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ABSTRACT: Imines are ubiquitous intermediates in organic synthesis and the metal–mediated imination of alcohols is 
one of the most direct and simple method for their synthesis. However, reported protocols lack compatibility with many 
other functional groups since basic supports/media, pure oxygen atmospheres and/or released hydrogen gas are required 
during reaction. Here we show that, in contrast to previous metal–catalyzed methods, hexa–aqueous Ru(III) catalyzes the 
imination of primary alcohols with very wide functional group tolerance, at slightly acid pH and under low oxygen at-
mospheres. The inorganic metal complex can be supported and stabilized, integrally, within either a faujasite–type zeo-
lites (Y and X) or a metal organic framework (MOF), to give a reusable heterogeneous catalysts which provides an indus-
trially viable process well–below the flammability limit of alcohols and amines. 

 
KEYWORDS: imine • ruthenium • catalysis • zeolite • metal–organic framework. 

Ru is one of the most used and versatile metal catalysts 
for the dehydrogenation of alcohols,1 however, it is barely 
used for the dehydrogenating imination reaction.2 In one 
hand, acceptorless catalytic Ru(II) complexes (i.e. pincer–
type organoRu(II) complexes)3 produce H2 during the 
reaction, which reduces the imine, and in the other hand, 
high–valent Ru (IV) and (VI) compounds (i.e. tetraprop-
ylammonium perruthenate, TPAP, and RuO2)4 and Ru(II) 
catalysts (i.e. Ru(PPh)3Cl2 and Ru(p–cymene)Cl2)5 use 
sacrificial oxidants to quench the Ru–hydrides, which are 
not compatible with many functional groups. 

Indeed, it is difficult to find functional group tolerant 
protocols for the imination of alcohols for any metal cata-
lyst.2a,6 The metal catalyst faces the challenge of avoiding 
hydrogen borrowing mechanisms by rapidly quenching or 
releasing the so–formed hydrides and, at the same time, 
shifting the equilibrium towards the imine product. These 
combined redox/acid–base requirements are even more 
hampered for aldimines, key intermediates for the syn-
thesis of a plethora of commercially–relevant nitrogen–
containing organic molecules,7 since the dehydrogenation 
of primary alcohols requires strong basic conditions and 
promote decarbonylation reactions.8 Should any powerful 
Ru catalyst for the dehydrogenation of alcohols operate in 
non–basic media and engage amines without giving hy-
drogen atoms back nor using strong oxidizing conditions, 
an inherently very active and selective metal catalyst for 
the direct imination of alcohols will arise. 

Table 1 (entries 1–14) shows the imination of 4–
vinylbenzyl alcohol (1) and 3,4–dimethylaniline (2) cata-
lyzed by a 5 mol% of 15 representative Ru catalysts, in 
toluene at 90 ºC, and with 2 equivalents of O2, which cor-
responds to the amount of air in the vial. Notice that 
these atmospheric conditions are extremely mild and ful-
fill flammability limitations in industry for organic com-
pounds. The first results in Table 1 confirm the difficulties 
mentioned above, and Ru(II) or (III), salts and complexes 
(entries 1–5), pincer–type complexes (entries 7–10) and 
supported Ru nanoparticles (entries 11–12) do not give 
imine 3 (complex A Milstein´s aceptorless dehydrogenat-
ing catalyst gives 35% of the amine product, entry 6),2c 
while high–valent Ru compounds (entries 13–14) act as 
stoichiometric rather than catalytic agents, to yield the 
amount of imine 3 corresponding to reducible Ru. 

