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The reaction mechanism for the Ir-catalyzed alkylation of primary amines with primary alcohols has
been studied by DFT calculations. The three-step reaction pathway consists of Ir-catalyzed alcohol
dehydrogenation to aldehyde, amine-aldehyde condensation to imine, and then Ir-catalyzed imine
hydrogenation to amine. The presence of two essentially mirror-image reactions (dehydrogenation of the
alcohol and hydrogenation of the imine) makes the reaction intrinsically challenging. The reaction is
however shown to favor the product-forming direction because the dehydrogenation of an alcohol via
�-H elimination has a lower barrier than the dehydrogenation of an amine. The prediction that amine
dissociation is rate determining is consistent with the faster rate experimentally found here for the weakly
basic amine TsNH2. The ancillary carbonate ligand on Ir is shown to be involved in the hydrogen transfer.
The two hydrogen atoms eliminated from the alcohol and added to the imine are transferred as H- and
H+, the hydride going to and from the metal and the proton to and from the carbonate base.

Introduction

Alkylation of amines, a fundamental transformation in organic
chemistry, is of particular interest for the pharmaceutical industry
since hundreds of drugs contain alkylamino functions.1 The
traditional synthetic routes2 via substitution with alkyl halides3

or via reductive amination4 are efficient but can involve
mutagenic halides and the generation of much waste. Moreover,
polyalkylation can lead to low selectivity.5 Improved environ-
mentally friendly methods are thus eagerly sought.6 In response,
metal-catalyzed alkylation of amines with alcohols (see Scheme
1) has been developed recently. Several advantages are apparent:

alcohols are readily available, monoalkylated products can be
obtained with high selectivity, and the approach is much greener
since fewer toxic reagents are needed and the only byproduct
is water.

Several metal complexes have been developed for the
catalytic alkylation of amines with alcohols,7,8 one of the best
known being [Cp*IrCl2]2, as reported by Fujita et al.9 (Scheme
1). Aryl and alkyl amines can be easily alkylated in good yields
with several primary alcohols, typically using potassium carbon-
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Scheme 1. Ir-Catalyzed N-Alkylation by Alcohols (top) and
Its Proposed “Hydrogen-Borrowing” Mechanism (bottom)
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ate as mild base, to give the monoalkylated secondary amine
products with very high selectivity, although relatively high
temperatures (e.g., 110 °C) are required. Other iridium,10

rhodium,10c and platinum11 catalysts are also known. Heterog-
enous catalysts are also used to perform this transformation,
but much higher pressures and temperatures are required.12,13

Milder conditions are possible with certain Ru complexes:10c,14

for example, Beller and co-workers have reported several
Ru3(CO)12-phosphine combinations14a and Williams and co-
workers have reported several [Ru(p-cymene)Cl2]-phosphine
and -diphosphine combinations,14c also with carbonates as base.
Milstein has reported a different Ru catalyst that converts an
alcohol and an amine to an amide and H2, presumably going
by a related reaction mechanism.15

The “hydrogen-borrowing” mechanism7b,16 is generally ac-
cepted for hydrogen-transfer reactions.17 This mechanism,
previously postulated for the Cp*IrCl2-catalyzed N-alkylation
by alcohols (see Scheme 1), involves three sequential steps: (1)
oxidation of the alcohol to aldehyde (eq 1; only primary alcohols
are employed), (2) condensation of the aldehyde with the amine
cosubstrate generating an imine (eq 2), and (3) reduction of the
imine to the final amine product (eq 3).

RCH2OHfRCHdO + 2[H] (1)

RCHdO + R′NH2fRCHdNR′ + H2O (2)

RCHdNR′ + 2[H]fRCH2NHR′ (3)

Reactions 1 and 3 are the key steps of the mechanism that
require the participation of the iridium catalyst. Because K2CO3

is a preferred base in the system,9 we postulate Cp*Ir(CO3) as
the catalyst (see Scheme 2). This complex contains a carbonate
anion as a chelating bidentate ligand in place of Cl.

