain an acceptable rate. For imine reduction, the inner-

sphere hydrogen transfer pathway with KHCO3 as the proton
donor (i.e. pathway 1I) is the most favorable. This pathway
consists of two successive steps: (I) The hydride transfers to
the C atom of the C=N bond from the Ir atom of BC-IN7i to
give the amino complex BC-IN10i (Fig. 10, green pathway);
(IT) The proton transfers to the N atom from the KHCO3 lig-
and to produce the secondary amine product and regenerate
the complex A (Fig. 10, black pathway). Alcohol oxida-
tion and imine formation are thermodynamically endergonic
by 6.9 and 2.9 kcal mol~!, respectively, but imine reduction is
thermodynamically exergonic by 14.8 kcal mol~!. Therefore,
imine reduction is the driving force for the catalytic cycle.
We also use the energetic span model to assess the most fa-
vorable catalytic cycle 2A-11. Degrees of TOF control show
that the TDI and the TDTS are the 18e complex A (X1 = 1.00)
and the transition state BC-TS5i for 3-H elimination (X1 =
0.82), respectively. The calculated TOF, 4.68 h~!,isin agree-
ment with experimental yield (Benzylaniline was obtained in
a GC yield of 100% under the experimental conditions (see eq
1)), which provides strong support for the proposed catalytic
cycle. This theoretical study will provide useful information
for further research and utilization of the transition metal-
catalyzed N-alkylation reaction of amines with alcohols.
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