
Mechanistic investigation on the hydrogenation of imines by
[p-(Me2CH)C6H4Me]RuH(NH2CHPhCHPhNSO2C6H4-p-CH3).
Experimental support for an ionic pathway
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The need for acidic activation in the stoichiometric hydrogena-

tion of benzyl-[1-phenyl-ethylidene]-amine (6a) or [1-(4-meth-

oxy-phenyl)-ethylidene]-methyl-amine (6b) by Noyori’s

catalyst [p-(Me2CH)C6H4Me]RuH(NH2CHPhCHPhNSO2-

C6H4-p-CH3) (2) is inconsistent with the proposed concerted

mechanism and supports an ionic mechanism.

Optically active compounds are important in the fine-chemical,

pharmaceutical, and agrochemical industries.1 Chiral amines can

be prepared by catalytic reduction of imines, and transfer

hydrogenation has been used successfully for both imines and

ketones.2,3 In transfer hydrogenation, an alcohol, e.g. 2-propanol,

or a formate is used as hydrogen source. After our report of Ru-

catalysed transfer hydrogenation of imines by 2-propanol,4 the

first asymmetric transfer hydrogenation of imines was reported by

Noyori et al.5 In the latter reaction HCOOH was employed as the

hydrogen donor. Chiral Ru(II)–TsDPEN complex 1 (Fig. 1) was

used as catalyst in transfer hydrogenation of both ketones and

imines to give quantitative yields and high enantioselectivities (ee’s

up to 97% for imines).3,5–7

Some additional recent contributions of transfer hydrogenation

of imines include Ru(II)-,8 Rh(III)-,9 Ir(III)-,10 and Ni(0)-11 catalysts.

No asymmetric transfer hydrogenation of imines using 2-propanol

as hydrogen donor has been reported.

The proposed mechanism for transfer hydrogenation of ketones

and imines by 2, formed from 1, involves a cyclic transition state

(A) where the hydride and the proton are transferred from the

catalyst to the substrate in a concerted reaction without

coordination of the substrate (Fig. 2).6,7

The mechanism has been studied by several groups. Noyori and

co-workers have isolated 2 and 3 and proven that they are the

active species in catalysis involving ketones (aldehydes) and

alcohols.5 The concerted pathway is supported by kinetic isotope

measurements carried out by Casey et al.12 and calculations

performed by the groups of Noyori,13 Andersson,14 and van

Leeuwen.15 While mechanistic studies have been extensive for

ketones/alcohols, the studies on the corresponding reaction

involving imines/amines are limited. It has merely been assumed

that both classes of compounds follow the same mechanistic

pathway.7,13

We16 and Casey et al.17 have recently shown that for the related

metal ligand bifunctional catalyst 4, transfer hydrogenation of

imines (Scheme 1) occurs via a different mechanism to that of

ketones.

Here we report that the concerted mechanism proposed for

addition of hydride 2 to ketones (aldehydes) and imines (Fig. 2) is

not operating for imines. The hydride species 2, which reacts fast

with ketones (aldehydes), does not react with imines. However,

when an acid is added in the latter case a fast reduction occurs.

These results support an ionic mechanism for the reduction of

imines by 1, where the substrate is pre-activated by protonation

prior to hydrogen transfer. Recently, an ionic mechanism has been

proposed by Norton and Bullock for the hydrogenation of ketones

(aldehydes) and imines by different transition metal catalysts.18

2-Propanol alone cannot be used as the terminal reductant in

the transfer hydrogenation of imines catalyzed by 1.5 Instead a

mixture of formic acid and triethylamine is used. We argued that

this may be due to product inhibition where the amine produced
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Fig. 1 Noyori’s Ru–TsDPEN catalyst precursor 1, true catalyst 2 and

reactive intermediate 3.

Fig. 2 Proposed cyclic transition state for hydrogenation of ketones and

imines.

Scheme 1 Studied reaction between Shvo’s catalyst 4 and imines.
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coordinates to 3, formed from 2, to give a stable Ru–amine

complex.{ To investigate this complexation we mixed stoichio-

metric amounts of 2 with an imine. To our surprise, neither a Ru–

amine complex, nor free amine was observed (Scheme 2, Path A).

Both the chemical shifts and the integrals (400 MHz, CD2Cl2) of

the hydride signal of 2 at d 25.87 (s, 1 H) and the benzyl

hydrogens at d 4.66 (s, 2 H) and methyl group at d 2.29 (s, 3 H) of

imine 6a remained unchanged. In a similar experiment with imine

6b the signals of the methyl groups of the imine at d 3.83 (s, 3 H),

d 3.29 (s, 3 H) and d 2.19 (s, 3H) also remained unchanged. The

singlet of ferrocene at d 4.12 was used as an internal standard.

Even with a large excess of imine (10 equiv.) no reaction

between hydride 2 and the imine occurred after 12 hours

(Scheme 2, path A).{,§ This is in sharp contrast to the reaction

of ketones, where treatment of 2 with a tenfold excess of acetone

(R 5 Me Scheme 2, path B) instantaneously gave the 16 electron

species 3 and 2-propanol.6 Since formic acid/triethylamine is used

for catalytic transfer hydrogenation of imines we argued that the

activation barrier is too high to overcome without acidic activation

of the imine by protonation. This was supported by the fact that

addition of one equivalent of formic acid to the reaction mixture

afforded the corresponding amine (Table 1, entry 1).

To confirm that the formic acid was not working as hydrogen

donor we performed the hydrogenation of imines 6 by 2 with

different Brønsted acids and one Lewis acid. Interestingly, most of

these acids worked well to promote the hydrogenation. The use of

tetrafluoroboric acid afforded the amine in excellent yield (Table 1,

entry 3). Trifluoroacetic as well as acetic acid gave high yields after

prolonged reaction times (Table 1, entries 6 and 8). Scandium

triflate, which has been used for activation of imines in reductive

amination,20 also gave an excellent yield in the reaction between

imine 6a and catalyst 2 (Table 1, entry 9). This further supports the

proposal that the role of the acid is to activate the imine. Only the

sterically hindered benzoic and pivalic acid gave moderate yields in

this transformation (Table 1, entries 11 and 12). The striking

difference when using no acid is still evident, since no amine is

formed, even after 31 hours (Table 1, entry 13). All yields and ee

values are comparable to those of the catalytic version (cf. 72%

yield and 77% ee after 36 h).5

Based on our studies, we conclude that the concerted pathway

previously reported7,13 (Fig. 2) does not operate for imines. Acidic

activation of the imine is required and further studies on how the

protonated imine is hydrogenated by hydride 2 are currently

underway.
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