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Rational Optimization of Lewis-Acid Catalysts for the Direct 
Amination of Alcohols, Part 1 – Activity Descriptors for Metal 
Triflates and Triflimides 
Pierre-Adrien Payard,[a,b]* Céline Finidori,[b] Laurélia Guichard,[b] Damien Cartigny,[a] Matthieu 
Corbet,[a,c] Lhoussain Khrouz,[d] Laurent Bonneviot,[d] Raphael Wischert,[a] Laurence 
Grimaud[b]* and Marc Pera-Titus[a]* 

Abstract: Herein we report a comparison of Lewis acidity indicators 
(affinity scales, electronegativity, Fukui functions, global electro-
philicity index) with a new in silico Beckett-Childs descriptor based 
on the build-up of partial charge, computed by DFT, on phosphine 
oxide coordinated to a Lewis acid. When applied to a broad series of 
triflate and triflimide salts, the last descriptor allowed a qualitative 
description of catalytic activity trends for the model amination 
reaction of benzyl alcohol with aniline. A high activity for titanium 
triflimide was predicted and experimentally confirmed. 

Introduction 

The direct amination of alcohols is an atom economic strategy to 
access amines starting from readily available and easy-to-
handle alcohols.[1] A variety of non-noble metal, inexpensive, and 
low-toxic Lewis acids (LAs) have been developed for this 
reaction in place of complexes based on Ru or Ir (borrowing H2 
reactions),[2] Pd (Tsuji-type reactions),[3] and Au.[4] Among the 
best catalysts, metal triflate [M(OTf)n] and triflimide [M(NTf2)n] 
salts, based on Ca,[5] Al,[6] In,[7] Yb,[8] Bi,[9] Ag,[10] Hg,[11] and HOTf 
as Brønsted acid,[12] stand out. In a previous study on Al(OTf)3, 
we showed the possibility of extending the amination reaction to 
electron-rich N-derivatives in nonpolar solvents.[13] However, for 
this reaction, as for other LA-catalyzed reactions, the choice of 
the catalyst encompasses a narrow selection of metal salts with 
scarce attempts for a rationale. Another caveat is that M(OTf)n 
and M(NTf2)n salts are usually poorly characterized (only few 
XRD structures are available[29,30]) and often contain an 
important amount of water. For these reasons, robust 
descriptors are required for predicting the catalytic properties of 
M(OTf)n and M(NTf2)n salts. 

LAs play a central role in synthetic chemistry for activating 
carbon-heteroatom bonds.[14] However, as of today, no general, 
straightforward, handy scale of Lewis acidity is available for 
ranking catalysts, and, in particular targeting direct amination 
reactions. The intrinsic problem emerges from the definition of 
Lewis acidity: a LA is an electron pair acceptor entity.[15] The 
main drawback of this definition is that the interaction between 
an electron vacancy and a doublet (Lewis base, LB) depends on 
a multiplicity of parameters such as electrostatic interactions, 
covalent bonding and dispersion forces, which can show a non-
trivial contribution to the stability or reactivity of the Lewis-adduct 
depending on the LB.[16] This drawback is even more apparent in 
the case of strong LAs such as M(OTf)n and M(NTf2)n salts.[17] 

Different methods have been proposed to assess the Lewis 
acidity. The first method relies on experimental or calculated 
affinities (e.g., Fluoride Ion Affinity,[18] Hydride Ion Affinity,[18b,19] 
oxophilicity scale[20]), namely the enthalpy or Gibbs free energy 
of formation of the acid-base adduct. Although the result is 
doubtless a measure of the Lewis acidity, the relationship 
between the reactivity and the stability of the Lewis acid-base 
adduct is a priori not straightforward. However, these methods 
have proved useful in several cases.[21] The second method is 
based on the modification of a physical property (e.g., IR wave 
number, 31P or 1H NMR chemical shift) due to a change of 
electronic density of a LB probe (Gutmann-Beckett method: 
phosphine,[22] Childs method: carbonyl,[23] amine,[24] RCN[25]) by 
transfer to the LA. Overall, we will refer all these related 
methodologies as “Beckett-Childs method”. The measured 
property should thus be correlated to the electronegativity (χ) of 
a molecule (and not of atoms) as defined by Parr,[26] or the 
“global electrophilicity† index” (GIE, ω).[27] Finally, the third 
method consists of measuring rate constants for LA-catalyzed 
model reactions.[22d,28] However, the rate constants are not 
directly correlated to the Lewis acidity, but rather to the 
electrophilicity.[15] In practice, all the above three methods are 
hardly used by organic chemists: the scales are difficult to 
handle, it is arduous to add a new LA to an already established 
series, and the sets of reported data are usually incomplete and 
rely on the experimental conditions. In this view, it is of prior 
necessity to develop a quantitative and easy-to-handle scale of 
Lewis acidity to assist the organic chemist in the choice of LAs. 

