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Direct Amination of Alcohols Catalyzed by Aluminum Triflate: an 
Experimental and Computational Study 
Pierre-Adrien Payard,[a,b] Qingyi Gu,[a] Wenping Guo,[a,c] Qianran Wang,[a] Matthieu Corbet,[a] Carine 
Michel,[c] Philippe Sautet,[c,d] Laurence Grimaud,[b] Raphael Wischert,[a]* and Marc Pera-Titus[a]*  
Abstract: Among the best performing homogeneous catalysts for 
the direct amination of activated secondary alcohols using electron-
poor amine derivatives, metal triflates, such as aluminum triflate, 
Al(OTf)3, stand out. Here we report the extension of this reaction to 
electron-rich amines and activated primary alcohols, and provide 
detailed insight into the structure and reactivity of the catalyst under 
working conditions in both nitromethane and toluene solvent, 
through experiment (cyclic voltammetry, conductimetry, NMR), and 
density functional theory (DFT) simulations. Competition between 
aniline and benzyl alcohol is found to be critical for explaining how 
the solvent conditions the reactivity. The catalyst structures 
predicted from calculations are validated by the experiments. While 
a SN1-type mechanism is active in nitromethane, we propose a SN2 
mechanism in toluene, thus rationalizing the much higher selectivity 
when using this solvent. Also, unlike what is commonly assumed in 
homogeneous catalysis, we show that different active species may 
be active instead of only one. 

Introduction 

Amines hold a substantial place among the intermediates used 
and synthesized by the chemical industry, with a vast repertoire 
of applications.[1] Among the different methods for amine 
synthesis, the direct amination of alcohols constitutes an 
attractive transformation, since alcohols (including biomass-
derived alcohols) are readily available, easy to handle and water 

is generated as sole byproduct.[2] Unlike traditional pre-activation 
methods which require transformation of the OH-group into 
leaving groups such as halides, carboxylates, phosphates or 
carbonates, this synthetic approach is consistent with the 
principles of green chemistry, both in terms of atom economy 
and waste prevention.[3] 
During the last decades, three main strategies have emerged for 
the direct amination of alcohols: (i) the borrowing hydrogen 
methodology (BH2) using either Ru or Ir complexes,[4] and more 
recently non-noble metal complexes based on Mn[5] or Fe,[6] (ii) 
Tsuji-Trost type reactions for allylic alcohols using Pd[7] or Ni[7a, 8] 
complexes, and (iii) Lewis-acid catalysis based on a variety of 
salts and ligands.[2a, 2d] The latter is attractive as it uses non-
noble metal, inexpensive, and low-toxic salts. Among the best 
performing catalysts, triflates and triflimides stand out as Lewis 
superacids.[9] Metal triflates and triflimides, based on Ca,[10] Al,[11] 
In,[12] Yb,[13] La,[13c] Hf,[13c] Bi,[14] Cu,[15] Ag,[16] Hg,[17] and Au,[18] 
including the parent triflic acid (HOTf),[19] were found active for a 
broad range of acid-catalyzed reactions. In particular, Mashima 
and coworkers reported Al(OTf)3 as a powerful catalyst for the 
amination of secondary allylic or benzylic alcohols.[11b] The 
reaction proceeded to completion and with high selectivity in 
nitromethane at mild temperature (25-50 °C) and short reaction 
times (from 5 min to 6 h, typically 10-30 min). However, as a 
major drawback, the reaction scope was limited to electron-poor 
amine derivatives, such as amides, sulfonamides, carbamates, 
and to activated alcohols (Scheme 1, left).[11b]  

 
Scheme 1. Scope of the direct amination of alcohols catalyzed by Al(OTf)3.[11b] 

With respect to the catalytic mechanism, there is general 
consensus that substitution of OH-groups with C-, S-, and O-
nucleophiles proceeds via a SN1-type mechanism, in the 
presence of hard Lewis or Brønsted acids.[2a, 2d] Carbocation 
intermediates are generated by coordination of the alcohol to the 
acidic center, and subsequent formation of an acid-OH- species. 
Racemization of optically active alcohols,[2d] and electronic and 
solvent effects support such a mechanism. Due to their polar 
nature, solvents typically used for SN1-type reactions, such as 
dichloromethane,[10] dioxane,[14b, 19] nitromethane,[11b, 13a, 16b] and 
water,[12, 14a] can stabilize ionic intermediates. Additives such as 
KPF6 for Bi(OTf)3

[14b] and Bu4NPF6 for Ca(NTf2)2
[10] can enhance 

the catalytic performance, most likely by generating more active 
species by exchange of TfO- and NTf2- anions for PF6