We find a viable pathway involving the mechanism repre-
sented in Scheme 2. We show that Cp*Ir(CO3) catalyzes the
oxidation of the alcohol (eq 1) and the reduction of the imine
(eq 3). Alcohol oxidation requires proton transfer to the
carbonate ligand and hydride transfer to the metal by �-H
elimination to give the aldehyde. After imine formation (eq 2),
hydride transfer from the metal and proton transfer from
bicarbonate gives the amine product. Amine dissociation to

regenerate the catalyst is hard and, as the rate-determining step,
accounts for the high temperatures needed to achieve acceptable
rates.9

Computational Details

DFT calculations were carried out using the hybrid B3PW91
functional.18 The basis set was the ECP-adapted SDDALL19

with a set of polarization functions for Ir20 and Cl21 and the
all-electron 6-31G(d,p)22 for N, O, C, and H. Geometry
optimizations were carried out without any geometrical con-
straints. The analytical calculation of frequencies was performed
in order to classify each stationary point as minimum (reagents,
catalysts, and intermediates) or transition state. Each transition
state was relaxed toward reactant and product using the
vibrational data to confirm its nature. The zero-point, thermal,
and entropy corrections were evaluated to compute enthalpies
and Gibbs free energies. The effect of the toluene solvent, which
is weakly coordinating and of low polarity (ε ) 2.379), was
evaluated using the continuum CPCM model.23 All these
energies are given in the Supporting Information. It was verified
that the gas-phase potential energy profiles are similar to both
the CPCM(toluene) and free energy profiles. All energies given
in the text are thus the potential energies in the gas phase. The
electronic structure of selected stationary points was analyzed
through natural bond orbital (NBO) analysis, in which natural
localized molecular orbitals (NLMO) were computed. All
calculations were carried out with the Gaussian03 package.25

Results and Discussion

Reaction Modeling. The reaction of Scheme 1 involves four
different components: the alcohol and amine reactants, K2CO3

as base, and the iridium catalyst. In the calculations, the
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Scheme 2. “Hydrogen-Borrowing” Mechanism Postulated
for the Carbonate Catalyst
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experimental C5Me5 ligand (Cp*) is modeled by C5H5 (Cp),
while methanol and methylamine are used to model the reagents.
Apart from CpIr(CO3) (A), we have explored the pathways for
the neutral CpIrCl2 monomer (B) and the cationic
CpIr(NH2Me)(Cl)+ complex (C), which could also be present
in the reaction media (see Scheme 3). Several general trends
have emerged from exploring these limiting possibilities.

Carbonate-Assisted Alcohol Oxidation. Coordination of the
alcohol to the κ2-carbonate cyclopentadienyl complex A catalyst
leads to the formation of the A-IN1 intermediate (see Figure
1), in which the metal is bound to methanol with an Ir-O bond
of 2.22 Å. This associative step is moderately exothermic by
8.0 kcal mol-1 and does not affect the chelating κ2-character
of the carbonate. Intermediate A-IN1 is also stabilized by a
H-bond involving the acidic hydrogen of the alcohol and one
of the Ir-bound oxygens of carbonate. With its short OH · · · O
distance of 1.93 Å, this intermediate is well prepared for proton
transfer from the alcohol to the carbonate. At the transition state
for the proton transfer, A-TS1, the proton is located between
the alcohol and carbonate oxygens (d(MeO · · · H) ) 1.31 Å and
d(OC(O)O · · · H) ) 1.14 Å), closer to the carbonate. This
transition state connects to intermediate A-IN2, containing an
alkoxy and a κ1-bicarbonate ligand. Intermediate A-IN2 is a
16e complex with a planar Ir center, as shown by the sum of
360° for the three bond angles at Ir. The proton transfer is
exothermic by -2.1 kcal mol,-1 allowing the coordinated
carbonate to deprotonate the alcohol, a reaction that would not
have been possible between the weakly basic free carbonate
and the weakly acid free alcohol. The energy barrier is moderate,
as is appropriate for proton transfer.

The transition state A-TS3 for �-H elimination (C · · · H )
1.51 Å and Ir · · · H 1.65 Å) of the alkoxy bicarbonato intermedi-
ate A-IN2 has been located at an energy of 7.5 kcal mol-1

above separated reactants. This transition state does not connect
directly to A-IN2 but to an isomer, A-IN3, in which the
alkoxy group is agostic (C · · · H ) 1.21 Å and Ir · · · H ) 1.87
Å). The transition state A-TS2 between the nonagostic alkoxy
complex A-IN2 and A-IN3 has an energy only marginally

higher than the agostic intermediate and has a similar geometry
(C · · · H ) 1.16 Å and Ir · · · H ) 2.05 Å). Even though A-IN3
is thus a transient rather than a fully fledged intermediate, it
shows that the major component of the barrier for �-H
elimination is the bending of the Ir-O-C(methyl) angle,
yielding an agostic CH-Ir interaction.