Here we evaluated a comprehensive library of M(OTf)n and 
M(NTf2)n salts on the model amination reaction of benzyl alcohol 
with aniline. The reactivity was contrasted to a large set of 
experimental and theoretical descriptors belonging to the three 
methods listed above. In particular, a new theoretical descriptor 
based on the partial charge build-up of a LB coordinated to a LA 
(method 2) exhibited an excellent correlation with the catalytic 
activity for the model amination reaction between benzyl alcohol 
(BnOH) and aniline. This descriptor led us to synthetize a new Ti 
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triflimide salt, which indeed showed a remarkable catalytic 
activity, thus validating our approach. 

Results and Discussion 

Experimental trends for BnOH amination with aniline 

In a first stage of our study, a series of non-noble M(OTf)n and 
M(NTf2)n salts were screened on the model amination reaction 
between BnOH (1a) and aniline (2a) in toluene,[13] targeting the 
formation of N-benzylaniline (3aa) (Figure 1; see Table 1 for 
M(NTf2)n salts, Table S1 for M(OTf)n salts). These salts are very 
hygroscopic and accordingly were kept under static vacuum on 
phosphorous pentoxide before use. Despite this precaution, 
amination reactions were not performed under inert atmosphere, 
since water is formed during the reaction. Several general trends 
emerged from these results. As a rule, triflimides gave better 
results than triflates, matching earlier studies.[17b] Both alkaline 
and alkaline-earth metals displayed very low activity. Likewise, 
late transition metals were not efficient. In contrast, high yields 
were obtained using early transition metals, pblock metals and 
lanthanides. Noteworthy, this behavior differs from that reported 
by Kobayashi and co-workers for Mukaiyama reaction in wet 
THF catalyzed by various MXn salts (X = Cl, OTf, ClO4).[28b] 

#  
Figure 1. Direct amination of BnOH 1a by aniline 2a in the presence of 
M(OTf)n or M(NTf2)n catalysts (reaction 1). 

Table 1. Screening of M(NTf2)n salts on the model amination reaction (1a + 2a 
= 3aa). Additional results on M(OTf)n salts can be found in the SI (Table S1) 

Experimental descriptors of Lewis acids 

We were curious to figure out if the above trends would hold for 
other LA-catalyzed amination reactions. To this aim, we chose a 
second amination reaction using electron-poor N-derivatives in a 
polar and non-coordinating solvents (Figure 2 upper part).[8a,13] 
The kinetics of formation of the amination product 3bb was 
monitored by 19F NMR. The first order rate constant was 
measured using several M(OTf)n salts (M = La3+, Al3+, Fe3+, 
Bi3+). The reactivity order for both amination reactions (1 and 2) 
was qualitatively similar and decreased in the sense Bi3+ > Fe3+ 
> Al3+ > La3+ for M(OTf)n salts (Table S1, Figure S1). Note that 
the rate constants suffer from unknown hydration, which can be 
variable for the different salts. In all cases, the ether resulting 
from self-condensation (1b’) was observed as by-product.[13] 

 

Figure 2. Amination of phenylethanol 1b and p-fluorophenyl sulfonamide 2b 
(reaction 2). 