In contrast, [Ru(H2O)6]3+ (entry 15) shows truly catalytic 
activity and achieves 21% of imine 3. This Ru species, pre-
pared in HBF4 solutions in the 60´s9 and later supported 
in faujasite–type zeolites by simple cation exchange,10 has 
rarely been reported for catalysis,11 despite its simplicity. 
The combination of acidity, accessibility and water–
compatibility in a same Ru site seems favorable for the 
imination of alcohols. Unfortunately, monitoring the ho-
mogeneous reaction by in–situ ultraviolet–visible (UV–
vis) spectroscopy combined with kinetic experiments 
(Figure S1), with non–chromophoric reagents, showed 
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Table 1. Results for the imination of 4–vinylbenzyl alco-
hol (1) and 3,4–dimethylaniline (2) with Ru catalysts. 

 

a 2 equivalents of O2 corresponds to the air in the vial. GC yields. Between 
parentheses, isolated yields. b Hydrogenated imine as only product found. c 
63% isolated yield in 2 gram–scale; 58% after 5 uses. A 3 wt% sample gives 
56% isolated yield. d Bare zeolites and MOF do not give any product. 
 

the rapid degradation and the loss of catalytic activity of 
[Ru(H2O)6]3+ in toluene solution. 

A plausible way to overcome such a catalyst degrada-
tion in solution is to support the Ru active species onto a 
solid. However, this degradation is not avoided when 
supporting [Ru(H2O)6]3+ on different amorphous inorgan-
ic oxides such as alumina, silica, titania and magnesia 
(entries 16–19), since the progressive loss of the fragile 
hexa–aqueous Ru(III) cation still occurs. 

[Ru(H2O)6]3+ depletion may come from the loss of ionic 
interaction in the organic medium between the soft 
Ru(III) cation and the BF4

-/inorganic oxide counterbal-
ancing anion, and, perhaps, a confining anionic solid with 
a delocalized charge and an intimate interaction with 

[Ru(H2O)6]3+ may preserve its integrity and catalytic activ-
ity for longer. Indeed, Ru[(H2O)6]3+–NaY (1 wt% Ru in the 
zeolite, entry 20) gives a 65% of isolated imine 3, 63% in 2 
gram–scale, and the solid is recyclable for at least 5 times 
without significant depletion in catalytic activity (58%). 
Hot–filtration experiments, at 20% conversion, show no 
catalytic activity after solid catalyst filtration, and ICP 
analysis confirm that the Ru loading keeps constant on 
NaY after use. A NaY sample exchanged with 3 wt% in-
stead of 1 wt% Ru (see footnote in Table 1) works similar-
ly, thus saving catalytic solid material. Diffuse reflectance 
(DR) UV–vis and infrared (IR) spectroscopy, together 
with Ru3p X–ray photoelectron spectroscopy (XPS) of 
[Ru(H2O)6]3+–NaY treated with air in the XPS chamber at 
100 ºC, confirms the stability of the Ru(III) site (Figures S2 
and S3).12 These results strongly support the heterogene-
ous character of the catalysis.  

Hydrophobic solvents (hexane, α,α,α–trifluorotoluene 
and toluene) work better than polar solvents (Table S1), 
plausibly by enhancing zeolite–Ru[(H2O)6]3+ ionic interac-
tion. In order to assess that this zeolite–Ru[(H2O)6]3+ in-
teraction is crucial for the catalysis, faujasite electronics 
was varied by cation exchange, from electron poor (thus 
highly acid, HY) to electron–rich (thus highly basic, CsX). 
DR UV–vis and IR spectra of the zeolites show the ex-
pected peaks for [Ru(H2O)6]3+ and the absence of direct 
oxo–Ru bonds with the zeolite walls (Figures S2 and S5), 
which supports the integrity of the hexa–aqueous com-
plex. The catalytic activity of the different [Ru(H2O)6]3+–
zeolite catalysts changes with the electronics, peaking for 
NaY and KY  (Figure S4).13 The fact that the quasi neutral 
faujasite KY confers the better catalytic activity to the 
extraframework Ru(III) site discards the participation of 
zeolite Brönsted sites during the imination reaction14 and 
strongly supports  [Ru(H2O)6]3+ as the intrinsic catalyst, 
stabilized in the zeolite. Following this hypothesis, it 
seemed highly promising to prepare new active solid cata-
lysts by supporting [Ru(H2O)6]3+ in other delocalized ani-
onic solids, such as MOFs. 