-. 
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While a SN1-type mechanism appears to be predominant for a 
large majority of metal triflates, key aspects of the Lewis acid-
catalyzed amination reaction of alcohols remain unclear. This 
lack of understanding can be certainly ascribed to the difficult 
access to the catalyst structure under working conditions. 
Indeed, detailed structural and spectroscopic data on metal 
triflates is scarce, in particular in solution, with the notable 
exception of recent ESI-MS[9, 20] and NMR studies[21] reported by 
Duñach, Gal and coworkers. Likewise, few theoretical 
investigations of metal triflate-catalyzed reactions of alcohols[22] 
or ethers[22b, 23] exist. As a measure of Lewis acidity, the effective 
charge density (i.e. the ratio between the DFT-calculated cation 
charge and the effective ionic radius) was found to correlate with 
the catalytic activity for the C-O bond cleavage of ethers.[22b, 23] 
Here, we extend the direct amination of alcohols catalyzed by 
Al(OTf)3 to electron-rich amines and primary benzylic alcohols, 
using the reaction between benzyl alcohol (BnOH) and aniline 
as a model system (Scheme 1, right). We show that the 
selectivity of the reaction strongly depends on the choice of the 
solvent, with an unexpectedly favourable outcome in toluene, a 
solvent typically not used for this class of reactions. We then 
provide detailed insight into the structure of the catalyst under 
working conditions, using different analytical methods. DFT 
calculations are performed to rationalize the findings and the 
reaction mechanism. 

Results and Discussion 

Amination reaction in nitromethane and toluene 

First, we investigated the catalytic properties of Al(OTf)3 in 
nitromethane, a polar solvent typically used for metal triflate-
catalyzed reactions.[11b] For this purpose, a 1:2 mixture of benzyl 
alcohol (BnOH) and aniline was heated in the presence of a 
catalytic amount of Al(OTf)3 (Scheme 2). Unlike the results 
reported by Mashima and coworkers obtained with electron-poor 
amine derivatives and secondary allylic or benzylic alcohols,[11b] 
our reaction required very harsh conditions. Indeed, even at 
160 °C under microwave irradiation, the primary amination 
product N-phenylbenzylamine (3) was obtained with poor 
selectivity (Table 1, entry 1). Besides, the carbon balance turned 
out to be low, most likely due to the formation of oligomers. 
Lower temperatures did not lead to any product. 

 
Scheme 2. Main products obtained in the amination reaction of benzyl alcohol 
(1, BnOH) with aniline (2). 

Unexpectedly, when the reaction was performed under the same 
conditions, but in toluene, a non-polar solvent, the expected 
product 3 was obtained with high selectivity (90%) and fair yield 

(Table 1, entry 2), and an almost quantitative carbon balance 
was achieved. Note, that in both solvents only trace amounts of 
the secondary amine 4 and Friedel-Crafts products 5-6 were 
formed. Less byproduct was again observed in toluene. 
The markedly different reaction outcome for nitromethane and 
toluene suggests different mechanisms. Therefore, to better 
understand the different reactivity in both solvents and the need 
of much higher temperature, compared to electron-poor amines 
and activated secondary alcohols, a dedicated mechanistic 
study of the Al(OTf)3-catalyzed amination reaction was 
undertaken in both nitromethane and toluene. 

 
Table 1. Conversion of benzyl alcohol, (BnOH, 1), yields, and carbon balance 
(in %) for the reaction with aniline in two different solvents, according to 
Scheme 2. Values obtained by GC analysis, using biphenyl as an internal 
standard. 

Solvent Conv. Yield Carbon balance 1 3 4 5 6 
Nitromethane  63 26 (41)a 1.2 2.9 2.2 59 
Toluene  41 37 (90)a 0.3 1.1 0.8 96 

a) Selectivity to N-phenylbenzylamine (3). 

Nature of Al(OTf)3 in nitromethane and coordination of 
benzyl alcohol 

The nature of Al(OTf)3 was first investigated in nitromethane by 
different analytical methods (cyclic voltammetry, conductimetry, 
1H- and 13C-NMR spectroscopy). Cyclic voltammetry (CV) allows 
the characterization of redox-active species by their oxidation 
and reduction potentials. In this technique, the reactivity can be 
assessed by considering that the reduction or oxidation currents 
are proportional to the concentration of the electroactive 
species.[24] The CV of Al(OTf)3 dissolved in nitromethane (10 
mM) exhibited two non-reversible reduction peaks (i.e. R1 and 
R2) centered at -0.55 V and -0.95 V vs. SCE, respectively 
(Figure 1a). An increase of the scan rate up to 2 Vs-1 modified 
the relative intensity between both peak currents (Figure S1). 
Such a behavior can be typically ascribed to the existence of an 
equilibrium between two different species.  