We then investigated the convenience of the “Beckett-Childs 
methods” to estimate the Lewis acidity and achieve proper 
correlation with the catalytic results for reaction 1.[23] These 
methods depend on the variation of NMR chemical shift 
associated with the formation of a Lewis adduct to assess the 
electron withdrawing power of a LA (Figure 2, bottom part). First, 
heteronuclear 19F and 31P NMR were used as LB probes, as the 
chemical shifts are larger than those typically measured on 1H 
NMR and do not require deuterated solvents. Under LA excess, 
to form mainly a 1:1 Lewis adduct, both p–fluoroaniline and 
triphenylphosphine oxide resonances are strongly deshielded 
(Figures S2-S3).[24] However, the chemical shift variation 
induced by the different M(OTf)n salts did not match the 
reactivity order.‡ Benzaldehyde was then tested as 1H and 13C 
NMR probes. Under LA excess,[17b] a down-field shift of all 
resonances was observed (Figure S4), which can be attributed 
to electron-withdrawing effects.[23b] In this case, it was indeed 
possible to correlate the variation of the chemical shift with the 
reactivity. 

Overall, “Beckett and Childs methods” are not convenient for 
M(OTf)n and M(NTf2)n salts, as they require expensive 
deuterated nitromethane and even in this solvent, the solubility 
of these salts is very low. Moreover, as stated above the 
hydration level of both salts and the solvent is difficult to assess. 
To circumvent these limitations, we turned our attention into 
theoretical descriptors. 
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Figure 3. Tentative correlations between the yield of the amination reaction 1 catalyzed by M(NTf2)n (1a + 2a = 3aa) and: a) binding free energy of OPH3 to 
M(NTf2)n (ΔfG[LA]-L, kJ mol-1); b) electronegativity of M(NTf2)n (χ, kJ mol-1 e-1); c) electrophilic Fukui function (f+,|e|) of M(NTf2)n; d) global electrophilicity index of 
M(NTf2)3 (ω, kJ mol1e-2); e) and f) partial charge on OPH3 in the complex M(NTf2)n-OPH3 (|e|). In d) and e), lanthanide salts are displayed in green, late-transition-
metal salts in blue, others in red. In f) the color indicates the binding free energy of the salt to OPH3, as a quantification of possible poisoning. 

Table 2. Binding Gibbs free energy (ΔfG[M(NTf2)n]OPH3, kJ mol1) of OPH3 to M(NTf2)n,a electronegativity (χ, kJ mol-1 e-1) of M(NTf2)n,b electrophilic Fukui function 
(f+,|e|) of M(NTf2)n,b global electrophilicty index (ω, kJ mol-1) of M(NTf2)n,b Nbo charge variation on OPH3 due to coordination to M M(NTf2)n.a

Triflimide salt
χ 

(kJ mol-1 
e-1)

ω 
(kJ mol-1 

e-2)
f+ (|e|)

Charge 
on OPH3 

(e)
Triflimide salt

χ 

(kJ 

mol-1)

ω 

(kJ mol-1 

e-2)

f+ (|e|)

Charge 

on OPH3 

(e)

  Ag(NTf2)3 -76.67 520.29 265.92 -0,92 0.070 Lu(NTf2)3 -72.57 521.14 270.72 -0,71 0.125

Al(NTf2)3 -34.10 596.15 451.27 -0,08 0.139 Mg(NTf2)2 -49.37 533.67 269.62 -0,78 0.023

Au(NTf2) -119.83 633.94 537.60 -0,8 0.137 Mn(NTf2)2 (S = 
5/2) -39.84 612.73 346.74 -0,97 0.079

Ba(NTf2)2 -60.84 508.45 266.41 -0,9 -0.001 Na(NTf2) -48.74 515.25 291.29 -0,61 0.000

Bi(NTf2)3 -37.18 581.57 415.35 -0,6 0.137 Nd(NTf2)3 (S = 
3/2) -81.60 587.56 400.92 -0,64 0.148

Ca(NTf2)2 -50.69 522.96 268.54 -0,83 0.015 Ni(NTf2)2 (S = 1) -104.45 691.54 660.93 -0,61 0.091

Cd(NTf2)2 -50.19 594.99 382.41 -0,77 0.041 Pb(NTf2)2 -75.88 578.92 396.92 -0,8 0.071