The transition state A-TS3 leads to a hydride formaldehyde
complex, A-IN4, having a π-bonded H2CdO (Ir · · · O ) 2.09
Å and Ir · · · C ) 2.14 Å). The release of H2CdO from A-IN4
requires only 5.8 kcal mol-1 because formaldehyde is a weak
ligand and because of the chelation of the bicarbonate in
A-IN5. The overall oxidation process (A + CH3OHf A-IN5
+ CH2dO) is endothermic by only 6.5 kcal mol-1. The highest
point along the reaction pathway corresponds to the �-H
elimination transition state, A-TS3 (7.5 kcal mol-1 above
reactants), during which a C-H bond of the alkoxy ligand is
activated. The �-H elimination is thus the rate-determining step
in the alcohol oxidation.

These calculations show that complex A is able to promote
the oxidation of methanol to formaldehyde through a low-energy
pathway. In accord with these results, Fujita reported recently
that a similar {Cp*Ir} complex catalyzes the oxidation of several
alcohols.26 Interestingly, the carbonate ligand is directly involved
in the oxidation process, taking one of the hydrogens of the
substrate as a proton. The active role of some ancilliary ligands
in catalytic processes has been previously proposed for acetate27

and carbonate28 on the basis of theoretical and experimental
studies. Similarly, concerted proton and hydride transfer has
been proposed for the reduction of imines and carbonyl
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Scheme 3. Iridium Species Considered As Catalyst Models

Figure 1. Alcohol Oxidation Pathway with Catalyst A.
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compounds with the Shvo catalyst, involving the hydroxycy-
clopentadienyl ligand.29,30

Imine Formation. The product of the Ir-assisted alcohol
oxidation, CH2dO, reacts with the amine cosubstrate (NH2Me),
giving rise to water and CH3NdCH2 (see Scheme 2). We have
not modeled this step because it is a standard organic condensa-
tion reaction. The only special feature here is that it occurs in
refluxing toluene, not in the polar solvents that are usually
required.31 However, the presence of alcohol and amine in the
medium may provide a sufficiently polar microenvironment or,
alternatively, the reaction may be metal-catalyzed.

Carbonate-Assisted Imine Reduction. The imine reacts with
the iridium hydride A-IN5, leading to the formation of complex
A-IN6, in which the imine is bound to the metal32 (Figure 2).
In A-IN6, the imine is η2-bonded and the carbonate is κ1-
bonded with Ir-O distances of 2.06 and 3.20 Å. The decoor-
dination of one oxygen of the carbonate ligand is compensated
by the imine coordination, as shown by the relative energies of
A-IN5 and free imine and A-IN6, 8.3 kcal mol-1 in favor of
A-IN6.

The imine inserts into the Ir-H bond of A-IN6, yielding
A-IN8, having an amido N(CH3)2 group. The amido complex
is formed in a two-step process consisting of the formation of
an agostic intermediate (A-IN7 via A-TS4) followed by
isomerization of the latter into a nonagostic complex A-IN8
via A-TS5. This transformation, in which A-IN7 is just a
transient, has the two transition states, A-TS4 and A-TS5, at
1.3 and 2.3 kcal mol-1 above reactants, respectively. Complex
A-IN7 is an unstable intermediate (0.6 kcal mol-1 above
reactants) containing a C-H · · · Ir agostic interaction character-
ized by C-H and Ir-H bond distances of 1.23 and 1.80 Å,
respectively. The nonagostic amido intermediate, A-IN8, is
much more stable (24.1 kcal mol-1 below reactants) and has a
short Ir-N bond of 1.91 Å (2.07 Å in A-IN7) and a planar Ir

center, indicating formation of an Ir-N π-bond. The carbonate
ligand remains coordinated in a κ1-fashion throughout the
insertion.