MOFs15 are porous crystalline materials showing a large 
variety of interesting properties –most of which arise from 
their porous character and amazing host–guest chemis-
try16– and find application in many different important 
fields.15b In particular, MOFs have already shown excellent 
results in supporting and stabilizing small metal clusters17 
or metal complexes18 within their channels, showing high 
catalytic activity.19 In this context, we thus selected a 
highly robust anionic MOF of formula 
Ni2

II{NiII
4[CuII

2(Me3mpba)2]3} · 54H2O, capable to ex-
change the Ni2+ cations hosted within its pores by 
[Ru(H2O)6]3+, in a similar procedure to cation exchange in 
zeolites. The post–synthetic20 single crystal to single crys-
tal (SC to SC) process21 was monitored through SEM–EDX 
and ICP–AES (Table S2), whereas Ru oxidation state and 
oxygen atom electronics were determined by X–ray pho-
toelectron spectroscopy (XPS, Figures S6–S7). Figure 1 
shows the single crystal X–ray crystallography (SC–XRC) 
results for the new MOF, with formula

Entry Ru catalyst Yield of 3 (%)a 

1 RuCl3 0 

2 Ru(acac)3 0 

3 RuCl2(PPh)3 0 

4 RuCl2(NH3)6 0 

5 RuCl2(p–cymene) 0 

6b Complex A 0 

7 Complex B 0 

8 Complex C 5 

9 Complex D 0 

10 Complex E 0 

11 Ru (5 wt%)–C 0 

12 Ru–Al2O3 0 

13 TPAP 36 

14 RuO2 14 

15 Ru[(H2O)6]·3BF4 21 (18) 

16 Ru(H2O)6–Al2O3 (0.1 wt% Ru) 27 

17 Ru(H2O)6–SiO2 (0.1 wt% Ru) 26 

18 Ru(H2O)6–TiO2 (0.1 wt% Ru) 23 

19 Ru(H2O)6–MgO (0.1 wt% Ru) 20 

20c Ru[(H2O)6]3+–NaY (1 wt% Ru) 73 (65) 

21d [RuH2O)6]3+–MOF (~3 wt% Ru) 97 (90) 

22 Ru(OH)3– Al2O3 (1 wt% Ru) 7 
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Figure 1. Views of the porous crystal structures, determined by single crystal X–ray diffraction, of [Ru(H2O)6]3+–MOF in the ab 
(a) and bc (b) planes, respectively. (c) Perspective view one single channel of [Ru(H2O)6]3+–MOF along the c (left) axis. d) Per-
spective view of a fragment of a single channel emphasizing the hydrogen bonds interactions. Cu(II) and Ni(II) cations from the 
coordination network are represented by cyan and blue polyhedra, respectively, whereas the ligands are depicted as gray sticks. 
Ru(III) cations and water molecules hosted in the channels are represented by gold and red spheres with surface, respectively.  

[RuIII(H2O)6]0.83[RuIII
2(µ–

H2O)(H2O)10]0.25{NiII
4[CuII

2(Me3mpba)2]3} · 61H2O 
([Ru(H2O)6]3+–MOF). 

Figure 1a shows the [Ru(H2O)6]3+ and [RuIII
2(µ–

H2O)(H2O)10]6+ units, respectively hosted in the two types 
of channels present in the anionic framework: the larger 
octagonal ones much more accessible for catalysis (vide 
infra) and the small square hindered channels. Both the 
hexa–aqua Ru(III) monomers, located in octagonal pores 
and [RuIII