Ce(NTf2)3 (S = 
1/2) -87.72 497.90 278.60 -0,65 0.153 Pd(NTf2)3 -6.99 636.65 599.21 -0,37 0.233

Co(NTf2)2 (S = 
3/2) -99.37 634.99 525.15 -0,67 0.104 Pm(NTf2)3 (S = 

2) -82.20 593.07 412.47 -0,65 0.147

Cs(NTf2) -39.06 565.51 265.34 -0,99 -0.008 Pt(NTf2)2 -1.11 564.06 445.89 -0,38 0.247

Cu(NTf2) -125.43 707.12 395.39 -0,89 0.073 Rb(NTf2) -45.84 489.22 272.33 -0,99 -0.008

Cu(NTf2)2 (S = 
1/2) -84.41 483.05 716.76 -0,51 0.118 Sb(NTf2)3 -42.23 567.62 392.75 -0,6 0.157

Er(NTf2)3 (S = 3/2) -75,72 565.33 353.65 -0,7 0.135 Sc(NTf2)3 -26.89 588.28 320.04 -0,52 0.197

Eu(NTf2)3 (S = 3) -78.85 684.37 685.83 -0,67 0.140 Sm(NTf2)3 (S = 
5/2) -77.98 642.57 544.53 -0,65 0.137

Fe(NTf2)3 (S = 
5/2) -36.16 723.51 868.69 -0,37 0.204 Sn(NTf2)2 -76.40 559.54 368.76 -0,77 0.082

Ga(NTf2)3 -32.21 541.61 300.70 -0,41 0.143 Sr(NTf2)2 -107.80 501.73 256.57 -0,87 0.005

Gd(NTf2)3 (S = 
7/2) -87.30 624.17 483.23 -0,53 0.153 Ti(NTf2)3 (S = 

1/2) -34.98 493.91 396.95 -0,4 0.268

#  

(kJ 

mol-1)

Δf G[L A]−L#  
(kJ 

mol-1)

Δf G[L A]−L
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Figure 4. Optimized 3D structures of [Al(NTf2)3-OPH3] and [Cu(NTf2)2-OPH3] 
adducts. 

Theoretical descriptors of Lewis acids 

The 3D structure of a large series of M(OTf)n and M(NTf2)n 
salts was optimized at the BP86-D3(BJ)/def2-SVP level, while 
the electronic energy was estimated at the B3LYP-D3(BJ)/def2-
TZVP level using the method previously reported for Al(OTf)3 
(see Computational Details in SI).[13] At this level of theory, 
triflates behaved as bidentate ligands in all structures with two O 
atoms coordinated to the metal cation (Figure 4, Figures S5-S9), 
matching earlier studies.[29] The case of triflimides was more 
challenging, since this anion could coordinate to a metal cation 
either via N or O atoms (see SI for a complete discussion on this 
point, Figures S10-S15, Tables S2-S3).[30] 

With these structures in hand, several descriptors, either 
intrinsic or related to a given LA-LB adduct, were calculated for 
M(OTf)n and M(NTf2)n. Note that the bare Mn+ cannot be used as 
a model for the salts due to the large cation-dependent errors 
associated to the energy of naked cations (in gas phase). The 
descriptors include (see definitions in SI): (1) an affinity scale 
based on the binding free energy of OPH3 to the LA metal salt 
(ΔG[LA-OPH3], Tables 2 and S4-S5), (2) the Parr electronegativity 
(χ, Tables S6-S7), (3) the hardness (η) and global electrophilicity 
index (ω, Tables 2 and S8-S9), and (4) the Fukui function (# , 
Tables 2 and S10-S11) for addition of an electron to the metal 
center. The affinity scale based on the [LA-OPH3] binding energy 
was first investigated. OPH3 was chosen as a molecular probe 
due to its small size and formation of stable Lewis adducts. 
Comparable trends were obtained using the enthalpy and free 
energy as descriptors, since entropic effects were of the same 
order of magnitude (Figure S16). When comparing the binding 
energy of OPH3 to M(OTf)n and M(NTf2)n, a rough trend was 
found, with M(OTf)n salts generally featuring higher binding 
energy (Figure S17). Overall, this descriptor proved meaningless 
with respect to the catalytic properties of the different salts. This 
was clearly evidenced by plotting the yield of 3aa against the 
affinity, showing no correlation (Figure 3a). Alternatively, the Parr 
electronegativity, the global electrophilicity index and the 