The κ1-HCO3 ligand protonates the NMe2 group of A-IN8
to give the amine product via the transition state A-TS6, at
1.9 kcal mol-1 below reactants, in which the proton lies midway
between an O of the carbonate ligand and N (O · · · H 1.28 Å
and N · · · H 1.19 Å). This proton transfer is moderately
exothermic by 7.3 kcal mol.-1 A-TS6 leads to complex
A-IN9, in which the coordinated product NHMe2 (Ir-N 2.15
Å) is hydrogen bonded to a κ2-carbonate (Ir-O 2.05 Å).
Dissociation of the amine requires 22.1 kcal mol-1 and
regenerates catalyst A. Overall, the imine reduction is exother-
mic by 9.3 kcal mol-1 and occurs with successive steps having
accessible energy barriers.

Amine Coordination. The more basic amine reagent tends
to outcompete the alcohol for binding to Ir: the dissociation
energy of CH3OH from CpIr(κ2-CO3)(CH3OH), A-IN1, is 8.0
kcal mol-1 (Figure 1), while that of CH3NH2 from CpIr(κ2-
CO3)(CH3NH2) is 23.4 kcal mol-1. The amine therefore inhibits
the reaction by disfavoring the coordination of the alcohol. The
product of the reaction, (CH3)2NH, has almost the same Ir-N
bond dissociation energy (22.1 kcal mol-1; Figure 2) because
it is more basic but also more bulky than CH3NH2. The amine
also outcompetes the imine for coordination to A-IN5. The
dissociation energy of the imine from A-IN6 is 8.3 kcal mol-1

(Figure 2), whereas the dissociation of the amine from CpIrH(κ1-
HCO3)(CH3NH2) costs 19.8 kcal mol.-1 These results show that,
apart from alcohol oxidation, the other step with a significant
energy barrier is amine dissociation. As a result, high temper-
atures (110 °C) are required to achieve good rates. For a given
amine there seems to be no remedy for this reagent inhibition
of the reaction.

Moving to a less basic amine was therefore predicted to
accelerate the reaction, and this proposal was successfully tested
experimentally for the case of TsNH2 (Ts ) p-CH3C6H4SO2)
versus the best studied case of PhCH2NH2. At short reaction
times (see eq 4, R ) PhCH2 or Ts) that give 20% yield of the
expected secondary amine from PhCH2NH2, we instead obtain
a 53% yield of PhCH2NHTs from TsNH2, implying a faster
rate for this case. The latter version of the reaction is also
significant in giving a protected primary amine rather than the
secondary amines previously reported.

Symmetry of the Reaction Scheme. The reaction steps of
eq 1 intrinsically mirror those of eq 3, so factors that favor one
disfavor the other, complicating optimization of the whole
scheme. The alcohol oxidation and imine reduction go via a
�-H elimination from an alkoxy ligand and the insertion of the
imine into the Ir-H bond. It is fortunate that the sequence of
events is always slightly in favor of the formation of the
products. For instance, the proton transfer is exothermic when
the proton goes from the coordinated alcohol to the coordinated
carbonate and from the bicarbonate to the amido group because
of the order in Lewis basicity. Likewise the �-H elimination of
the alkoxy group to form the aldehyde has a lower barrier
(A-IN2 f A-TS2 ∆Eq ) 15.9 kcal mol-1) than the �-H
transfer from the amido to the imine (A-IN8 f A-TS5 ∆Eq

) 26.4 kcal mol-1). Indeed, N-alkylation by amines requires

(29) (a) Shvo, Y.; Czarkie, D.; Rahamim, Y.; Chodosh, D. F. J. Am.
Chem. Soc. 1986, 108, 7400–7402. (b) Casey, C. P.; Singer, S. W.; Powell,
D. R.; Hayashi, R. K.; Kavana, M. J. Am. Chem. Soc. 2001, 123, 1090–
1100.

(30) (a) Privalov, T.; Samec, J. S. M.; Bäckvall, J.-E. Organometallics
2007, 26, 2840–2848. (b) Comas-Vives, A.; Ujaque, G.; Lledos, A.
Organometallics 2007, 26, 4135–4144.

(31) Hall, N. E.; Smith, B. J. J. Phys. Chem. A 1998, 102, 4930–4938.
(32) Samec, J. S. M.; Éll, A. H.; Åberg, J. B.; Privalov, T.; Eriksson,

L.; Bäckvall, J.-E. J. Am. Chem. Soc. 2006, 128, 14293–14305.

Figure 2. Imine reduction pathway with catalyst A.

(4)
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higher temperatures.33 All these factors favor oxidation of the
alcohol over that of the amine and reduction of the imine over
that of the aldehyde.

