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Abstract.

The reductive N-monomethylation of nitroarenes is a reaction of wide scientific interest that can be
conveniently realized in one-pot using methanol as both the reductant (H2 donor), methylating agent
and solvent. Ruthenium(II) n®-arene complexes are increasingly investigated as efficient catalytic
precursors for (transfer) hydrogenation and dehydrogenation processes. In this framework, amino or
alcohol groups working as proton-relay units are essential to realize a metal-ligand cooperative
catalysis. Herein, starting from commercially available and inexpensive dioxime ligands,
{RC=N(OH)}., we developed novel ruthenium(ll) arene complexes that efficiently catalyze the
tandem reduction/N-methylation of aromatic nitrocompounds with methanol.

Thus, the complexes [RuX(k?N-dioxime)(n®-p-cymene)]* (Cl/dimethylglyoxime, [1]*; Cl/nioxime,
[2]*; Inioxime, [3]%), [RUCI(k*N-dioxime)(n5-CsMes)]" (dimethylglyoxime, [4]*; nioxime, [5]*;
diphenylglyoxime, [6]") and [RuCl(k*N-nioxime)(n®-1,3,5-CsHsMes)]* ([7]") were isolated as nitrate
or hexafluorophosphate salts in high yields and characterized by analytical (CHN content,
conductivity) and spectroscopic (IR, NMR) techniques. Furthermore, three zwitterionic oxime-
oximato derivatives were prepared (2-7-4H) and the crystal structures of both dioxime ([3]*, [4]*) and
oxime-oximato (4H) complexes were elucidated by X-ray diffraction.

Following optimization of the reaction conditions for the one-pot reduction/N-methylation of
nitrobenzene as benchmark substrate (MeOH, 'BuOK, 130 °C, 18 h), the catalytic activity of the
dioxime complexes [1-7]" and selected ruthenium(ll) compounds for comparative purposes was
assessed. The best catalytic precursor, [3]NOsz, was effective in the conversion of a series of aromatic
nitrocompounds into the respective N-methyl anilines, which were isolated as hydrochloride salts
following silica chromatography. NMR and MS experiments carried out on the model catalytic
system (nitrobenzene/[3]NO3) confirmed the role of methanol as C1 and Hz source and gave insights
about organic intermediates. Following in situ bis-deprotonation to the dioximato complex [3721],

displacement of the n®-arene ligand is proposed as the activation step of the pre-catalyst.
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1. Introduction.

N-methyl anilines find application as building blocks or additives for dyes, polymers, explosives,
herbicides and fuels.® They are usually obtained by methylation of the parent aniline. In a broader
context, methylation of NH groups represents an important late-stage functionalization for a variety
of fine chemicals and pharmaceuticals.? In order to avoid the use of critically hazardous methylating
agents (e.g. Mel, Me>SQO4, methyl triflate), a convenient, atom economical method for the synthesis
of N-methyl anilines (amines) is represented by the use of methanol in a borrowing hydrogen
approach (Scheme 1).2 In this reaction, methanol is formally involved in a
dehydrogenation/condensation/hydrogenation sequence, releasing water as the sole co-product.
However, the dehydrogenation of methanol (AH® = +130.5 kJ/mol) is more challenging with respect
to other commonly employed alkanols such as ethanol (AH® = +85.9 kJ/mol), isopropanol (AH® =

+70.0 kJ/mol) or benzylic alcohol (AH® = +73.7 kJ/mol).*
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Scheme 1. Nitrobenzene hydrogenation and aniline N-methylation using methanol as C1 and Hz source. Imine

intermediate is indicated by the dotted arrows.

Ruthenium complexes are renowned for catalyzing such Hz-autotransfer processes, including N-
alkylation of amines with alcohols.® Thus, from the pioneering work of Watanabe and co-workers

(1988, employing RuCls/P(O'Bu)s),® several Ru-based systems for the catalytic N-methylation of



alkyl or arylamines with methanol have been reported,” with a recent focus on ruthenium(II) n®-arene
precursors.® From a catalyst design perspective, the introduction of ancillary (non-coordinating) OH
or NHMe groups on polydentate N-donor ligands resulted in an improved catalytic performance in
some cases (Rul-Ru3 in Scheme 2).7¢"8d Cooperative effects from peripheral hydroxyl groups were
also observed for a pentamethylcyclopentadienyl (Cp*) iridium(l11) catalyst investigated for the same

process (Irl in Scheme 2).°
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Scheme 2. Literature catalytic systems for the N-methylation of amines (anilines), taking advantage of
cooperative effects from ancillary hydroxy or amino functions (in red) on the catalyst precursors Rul (a, 2018),
Ru2 (b, 2018), Ru3 (c, 2021) or Ir1 (d, 2020). Year of publication in blue.