electrophilic Fukui function are potential descriptors of reactivity, 
as they should describe the ability of a LA to withdraw electronic 
density from a LB. Nonetheless, any attempt to correlate all 
these descriptors with the yield of 3aa was not fruitful, even if the 
global electrophilicity index reproduced acceptably the 
experimental trend (Figure 3b-3d). 

The poor predictive level of the descriptors above contrast 
with the promising correlations attained using the experimental 
Beckett-Childs method (vide supra). Inspired by this observation, 
we developed an in silico analogous method using OPH3 as 
molecular probe (Tables 2 and S12-S13, Figure 3e). The charge 
variation on OPH3 upon formation of a 1:1 Lewis adduct with 
M(OTf)n and M(NTf2)n was calculated on the whole OPH3 
molecule using NBO analysis (the charge on O-atoms may 
increase or decrease upon coordination due to variable 
polarization of the P-O bond) (Tables 2, S12-S13)[31] To our 
delight, good prediction level was achieved between the yield of 
3aa and the charge variation for M(NTf2)n salts (Figure 3e). The 
electron withdrawal from OPH3 was higher for M(NTf2)n salts, 
which correlates with their higher catalytic activity (Figure S19). 
Among M(NTf2)n salts, those based on late transition metals 
followed a consistent trend, but displayed lower activity (Figure 
3e-f). This observation might be ascribed to a higher poisoning 
of these salts, as they also exhibit higher affinity for OPH3 
(Figure 3a and 3f). Besides, the behavior of lanthanide salts was 
not well reproduced (Figure 3e), most likely due to the intrinsic 
difficulty to model lanthanide metals by DFT. 

The potential links between the different indicators would be 
of interest. In particular, it is remarkable that the charge 
exchange from the LB to M(OTf)n and M(NTf2)n is completely 
independent of the stability of the Lewis adduct formed. 
Accordingly, affinity scales can be misleading to predict catalytic 
activity. On the contrary, the global electrophilicity index provides 
a rough correlation with the experimental results (Figure 3d). 
This is reasonable as both our new indicator - based on the 
partial charge withdrawal from a real LB upon coordination - and 
global electrophilicity are designed to quantify the ability of a 
system to accept electronic density (see the SI for a definition of 
global electrophilicity). The poor ability of global electrophilicity, 
compared to partial charge, to describe the behavior of 
triflimides is probably due to the strong assumptions considered 
in its calculation that consist of no geometric relaxation (fixed 
potential) and transfer of one electron instead of partial density 
transfer. 

The good correlation between the new in silico Beckett-
Childs descriptor of Lewis acidity and the experimental reactivity 
trends prompted us to investigate the potential reactivity of 
M(NTf2)n salts that have not been previously tested. For this 
purpose, structure optimization and charge calculation were 
determined for various triflimide salts with a very low calculation 
cost (Table 2). Among the different salts assessed by this 

Ho(NTf2)3 (S = 2) -77.87 579.15 374.27 -0,7 0.139 Tm(NTf2)3 (S = 1) -67.28 608.13 451.24 -0,71 0.136

In(NTf2)3 -34,99 592.12 403.09 -0,58 0.134 V(NTf2)3 (S = 1) -42.21 610.76 457.21 -0,37 0.285

Ir(NTf2)3 -51.10 534.66 385.34 -0,27 0.316 Yb(NTf2)3 (S = 
1/2) -82.89 652.24 584.28 -0,71 0.153

K(NTf2) -47.69 487.98 267.78 -0,97 -0.006 Y(NTf2)3 -80.06 526.60 282.13 -0,58 0.105

La(NTf2)3 -82.53 534.76 292.16 -0,94 0.086 Zn(NTf2)3 -91.40 556.79 307.16 -0,68 0.042

Li(NTf2) -61.78 520.24 268.63 -0,46 0.015 Zr(NTf2)3 (S = 
1/2) -4.97 338.35 206.36 -0,44 0.215

a First-row transition metals and lanthanide complexes were considered in the high-spin state for both M(NTf2)n and [M(NTf2)n(OPH3)] Lewis-adduct, b Neutral, 
cationic and anionic first-row transition metals and lanthanide adducts were considered in the high-spin state.

f +



method, a promising catalytic activity was predicted for Ti(III) 
triflimide (Figure 3f). This computed design prompted us to try 
out the synthesis of this salt, which to the best of our knowledge 
has never been described. 