This calculated trend in relative ease of oxidation of alcohols
and amine is supported by a study by Casey et al. of reduction
of carbonyl and imine by the hydroxycyclopentadienyl ruthe-
nium hydride: reduction of imine is considerably faster than
that of carbonyl.29b In this case the reduction occurs via
concerted proton and hydride transfer, similar to that described
here, the difference being the nature of the ligand involved in
the proton transfer. As a consequence, even if amine is the most
coordinating ligand, the alcohol is easier to oxidize than the
amine and, by producing the aldehyde, promotes the forward
reaction. In addition, the reaction proceeds to the final secondary
amine because the imine is easier to reduce than the aldehyde.

Other Possible Active Forms of the Catalyst. The alkylation
of NH2Me by methanol was also explored with complexes B
and C as catalysts (Scheme 3), focusing on the �-H elimination
step. In the case of complex B, the formation of B-IN2, through
an intermolecular proton transfer from coordinated methanol
to Cl to liberate HCl (Figure 3 and eq 5), was not studied in
detail.

B+CH3OHfB-IN2+HCl (5)

The formation of B-IN2 is endothermic by 16.1 kcal mol-1,
reflecting the weakly acidic character of methanol and the low
basicity of chloride. The oxidation of the OMe ligand in B-IN2
into OdCH2 is a two-step process analogous to that found for
catalyst A, requiring an energy barrier from B-IN2 to B-TS3
of 17.1 kcal mol-1. The high-energy of B-TS3 relative to the
starting reagent (33.2 kcal mol-1) and the high endothermicity
of the transformation from B and CH3OH to B-IN4 (26.4 kcal
mol-1) show that the reaction with complex B is less favored
than with complex A.

The same set of calculations was carried out using cationic
complex C (Figure 4). The reaction starts with the protonation
of the Cl ligand of C by CH3OH according to eq 6 and the
formation of the alkoxy complex C-IN2.

C+CH3OHfC-IN2+HCl (6)

This initial step is moderately endothermic by 5.3 kcal mol-1.
From C-IN2, the �-H elimination occurs via the two step-

reaction previously described, the only difference being that the
highest transition state corresponds to the formation of the
agostic methoxy group. The energy barrier of 21.9 kcal mol-1

relative to C-IN2 (27.2 kcal mol-1 relative to C and CH3OH)
shows that the �-H elimination remains a step with a high energy
barrier. The aldehyde complex C-IN4 is 16.4 kcal mol-1 above
reactants.

The oxidation of the alcohol is thus significantly preferred
for the carbonate ligand (catalyst A). This is the only case where
the formation of the alkoxy complex is favored relative to
reactants. The �-H elimination has the lowest energy barrier
also with the carbonate, and finally the endothermicity of the
formation of the aldehyde complex relative to separated reagent
is the smallest.

�-H Elimination from Ir-OMe and Ir-NMe2. A general
point emerges from this study: �-H elimination from Ir-OMe
and from Ir-NMe2 in a 16e d6 complex or intermediate is
increasingly harder from alkoxy to amido ligand. A study by
Macgregor and Vadivelu has addressed a closely related point.34

The d8 square-planar IrX(CO)(PPh3)2 undergoes �-H elimination
at 0 °C for X ) octyl, but only above 95 °C for X ) OEt.35

The DFT calculations by Macgregor and Vadivelu have shown
that this is due to the presence of a π-interaction between Ir
and the alkoxy group in the three-coordinate complex formed
from loss of a phosphine ligand. This interaction deactivates
the alkoxy complex toward �-H elimination. The absence of
this stabilization in the alkyl complex is the reason for its higher
reactivity. It has also been shown that Cp*Ru(PR3)X (X )
π-donor) has a mirror-symmetry structure with Ru, P, X, and
the Cp* centroid coplanar because of the presence of a π-bond
between Ru and X.36 In addition, an MO analysis showed how
the presence of a π-acceptor ligand leads to a pyramidal structure
for CpMn(CO)2.37 A similar interpretation applies in the d6 Ir
complexes. In our case (Figure 1), this π-donation is favorable
in the 16e precursor complex A-IN2, where an empty metal
orbital is available, but cannot occur in the 18e intermediate

(33) Hollmann, D.; Bähn, S.; Tillack, A.; Beller, M. Angew. Chem.,
Int. Ed. 2007, 46, 8291–8294.