 

Figure 1. CV towards reduction potentials recorded on a steady glassy carbon 
disk electrode (d = 1 mm) in nitromethane containing n-Bu4NBF4 (300 mM) at 
20 °C with a scan rate of 0.5 V s-1. a) Al(OTf)3 (10 mM); b) Al(OTf)3 upon 
addition of increasing amounts of BnOH (0 [in blue], 11 [in black] and 50 equiv 
[in red]); and c) insert of b). 
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The addition of water increased the reduction peak current at R1 
at the expense of peak R2 (Figure S2). The reduction peak R1 
could thus be attributed to water coordinated to Al(OTf)3, while 
peak R2 could be attributed to nitromethane coordinated to 
Al(OTf)3.[25] A similar reduction pattern for nitromethane was 
observed in the presence of various Lewis acids such as LiNTf2, 
LiBF4 and AlCl3 (Figure S3). 
To assess any potential triflate dissociation, a series of 
conductivity measurements was performed in nitromethane at 
different Al(OTf)3 concentrations. The conductivity of the parent 
solution was found to be very low and a plot of the conductivity 
vs. Al(OTf)3 concentration is characteristic of poorly dissociated 
electrolytes (Figure 2, ▲). This observation is consistent with 
published reports establishing a weak dissociation of metal 
triflate salts in low-coordinating solvents such as nitromethane.[20]  
Additional CV experiments were conducted to investigate the 
coordination of BnOH to Al(III). The reduction peak R2 
decreased significantly upon BnOH addition (Figure 1b, c), 
whereas the current intensity increased at a reduction potential 
similar to R1. This observation is likely due to the appearance of 
a new peak (R3), which can be attributed to BnOH coordinated 
to Al(OTf)3. This complex is expected to behave similarly to that 
formed with water (reduced at R1), which could explain the 
similar reduction potentials. These results underline the high 
affinity of BnOH for Al(III), being able to displace nitromethane 
under conditions similar to those of the catalytic reaction. 
However, in analogy to water, coordination of BnOH does not 
result in the dissociation of the triflate ions, as apparent from the 
plot of conductivity vs. Al(OTf)3 concentration in the presence of 
excess BnOH (100 mM) (see Figure 2, Δ).  

 

Figure 2. Conductivity of Al(OTf)3 in nitromethane (▲), with excess BnOH 
(100 mM, Δ) and with excess aniline (100 mM, blue ■) as a function of the 
Al(OTf)3 concentration. For comparison, the conductivity of NaOTf in 
nitromethane (red ■) is also plotted. 

 
To gain more insight into the nature of the possible reaction 
intermediates, the complexes formed between BnOH and 
Al(OTf)3 were analyzed by 1H- and 13C-NMR. In the presence of 
10 equiv of Al(OTf)3, the singlet at 4.63 ppm accounting for the 
two benzylic protons of BnOH was shifted to 4.64 ppm (Figure 
S4a). Comparable shifts were observed by 13C-NMR, with all 
signals being shifted by about 0.5 ppm (Figure S4b, c). Even if 

tiny,[26] this shift is consistent with the coordination of BnOH to 
Al(III) and corresponds to a rapid equilibrium on the NMR 
timescale. 

Catalyst deactivation by aniline in nitromethane 

Upon addition up to 1.5 equiv of aniline to a solution of Al(OTf)3, 
no free aniline was present, as evidenced by the absence of its 
characteristic oxidation peak at +1.0 V vs. SCE in the CV plot 
(Figure 3a). CV towards negative potentials exhibited a new 
reduction peak at -0.7 V vs. SCE (R4), together with a markedly 
lower intensity of the reduction peak at -0.95 V (R2) (Figure 3b). 
This observation is consistent with the formation of a complex 
between Al(III) and aniline. 
Upon addition of 3 equiv of aniline (Figure 3a), the reduction 
peak at -1.0 V vs. SCE almost vanished. Moreover, the 
conductivity measured for Al(OTf)3 with an aniline excess (100 
mM) exhibited higher values than for a solution of sodium triflate, 
together with a linear-shaped curve that is consistent with the 
formation of ionic species (Figure 2, ■). p-Fluoroaniline was 
used as 19F-NMR probe to study the complexation of aniline to 
Al(III). In the presence of 1 equiv of Al(OTf)3, the 19F-NMR signal 
shifted from -127 ppm to -110 ppm (fluorobenzene was used as 
an internal standard at -112 ppm). This shift confirms the 
coordination of aniline to Al(III), thus allowing the determination 
of the stoichiometry of the complex using the Job plot method 
(Figure S5). The point-shaped plot obtained is indicative of a 
large constant with a maximum observed at 0.6 corresponding 
to a 3:2 complex. The latter result is consistent with the CV 
curves, as free aniline was evidenced beyond 1.5 equiv of 
aniline with respect to Al(OTf)3. 