Titanium Triflimide: a New Catalyst for Alcohol Amination 

To our knowledge, only one report is available describing the 
tentative synthesis of Ti(OTf)4.[31] The main shortcoming of Ti 
salts relies on their propensity to form TiO2 in the presence of 
water. Encouraged by the anticipated high catalytic activity of Ti, 
we attempted the synthesis of Ti(NTf2)n by addition of excess 
trifluoromethanesulfonimide (HNTf2) on metal Ti in water. A pale 
pink solution was obtained after two days under reflux. Water 
and excess HNTf2 were removed under vacuum to give a pink 
solid 4.§ This color was rather unexpected for a Ti(IV) salt and to 
understand its origin, a set of analyses of 4 was performed (see 
Section 4 in SI for details). The analyses allowed the detection 
of 20% Ti(III) in solid 4, which was surprising with regards to the 
experimental conditions used [i.e. water, air, prolonged heating, 
Figure S20). This was further confirmed by Electron 
Paramagnetic Resonance (EPR). In THF, the EPR spectrum of 4 
featured the symmetric pattern of a Ti-centered single radical 
without Jahn-Teller effect (giso = 1.960) (Figure 5, see the SI, 
Figures S21-S22 for EPR spectra of the solid 4 and 4 in solution 
in toluene). On the basis of these data, the molecular formula of 
TiIII0.2TiIV0.8(NTf2)2(O)x(OH)y(H2O)z·2.5H2O was tentatively 
assigned to compound 4. 
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Figure 5. EPR spectrum of 4 in THF at RT (giso = 1.96, aiso = 18 G). 

Finally, complex 4 was tested in the direct amination of 
BnOH with aniline. To our delight, the desired product 3aa was 
obtained in 78% isolated yield with a good selectivity, matching 
the prediction (Figure 3f, star-shaped point).ƒ 

Conclusion 

In summary, we developed an “in silico Beckett-Childs” 
descriptor based on the DFT-predicted partial charge transferred 
from phosphine oxide (OPH3) to a Lewis acid. The use of this 
descriptor allowed us to predict promising activity for Ti(NTf2)3 
for the direct amination of benzyl alcohol. This theoretical design 
led us to the synthesis of a new Ti triflimide complex, which 
proved to be an active catalyst for the reaction. The catalytic 
activity of this complex is reported in the second part of this work 
(Part II). We hope that this handy theoretical descriptor of Lewis 
acidity, readily obtained from a single structure optimization and 
charge calculation, and encompassing very low calculation cost, 
will stand out in the future to rank Lewis acids. The use of this 

descriptor to the DFT-assisted optimization of other Lewis-acid 
catalyzed reactions is currently in progress in our team. 
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Notes 

† The term was poorly-chosen, as “electrophilicity” refers to a kinetic 
rather than thermodynamic property, see ref 18a. 

‡ These observations are coherent with the results reported in ref 18b. 
These are not surprising, as the 31P NMR chemical shift cannot be 
easily correlated to electronic effects, see also J. Tong, S. Liu, S. 
Zhang, S. Z. Li, Spectrochim. Acta A: Mol. Biomol. Spec. 2007, 67, 
837-846. 

§ HNTf2 sublimates under vacuum at about 60 °C, see Sun, J. Triflimide. 
Encyclopedia of Reagents for Organic Synthesis, Wiley-VCH, 
Weinheim, 2010. Note than one must not heat over 100 °C to avoid the 
decomposition of the salt according to the reaction: Ti(H2O)(NTf2) -> 
Ti(OH) + HNTf2, see TGA section. 
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