2(µ–H2O)(H2O)10]6+ dimers, exhibit Ru–OH2 
bond distances [1.97(1) to 2.37(3) Å], very similar to the 
only one report found in the literature.22 This lack of 
reports on crystallographically defined [Ru(H2O)6]3+ 

monomers further supports an intrinsic stabilizing effect 
of MOF’s confined space. The larger octagonal 
hydrophilic channels of the MOF, contain a much larger 
accessible void space (size of ca. 2.2 nm), which contrasts 
with the very small amount of room available in the small 
square channels, almost fully occupied by the [RuIII

2(µ–
H2O)(H2O)10]6+ dimers (Figure 1c and 1d). This point 
suggests that the [Ru(H2O)6]3+ monomers located in the 
larger channels  are potential catalytic species. Apart from 
electrostatic interactions between Ru3+ units and the 
anionic framework, all [Ru(H2O)6]3+ cations located in 
both types of channels are hydrogen–bonded – involving 
the carboxylate oxygen atoms of the framework and water 
molecules constituting the coordination environment of 
the Ru3+ ions [Owaters···Ooxamate 2.827(3) and 2.923(3) Å]  to 
the anionic framework, which further fixes and stabilizes 
them within the pores (dashed lines in Figures 1c, 1d and 
S8–S10). These results definitely underline how the inter-
play between hydrophilic channels and the consequent 

vastly solvated confined nanospace ̶ in which water mole-
cules are noninnocent participants ̶ is at the origin of 
[Ru(H2O)6]3+ moieties stabilizations and unambiguously 
confirm the integrity of [Ru(H2O)6]3+ within the porous 
solid. 

The experimental powder X–ray diffraction (PXRD) 
patterns of a polycrystalline sample of [Ru(H2O)6]3+–MOF 
is identical to the theoretical one (Figure S11), which con-
firms the purity of the bulk. Moreover, the chemical na-
ture was further determined by elemental analysis (Sup-
porting Information) and the water contents was estab-
lished by thermogravimetric analysis (TGA, Figure S12). 
There is a continuously loss of mass before 150 °C, howev-
er, this corresponds to physisorbed water an organic sol-
vent traces, and not to the aqueous complex, that decom-
poses at much higher temperature. Finally, the porosity of 
the MOF after the PS cation exchanged was confirmed by 
measuring the N2 adsorption isotherm at 77 K (Figure 
S13). 

The [Ru(H2O)6]3+–MOF catalyst gives 90% isolated yield 
of imine 3 (entry 21 in Table 1), the highest among all Ru 
catalysts tested. Hot–filtration experiments and ICP anal-
ysis show that Ru remains on the MOF after reaction, and 
XPS confirms the stability of the Ru catalyst within the 
MOF (Figures S6–S7). Kinetic experiments show that the 
initial turnover frequency TOF0 for soluble 
Ru[(H2O)6]3+·3BF4

-,  Ru[(H2O)]6
3+–NaY and Ru[(H2O)6

3+]–
MOF is similar, measured at initial reaction times when 
degradation is still no significant (Figure S14), and that 
product formation increases longer for the MOF catalyst. 
These results confirm that the catalytic activity is intrinsic 
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Figure 2. Scope for the imination of primary alcohols with 
amines using either Ru[(H2O)6]3+–NaY, –KY or –MOF as a 
catalyst. Imines 6, 7 and 9–10 were catalyzed by the MOF; 
imines 11–13 by KY, and the rest by NaY. The same yield of 
imine 4 is obtained with a 15–year old NaY catalyst, and the 
same occurs with imine 6 and the MOF. 2 equivalents of 
O2 corresponds to the air in the vial. 
 
to [Ru(H2O)6]3 and that keeps for longer on solids that 
stabilize better the catalyst. Notice that a related catalyst,  
Ru(OH)3–Al2O3, prepared in highly alkaline solutions and 
very active for dehydrogenations of alcohols,23 is merely 
inactive here since amine condensation is hampered under 
strong basic conditions. 