(34) Macgregor, S. A.; Vadivelu, P. Organometallics 2007, 26, 3651–
3659.

(35) (a) Schwartz, J.; Cannon, J. B. J. Am. Chem. Soc. 1974, 96, 2276–
2278. (b) Zhao, J.; Hesslink, H.; Hartwig, J. F. J. Am. Chem. Soc. 2001,
123, 7220–7227.

(36) Johnson, T. J.; Folting, K.; Streib, W. E.; Martin, J. D.; Huffman,
J. C.; Jackson, S. A.; Eisenstein, O.; Caulton, K. G. Inorg. Chem. 1995,
34, 488–499.

(37) Hofmann, P. Angew. Chem., Int. Ed. Engl. 1977, 16, 536–537.

Figure 3. Energy profile for �-H elimination with complex B. Figure 4. Energy profile for �-H elimination with complex C.
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agostic complex A-IN3 because the empty metal orbital is
involved in the agostic interaction and where dπ-pπ interactions
are only 4e destabilizing. Therefore, the formation of the 18e
complex in which the Ir-O π-bond is lost is the main cause
for the high energy barrier of the �-H elimination step, as shown
by the fact that the transition states for this step (A-TS3) and
the agostic complex (A-IN3) have the same energy (15.9 and
15.8 kcal mol-1, respectively).

This change in the Ir-O interaction from A-IN2 to A-TS2
is supported by the significant lengthening of the Ir-O bond
(1.92 Å in A-IN2 and 2.00 Å in A-TS2). It is also confirmed
by an NBO analysis. In A-IN2, the six metal electrons are
located in dxy, dx2-y2, and dz2 (where the z axis lies on the Ir-Cp
centroid vector and the O atoms lie in the yz plane). In addition
to the Ir-O σ-bond, the Ir-methoxy bond includes a π-delo-
calization of the O lone pair into the Ir dxz orbital, as illustrated
by the NLMO lone pair shown in Figure 5. The formation of
the agostic complex at A-TS2 is associated with bending of
the Ir-O-C angle to 90° and pyramidalization at Ir (Ir is no
longer in the plane defined by the cyclopentadienyl centroid
and the two coordinated oxygen atoms). Consequently, the
empty metal orbital no longer overlaps with the oxygen lone
pair, preventing the establishment of an Ir-O π-bond. This point
is clearly reflected by the contributions of iridium (�Ir) and
oxygen (�O) to the NLMO representing the lone pair: �Ir

decreases from 7.4% to 0.9% along the A-IN2 f A-TS2
pathway, whereas �O increases from 85.8% to 95.4% (see Table
1).

For clarity, we discuss the �-H elimination of the amido
ligand in the same direction as for the alkoxide case even though
the reverse reaction occurs (the amido complex A-IN8 is
formed during the reaction by reduction of the imine complex
A-IN6). The �-H elimination from A-IN8 via A-TS5 has an
energy barrier of 26.4 kcal mol-1, clearly higher than for the
methoxy ligand (A-IN2f A-TS2, ∆Eq ) 15.9 kcal mol-1).

Indeed amido complexes rarely undergo �-H elimination or
become agostic.38 Because the N lone pair is at higher energy
than that of the oxygen, the Ir-N π-bond is stronger and all
effects found in the case of Ir-OCH3 are stronger for the amido
ligand (Table 1). In fact, the NBO procedure did find a Ir-N
π-bond in A-IN8.

The same analysis applies to the B and C forms of the
catalyst. Only the �-H elimination from the alkoxy group was
examined (IN2 to TS2). The ancillary ligand tunes the Ir-O
π-bond. If the ancillary ligand is itself a π-donor, it competes
with the alkoxy group, the Ir-O π-bond in IN2 is weaker, and
the energy barrier for �-H elimination is lower. The chloride
(B) and the bicarbonate (A), having similar π-donating ability,
have similar energy barriers. In contrast, if the ancillary ligand
has no π-donor effect and in addition the complex is positively
charged, as is the case for C, the Ir-O π-bond in IN2 is stronger
and the barrier for �-H elimination higher. The direct relation
between the magnitude of the loss of the π-bond from the
unsaturated intermediate IN2 to TS2 as evaluated by NBO
analysis and the energy barrier for �-H elimination is shown
by the values in Table 1.