 

Figure 3. CV recorded on a steady carbon disk electrode (d = 1 mm) in nitro-
methane containing n-Bu4NBF4 (300 mM) at 20 oC and at a scan rate of 0.5 V 
s-.1. a) oxidation of Al(OTf)3 (10 mM) with 1.5 equiv of aniline [blue], 1.6 equiv 
of aniline [black] and 1.8 equiv of aniline [red]; b) reduction of Al(OTf)3 (10 mM) 
without aniline [blue], with 1 equiv of aniline [black] and 3 equiv of aniline [red]. 

To further rationalize the potential competition between BnOH 
and aniline, CV and NMR experiments were conducted in the 
presence of excess BnOH. All these tests confirm that aniline 
was able to displace BnOH from Al(III) (Figure S6, S7). 
Moreover, when 1-phenylethanol was reacted with electron-poor 
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p-tolylsulfonamide (2 equiv) at room temperature in the 
presence of 10%mol Al(OTf)3 and aniline (2 equiv), no amination 
product was observed. Conversely, when the same reaction was 
performed under the very same conditions as in ref. [11b], but in 
the absence of aniline, the amination product was obtained (see 
Figure S8 and corresponding discussion in the supporting 
information). Overall, we can conclude that, in nitromethane, 
Al(OTf)3 is deactivated by the formation of cationic complexes 
featuring aniline as ligand (Scheme 3a). Hence, BnOH is not 
expected to coordinate to Al(III), which is consistent with the 
poor selectivity observed under reaction conditions (see Table 1). 

Competition between BnOH and aniline for Al in toluene 

Next, we studied the coordination of BnOH and aniline to 
Al(OTf)3 in toluene. Al(OTf)3 alone proved to be insoluble in 
toluene. However, upon addition of 2 equiv of aniline, a single 
reduction plateau at E1/2 = -0.5 V vs. SCE (R5) was observed by 
CV, using a stationary method on an ultramicroelectrode.[27] 
Likewise, Al(OTf)3 with 10 equiv of BnOH exhibited a single 
reduction plateau at E1/2 = -1.0 V vs. SCE (R6) (Figure 4). When 
20 equiv of aniline were added to a solution of Al(OTf)3 (10 mM) 
and 10 equiv of BnOH, two reduction plateaus associated with 
BnOH- and aniline-ligated Al(III), respectively, were observed. 
Still, the equilibrium was in favor of the BnOH complex and up to 
80 equiv of aniline were necessary to fully shift the equilibrium 
towards coordinated aniline (Figure 4). Note, that this situation 
contrasts with the BnOH and aniline coordination pattern in nitro-
methane (vide supra). 

 
Figure 4. CV recorded on a steady gold ultramicroelectrode (d = 25 µm) in 
toluene containing n-hex4NBF4 (60 mM) at 20 oC with a scan rate of 0.01 V s-1. 
From top to bottom: complexation of Al(OTf)3 (10 mM) with 10 equiv of BnOH 
(blue), 10 equiv of BnOH and 30 equiv of aniline (green), and 10 equiv of 
BnOH and 80 equiv of aniline (red).  

The competition between BnOH and aniline was further 
confirmed by 19F-NMR spectroscopy, using p-fluoroaniline. In the 
presence of 5 equiv of p-fluoroaniline, Al(OTf)3 was not soluble 
in toluene and this situation persisted even up to 40 equiv of p-
fluoroaniline. From the integration of the p-fluoroaniline signal, it 
appeared that 1 equiv of p-fluoroaniline was coordinated to a 
non-soluble Al(III)-complex. In contrast, in the presence of 
excess BnOH (30 equiv), Al(OTf)3 (2 mM) was completely 

soluble in toluene, as evidenced by the integration of the signal 
at -78 ppm for ligated triflates. This behavior does not exclude, 
however, a competition between BnOH and p-fluoroaniline 
under catalytic conditions. Indeed, when both BnOH and p-
fluoroaniline were in excess with respect to Al(OTf)3, the p-
fluoroaniline signal in 19F NMR shifted from -127 ppm to -121 
ppm, proving that a significant quantity of p-fluoroaniline was 
ligated to Al(III). 
Overall, the above results point out that the nature of Al(OTf)3 
under catalytic conditions depends to an important extent on the 
polarity of the solvent. While polar solvents such as 
nitromethane favor its dissociation and accordingly the coor-
dination with electron-rich ligands such as aniline, no charged 
species are formed in the presence of non-polar solvents such 
as toluene (Scheme 3b). In this view, it is reasonable to expect a 
different catalytic mechanism as a function of the solvent. In 
particular, a SN1-type mechanism seems very unlikely in toluene.  