Figure 2 shows that Ru[(H2O)6]3+–NaY, –KY and –MOF 
catalyze the imination of primary benzyl and allyl alcohols 
with different amines in good isolated yields and selectivi-
ty under aerobic conditions, tolerating halogen (imines 4, 
6, 14, 16, 20–21, 25–26), cyano (5), alkene (7, 16–17, 20 and 
24), nitro (8 and 22–23), thioether (9 and 17), ester (10), 
trifluoromethane (11 and 21), heteroaromatic (12–13 and 
31), alkyne (14–15), phenol (18–19), ether (19, 24 and 26), 
sulfonamide (22), boronic ester (25) and enamine (27–30) 
functionalities in the molecule. For alkyl enamines, cy-
clization occurs to give the corresponding Doebner–Miller 
quinoline products 32–33, which reflects the acidity im-
parted by the Ru3+ aqueous cation. A sample of 

[Ru(H2O)6]3+–NaY stored for 15 years in the bench shows 
the same catalytic activity than a fresh sample, and the 
same occurs for [Ru(H2O)6]3+–MOF stored for 1 year. These 
results illustrate the robustness of the supported 
[Ru(H2O)6]3+ catalysts. Notice that flammability limits in 
industry for organic compounds generally restrict O2 
concentration below 20%, thus the results here presented 
are not only of interest for imine synthesis in the 
laboratory but also for a plausible industrial scale 
production.   

The imination reaction shown in Table 1 does not pro-
ceed in complete absence of O2, and H2 is not detected in 
the reaction atmosphere, even at [O2] << air. If 1–dodecene 
and Pd/C (5 wt%) are added from the beginning to a reac-
tion under optimized conditions (>80% of 3), no alkene 
hydrogenation occurs. These results discard acceptorless 
mechanisms and support a very efficient Ru–hydride 
quenching by O2 during reaction. The corresponding ki-
netic equation, according to kinetic results at initial times, 
is v0=kapp[1][O2][Ru] at [O2]<air, and simply v0=k´app[1][Ru] 
at higher [O2] (Figure S15), which reflects a rapid satura-
tion of the catalytic site for [O2]>air and that amine 2 does 
not participate in the rate–determining step (r.d.s.) of the 
reaction. In accordance, the dehydrogenation initial rate of 
1, without adding amine 2, is very similar to the imination 
initial rate when 2 is present, and a kinetic isotopic effect 
(KIE)= 2.8 is obtained when α,α–deuterated benzyl alcohol 
(PhCD2OH) is used, regardless if amine 2 is present or not. 
These results strongly support that alcohol dehydrogena-
tion is the rate–limiting step of the imination, and that 
amine condensation and Ru–hydride capture by O2, to 
form water, are much faster processes. 
 A possible general mechanism for the Ru[(H2O)6]3+ imina-
tion reaction, either supported or not, is shown in Figure 3. 
Notice that the confining solids maximize the synthesis 
and lifetime of the Ru[(H2O)6]3+ species, but do not have a 
direct role in the reaction mechanism. The bigger pore size 
of the MOF respect to the zeolite can explain the better 
catalytic activity of the former (>20% yield increase for 
product 3), however, the porosity of both solids is enough 
for reactants/products diffusion and does not hamper the 
reaction outcome. 
    The proposed mechanism involves that the alcohol dis-
places one water ligand on Ru3+ to trigger a beta–hydrogen 
elimination, and that the intermediate Ru–H species is 
rapidly quenched by O2. The so–formed aldehyde conden-
sates with the amine under acid catalysis to give the final 
imine product. 

 

 
Figure 3. Mechanism of the [Ru(H2O)6]3+–catalyzed 
imination of primary alcohols with amines.  
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In summary, the imination of primary alcohols catalyzed 
by [Ru(H2O)6]3+ supported on structured porous solids 
occurs in high yields and with a wide functional group 
tolerance under aerobic conditions, which is a step 
forward for imine synthesis. This work constitutes an 
example of cross–fertilization between zeolites and MOFs 
to support catallytically active metal species.   
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