Conclusion

The reaction pathway for the Ir-catalyzed N-alkylation of
amines by alcohols has computed reaction barriers consistent
with the experimental requirement for elevated temperatures.
The reaction is composed of three multistep reactions: (1) Ir-
catalyzed oxidation of the alcohol, (2) nucleophilic addition of
the amine to the aldehyde, and (3) Ir-catalyzed reduction of the
imine to the final secondary amine. During these steps,
coordination of the alcohol and the imine to the metal center is
required. However the amines present as reactant and as product
are both better Lewis bases than either the alcohol or the imine.
Thus amine dissociation from the metal, required to regener-
ate the catalyst, is hard, and this step may account for the high
temperature required. This result led to a successful experimental
test with the weakly basic amine TsNH2, which reacts at a faster
rate, consistent with easier TsNH2 dissociation.

The reaction consists of two transfomations that are mirror-
images of each other: the same catalyst has to dehydrogenate
the alcohol and hydrogenate the imine. Improving one of the
reactions is expected to be deleterious for the other, and there-
fore improving the overall process may be challenging. The
presence of a carbonate as ancillary ligand has been found to
lower the energy barrier of many steps. It participates in the
dehydrogenation of the alcohol by hosting the proton while the
hydride coordinates to the metal. It has the reverse effect of
proton reservoir for the reduction of the imine. The presence
of such a ligand has already been found to be important for
alcohol dehydrogenation. Carbonate can easily go from κ2 to
κ1 as a function of the metal coordination. Proton transfer to
and from the ligand to be oxidized or reduced has been the
object of considerable attention, but this aspect cannot be
properly treated by computations due to the impossibility of
representing all equilibria between the different bases present.
We merely show here how carbonate can play this role.

The dehydrogenation of an alcohol via proton transfer and
�-H elimination has been shown to have a lower barrier than
that for an amine. This is related to the weaker Ir-O π-bond in
the alkoxy intermediate relative to the Ir-N π-bond in an amido
intermediate. This contributes to the production of the required
aldehyde by selective oxidation of the alcohol rather than the

(38) Hartwig, J. F. Acc. Chem. Res. 1998, 31, 852–860.

Figure 5. Graphical representation of the NLMO oxygen lone pair
in A-IN2 (a) and A-TS2 (b) from an NBO analysis.

Table 1. NBO Analysis of the π-Donation of the X Lone Pair (X )
O, N) to Iridium for the Intermediates and Transition States

Associated with the �-H Elimination Step and Energy Barriers in
kcal mol-1 for this Stepa

reactant transition state

reaction pathway �Ir �x �Ir �x energy barrier

A-IN2 f A-TS2 7.4% 85.8% 0.9% 95.4% 15.9
A-IN5 f A-TS8 32.9% 64.2% 1.4% 94.4% 26.4
B-IN2 f B-TS2 8.0% 86.0% 0.9% 95.5% 16.6
C-IN2 f C-TS2 8.6% 84.4% 1.3% 94.6% 21.9

a �Ir and �X represent the contributions of the metal and X in the
NLMO describing the X lone pair.
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amine. In contrast, the imine formed from the condensation of
the aldehyde and the amine is more easily hydrogenated to the
secondary amine than is an aldehyde. These preferences
contribute to favoring the forward direction of the overall
process.

Experimental Section

General Comments. All the operations were carried out under
a nitrogen atmosphere using standard Schlenk techniques. Toluene
was distilled from sodium-benzophenone. All starting materials and
reagents were obtained from commercial sources and used as
received unless otherwise noted. All glassware was dried overnight
prior to use. 1H, 13C, and 31P NMR spectra were obtained using a
Bruker spectrometer operating at 400 or 500 MHz. [Cp*IrCl2]2 was
prepared according to the method of Heinekey.39

Procedure. An oven-dried flask under an atmosphere of nitrogen
was charged with [Cp*IrCl2]2 (0.025 mmol), 1,3,5-trimethoxy

benzene as internal standard, and K2CO3 (0.050 mmol) in toluene
(0.5 mL). The amine (1.00 mmol) and the alcohol (1.00 mmol)
were then added, and the mixture was refluxed for 2 h and then
extracted with CH2Cl2 (1.00 mL). The extract was filtered through
Celite, evaporated to dryness, and redissolved in CD2Cl2 (0.30 mL).
The products were then analyzed by NMR spectroscopy by
comparison with authentic materials. The conversion is based on a
comparison with the internal standard.
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