 

 
Scheme 3. a) Deactivation of Al(OTf)3 in the presence of aniline in nitro-
methane by the formation of ionic complexes, b) simplified coordination 
pattern of Al(OTf)3 complexes in toluene and nitromethane under catalytic 
conditions. 

Determination of the structure of the catalyst by DFT 
calculations 

To validate the experimental findings, interpret them in detail 
and provide mechanistic insight, we performed a DFT study, 
focusing on the surprisingly selective amination reaction in 
toluene. Calculations were performed at the B3LYP-D3(BJ) / 
def2-TZVP (COSMO) // BP86-D3(BJ) / def2-SV(P) level (see the 
supporting information for details, and validation of the method 
against CCSD(T) reference calculations, Tables S1 and S2). 
Al(OTf)3 can coordinate up to three additional ligands, assuming 
monodentate coordination of the triflate anions (as opposed to 
the bidentate κ2-coordination in free Al(OTf)3, Figure 5a). The 
binding free energy (ΔGbind) of n ligands L to Al(OTf)3 is defined 
as the free energy associated with the formation of a [Al(OTf)3Ln] 
complex from Al(OTf)3 and n ligands L. At 25 °C in toluene this 
binding for a single ligand is strongest for BnOH (ΔGbind = -87 kJ 
mol -1), followed by aniline (ΔGbind = -75 kJ mol-1) and the 
reaction products, N-phenylbenzylamine (Gbind = -72 kJ mol-1) 
and water (ΔGbind =  -70 kJ mol-1) (Figure 5b-e and Table S3, 
entries 1-4). These values agree well with the experimentally 
observed stronger binding of BnOH compared to aniline (vide 
supra). Note, that alcoholysis of Al(OTf)3 by BnOH, leading to 
the formation of Al(OTf)2(BnO) and HOTf, was found to be much 
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less favorable than binding of BnOH to Al(III) (ΔG = +32 vs. 
ΔGbind =  -87 kJ mol-1, vide supra). The high affinity of BnOH for 
Al(III) can be rationalized a priori by the high oxophilicity of 
Al(III),[28] but it is possible to analyze more in detail the nature of 
the interaction by NBO charge analysis (Table 2): Both Al-O and 
Al-N bonds result mainly from ionic interactions, as apparent 
from charge separation (polarization) upon coordination. In the 
case of BnOH, the formal positive charge on Al(III) increases 
from +1.92 to +2.17, while the formal negative charge of the O of 
BnOH increases from -0.71 to -0.87, thus clearly demonstrating 
electron transfer from Al to O. For aniline coordination, while 
polarization of the N atom of aniline is comparable to that of the 
O atom of BnOH (-0.19 vs. -0.16, respectively), the effect on 
Al(III) is much smaller (+0.14 vs. +0.25 for BnOH). Also, the Al-O 
bond is much shorter than the Al-N bond, leading to a stronger 
coulombic interaction for the O atom. All these observations are 
consistent with a hard Lewis acid / hard Lewis base interaction, 
favoring O-coordination. 

 

 
Figure 5. Optimized structures of a) free Al(OTf)3, b-c) after coordination of 
reactants, d-e) after coordination of products, and calculated binding free 
energies (ΔGbind at 25 °C in toluene, kJ mol-1, indicated in brackets). 

Table 2. Selected NBO partial charges estimated by NBO,[29] and Al-
O(H)CH2C5H5 and Al-N(H)2C5H5 bond lengths for Al(OTf)3, Al(OTf)3(BnOH) 
and Al(OTf)3(aniline). Changes, compared to free Al(OTf)3, BnOH and aniline, 
are indicated in brackets. 

 Al(OTf)3 Al(OTf)3(BnOH) Al(OTf)3(aniline) BnOH aniline 

charge on Al 1.92 2.17 (+0.25) 2.06 (+0.14)   

charge O/N  -0.87 (-0.16) -0.96 (-0.19) -0.71 -0.79 

d(Al-O/N) (Å)  1.83 1.97   

q1q2/d  -1.0316 -1.0039   

 
A second interaction likely contributes to the difference between 
BnOH and aniline. The coordination of the reactant and product 
molecules leads to decoordination of one or several O atoms of 
the initially k2-coordinated triflate anions from the Al(III) center. 

These O atoms can now participate in stabilizing H-bonds with 
protons from the molecules coordinated to Al(III) (Figure 5b-d). 
The strongest H-bonds are formed with O-bound molecules, i.e. 
BnOH (1 bond with d(OOTf-H) = 1.50 Å) and water (2 bonds with 
d(OOTf-H) = 1.59-1.60 Å), while much weaker bonds are formed 
with the N-containing aniline and N-phenyl benzylamine (d(OOTf-
H) = 1.84-2.03 Å). 
The energetic gain of binding a second BnOH molecule to 
Al(OTf)3(BnOH) is smaller (-58 kJ mol-1, see Table S3, entry 5) 
than for the first molecule, probably because the Lewis acidity of 
Al(III) is reduced by the already bound BnOH. Note that for the 
other molecules, the relative binding strengths (i.e BnOH > 
aniline > H2O) are preserved (Table S3, entries 6-7). The 
binding of a 3rd BnOH molecule on Al(III) results in  a strong 
stabilization by -70 kJ mol-1 vs. Al(OTf)3(BnOH)2, probably 
because a very stable octahedral structure is formed (ΔGbind = -
215 kJ mol-1, Figure 6a and Table S3, entry 8). Note that when 
only one type of molecule is coordinated, both fac and mer 
isomers can be formed with either all triflate ions and ligands 
grouped on opposite sides of the octahedron (fac), or occupying 
the octahedral planes (mer). The latter was found more stable 
than fac-coordination by 32, 51 and 14 kJ mol-1 for BnOH, 
aniline and water, respectively, most likely because steric and 
electrostatic repulsion between the coordinated molecules and 
the triflate anions is minimized (Table S3). The higher binding 
strength of BnOH, compared to aniline and water, is conserved 
for the binding of 3 molecules (ΔGbind = -215 vs. -183 kJ mol-1 
and -154 kJ mol-1, respectively, see Figure 6a-c).  

 

Figure 6. Selected optimized structures of complexes of Al(OTf)3 with 3 
molecules of BnOH, aniline, or water; and calculated binding free energies 
(ΔGbind at 25 °C in toluene, kJ mol-1, indicated in brackets). 

We also calculated all possible mixed combinations with n BnOH 
l l aniline and m water molecules (n + l + m = max. 3, see Table 
S3). This analysis confirms that mer-Al(OTf)3(BnOH)3 is indeed 
the most stable structure in toluene, thus corroborating and 
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quantifying the experimental findings, which clearly indicated 
preferential binding of BnOH in toluene. BnOH is present in all 
most stable mixed configurations (see for example Figure 6d 
and Table S3, entries 8-12) and all combinations without BnOH 
are significantly less stable. The charge transfer (withdrawal of 
electrons) from the ligands to Al decreases with the number of 
ligands, going from +0.25 for 1 BnOH (see Table 2) to 0.24, and 
0.15 for 2 and 3 BnOH, respectively (see Table S4). At the same 
time, the average bond length Al-O(H)CH2C5H5 increases from 
1.83 to 1.93 Å (see Table S4). Both factors are consistent with a 
decreasing binding energy per ligand (Figure S9a). 
The binding free energies were in addition computed at 160 °C 
(reaction temperature) (Table S3, Figure S9b). As expected, at 
this temperature, binding to Al(OTf)3 is much less favorable. 
Low-coordinated and potentially more reactive metastable 
complexes such as Al(OTf)3(BnOH)2 and Al(OTf)3(BnOH) are 
thus accessible under reaction conditions, but unlikely at 25 oC, 
at which CV and conductometry tests were performed. In what 
follows, Al(OTf)3(BnOH)3 is the most stable structure in toluene, 
i.e. the resting state of the catalyst, while less stable structures 
will be called reactive states.  

Reaction mechanism 

In polar solvents, a SN1-type mechanism can be proposed for 
the direct amination reaction of BnOH. Indeed, dissociation of 
Al(OTf)3(BnOH)3 into [Al(OTf)3(BnOH)2(OH)]– and a benzyl 
cation is feasible in nitromethane, albeit associated with a 
sizeable barrier (DG‡ = +97 kJ mol-1). Combined with the 
energetic cost to displace the strongly bound aniline from the 
Al(III) center (vide supra), this explains why much harsher 
conditions are necessary than for the more reactive secondary 
alcohols, and less basic and thus less coordinating amine 
derivatives used by Mashima.[11b] The formation of cationic 
species is very likely responsible for side reactions and in turn 
for the low selectivity. In contrast, in toluene, where a SN1 
mechanism is impossible (DG = +272 kJ mol-1), one can more 
reasonably assume a SN2-type mechanism, in which aniline 
attacks the C-atom of BnOH coordinated to Al(III), thus avoiding 
the formation of ionic species. 
Starting from Al(OTf)3(BnOH)3, three different C-O bonds can be 
broken. Since the structures of the transition states are similar, 
we only report the most favorable case (Figure 8a and Figure 9, 
DG‡ = 117 kJ mol-1; attack on the other two benzylic carbon 
atoms is slightly less favorable by 3 and 13 kJ mol-1). The 
transition state features trigonal-bipyramidal coordination and 
sp2-hybridization of carbon, as expected for a SN2 reaction. The 
O-C-N angle formed between the breaking C-O and the forming 
C-N bond is close to linear (162°). Note, that a triflate ligand 
stabilizes the transition state by forming a H-bond with one of 
the protons of aniline. The product of an intrinsic reaction 
coordinate (IRC) run starting from the transition state converges 
to a stable structure in which protonated N-phenyl benzylamine 
is bound to [Al(OTf)3 (BnOH)2(OH)]-(Figure 8b and Figure 9, DG 
= -21 kJ mol-1). This structure can be interpreted either as an 
ion-pair, or as an acid-base adduct in which the basic N of the 
amine product interacts with the proton of the water molecule, 
which, in turn, is acidified by its coordination to Al(III). Proton 

transfer and decoordination of N-phenylbenzylamine leads to 
Al(OTf)3(BnOH)2(H2O) (DG = -1 kJ mol-1), and release of water to 
Al(OTf)3(BnOH)2. Unlike the most stable isomer found for 
coordination of 2 BnOH (Table S3, entry 5), the resulting 
structure is five-coordinate and therefore less stable (DG = +70 
kJ mol-1). Finally, BnOH coordination leads back to 
Al(OTf)3(BnOH)3 (DG = -18 kJ mol-1), the resting state of the 
catalyst. 

 

 
Figure 8. Transition state (TS SN2) and ion-pair for the reaction of aniline with 
Al(OTf)3(BnOH)3 in toluene; selected distances are indicated in Å. 

 

 
Figure 9. Calculated free energy profile for the direct amination of benzyl 
alcohol with aniline to N-phenylbenzylamine and water in toluene solvent. Free 
energies (DG at 160 °C, kJ mol-1) are defined relative to separate 
Al(OTf)3(BnOH)3 and aniline. 

Effect of coordinated species on the catalyst efficiency 

In addition to Al(OTf)3(BnOH)3, the resting state of the catalyst 
(i.e. the most stable situation), we studied reactive states of the 
catalyst, i.e. less stable structures in which one or several BnOH 
have been exchanged by either aniline or water. The height of 
the intrinsic barrier (ΔG‡

intr) provides a measure of the reactivity 
of each reactive state, while the total barrier (ΔG‡

tot) compares 
the reactivity with that of Al(OTf)3(BnOH)3 (Table 3). For both 
Al(OTf)3(BnOH)2(X) and Al(OTf)3(BnOH)(X)2 with X = H2O or 
aniline, the structures of the transition state and ion-pairs (Figure 
S10a-d) are very similar to those found for Al(OTf)3(BnOH)3. As 
a result, the intrinsic barriers are similar (Table 3, entries 2-5) 
(DG‡

intr = 117 kJ mol-1, Table 3, entry 1), while in the case of 
Al(OTf)3(BnOH)2(H2O) the barrier is even lower (DG‡

intr = +108 
kJ mol-1, Table 3, entry 3). This means that for coordination of 3 
ligands to Al(III), the nature of the ligands has no significant 
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effect on the reactivity of coordinated BnOH. However, given the 
lower stability of the reactive states compared to 
Al(OTf)3(BnOH)3, the cost for ligand exchange has to be 
accounted for. Indeed, when only 1 BnOH is exchanged for 
aniline or water, the effect is small, (DG‡

tot = 121-123 kJ mol-1, 
Table 3, entries 2-3), but when 2 ligands are exchanged, the 
reaction becomes significantly more difficult (DG‡

tot = 140-151 kJ 
mol-1, Table 3, entries 4-5).  

 
Table 3. Calculated intrinsic free energy barrier with respect to the reactive 
state (DG‡

intr) and aniline, total free energy barrier (DG‡
tot) with respect to the 

resting state Al(OTf)3(BnOH)3
 and aniline, and partial charge on the Al atom 

calculated by NBO (difference vs. Al(OTf)3(BnOH)3 in brackets); free energies 
in toluene at 160 °C (kJ mol-1) 

Entry Reactive state DG‡
intr DG‡

tot Charge on Al 
1 Al(OTf)3(BnOH)3 117 117 2.09 
2 Al(OTf)3(BnOH)2(Aniline) 117 121 2.06 (-0.03) 
3 Al(OTf)3(BnOH)2(H2O) 108 123 2.03 (-0.06) 
4 Al(OTf)3(BnOH)(Aniline)2 119 140 2.05 (-0.04) 
5 Al(OTf)3(BnOH)(H2O)2 119 151 2.01 (-0.08) 
6 Al(OTf)3(BnOH) 71 155 2.17 (+0.08) 

 
Finally, we also studied the reactivity of the low-coordinated 
complex Al(OTf)3(BnOH). Not surprisingly, the energy barrier for 
the SN2 reaction is very low (DG‡

intr = 71 kJ mol-1, Figure S10e), 
most likely because of its higher Lewis acidity, as apparent from 
the higher partial charge on Al(III) compared to coordination by 3 
ligands (Table 3, last column). However, as already mentioned, 
starting from Al(OTf)3(BnOH)3, the formation of Al(OTf)3(BnOH)2 
and Al(OTf)3(BnOH) by successive losses of BnOH is 
associated with an energetic cost of 55 and 29 kJ mol-1, 
respectively (Table S3, entries 1, 5, and 8). Overall, the 
energetic cost to generate Al(OTf)3(BnOH) outweighs its higher 
reactivity, leading to an overall barrier of DG‡

tot = 155 kJ mol-1 

(Table 3, entry 6), which is significantly higher than that for the 
fully coordinated resting state of the catalyst, or other reactive 
states. It is therefore unlikely that the low-coordinated complex 
Al(OTf)3(BnOH) contributes to the observed reactivity. 

Conclusion 

We have successfully extended the Al(OTf)3-catalyzed direct 
amination of activated secondary alcohols with electron-poor 
amine derivatives[11b] to activated primary alcohols and electron-
rich amines, by studying the model reaction of benzyl alcohol 
(BnOH) an aniline. By combining experiments with DFT 
simulations, we were able to provide detailed insight into the 
structure of the catalyst and the mechanism of the reaction, 
which were found to strongly depend on the type of solvent 
(polar vs. non-polar). Competition between aniline and benzyl 
alcohol was evidenced both by NMR spectroscopy and cyclic 
voltammetry, and proved to be critical to explain how the solvent 
conditions the reactivity. The strong affinity of aniline for Al(III) in 
nitromethane solvent, which can be attributed to the formation of 
ionic species, is responsible for catalyst deactivation and very 
low selectivity. Under such conditions, a SN1-type mechanism is 
active. In contrast, in toluene, the reaction is very selective, 

leading to almost exclusive formation of the desired N-
phenylbenzylamine. In this case, competition of BnOH and 
aniline for Al(III) binding is in favor of BnOH, as shown 
experimentally and validated by DFT calculations, predicting the 
formation of Al(OTf)3(BnOH)3 as the most stable complex 
(resting state of the catalyst). The calculations strongly support a 
SN2 mechanism in which aniline attacks the C-atom of BnOH 
coordinated to Al(III), thus avoiding the formation of ionic 
species, and leading to much higher selectivity. To our 
knowledge, it is the first time that such type of mechanism is 
proposed for metal triflate-catalyzed substitution reactions. Also, 
instead of a single active species, as commonly assumed in 
homogeneous catalysis, we find that several species, generated 
by exchange of coordinated BnOH with water or aniline, can be 
active. Further investigations about how the solvent, reactants 
and products condition the reactivity of metal triflates are 
currently underway in our laboratories.  
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The use of aluminum triflate, Al(OTf)3
 as catalyst for the direct amination of 

activated primary alcohols with electron-rich amines is reported. Competition 
between aniline and benzyl alcohol is evidenced both by NMR spectroscopy and 
cyclic voltammetry, and is shown to be critical to explain how the solvent conditions 
the reactivity in polar and non-polar solvents, with a high selectivity in toluene. 
Density functional theory (DFT) calculations rationalize the impact of the catalyst 
structure on the reactivity, and support an unprecedented SN2-type mechanism in 
toluene. 
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