The hydrogenation of easily-available nitroarenes is probably the most common method to access the
respective aniline, including some industrially-relevant cases.® Therefore, an efficient one-pot
process for the preparation of N-methyl anilines from the respective nitroarenes with methanol acting
simultaneously as the solvent, C1 synthon and Hz donor would be highly attractive (Scheme 1).
Ruthenium complexes achieved great success as homogeneous catalytic precursors for the transfer
hydrogenation of variety of organic substrates.!! Nevertheless, to the best of our knowledge, only
four Ru-based catalytic systems have been assessed for the one-pot reductive N-methylation of

nitroarenes (Scheme 3).1? These protocols operate under solvothermal conditions (110-130 °C) for



12-48 h and require a (super)stoichiometric amount of a strong Brgnsted base that — in principle —
should function as a co-catalyst. Such base loading and temperature requirements are frequently
encountered also in the catalytic N-methylation of amines/anilines with methanol (see Scheme 2 for
instance).®® The catalytic precursors Ru4-Ru6 feature elaborated 3N pincer-type ligands.
Alternatively, commercial RuClz-nH20 was employed at a very high loading. Interestingly, a remote
hydroxyl group of the bis-pyrazolyl-pyridine ligand in Ru6 drastically improved the catalytic
efficiency, being involved in key hydrogen bonding interactions during all steps of the DFT-

optimized catalytic cycle.**
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Scheme 3. Catalytic systems for the tandem reductive N-methylation of nitro compounds employing Ru-based
catalytic precursors Ru4 (a, 2017), Ru5 (b, 2019), RuCls hydrate (c, 2021) or Ru6 functionalized with a
peripheral hydroxyl group (d, 2022). Year of publication in blue.

As part of our ongoing interest in the development of ruthenium(11) n®-arene complexes employing
simple, commercially-available ligands within the framework of metal-ligand bifunctional
catalysis,®® we turned our attention to dioxime ligands, which combine a chelating N,N unit with

ancillary (and potentially non-coordinating) OH groups (Figure 1).



Figure 1. Commercially available dioxime ligands employed in this work: dimethylglyoxime (dimethyldioxime)

(a), nioxime (1,2-cyclohexanone dioxime) (b), diphenyldioxime (c).

Transition metal complexes of dioximes display a rich coordination chemistry!* and those of
cobalt(l11) have been extensively investigated as models of cobalamin or electrocatalysts for H»
production.t® The use of dimethylglyoxime and nioxime (1,2-cyclohexanone dioxime) as gravimetric
reagents for the analysis of nickel dates back to 118 and 75 years ago, respectively.’® Nevertheless,
investigations on the catalytic activity of dioxime complexes of ruthenium have been practically
ignored up to this date.!” In this respect, ruthenium(ll) arene complexes featuring bidentate amino-,
pyridyl- and phosphane- (mono)oxime ligands have been tested for the transfer hydrogenation of
ketones and nitroarenes, dehydrogenation of hydrazine and alkyne hydration (Figure 2a).*® Curiously,
the NOH/NO™ moiety was relegated to a passive role in the proposed mechanisms, even when the
oxime complexes outperformed structurally-similar compounds in terms of catalytic activity.&
Furthermore, relatively few dioxime complexes of other 4d and 5d metals have been investigated for
their catalytic activity.’® Among them, a notable case is represented by in situ formed Ir(111) Cp*
complexes with amino-substituted dioxime ligands, which were recently reported to be highly
efficient for the dehydrogenation of aqueous formic acid (Figure 2b).?°

Herein we employed commercially available dioximes for the preparation of an unprecedented series
of mononuclear ruthenium(ll) compounds comprising different arene and halide co-ligands and
counter ions (Figure 2c). The catalytic activity of the complexes in the tandem reduction / N-

methylation of nitroarenes with methanol was investigated, revealing a key role of the dioxime ligand

for the selectivity of the process.



this work

Figure 2. Previously-reported Ru(ll) arene complexes (arene = CsHs, p-cymene) with pyridyl-oxime or amino-
oxime ligands (a) and Ir(lll) Cp* dioxime complexes (R’ = H, Me, Cl, NHz, NH'Pr) (b) investigated as catalytic
precursors (CI- salts). General structure of the ruthenium(ll) dioxime compounds investigated in this work
(arene = p-cymene, CsMes, 1,3,5-CsHsMes; X = Cl, I; Z = NOs, PFs; R” as in Figure 1) (c).

2. Results and discussion.

2.1. Synthesis and characterization of Ru compounds.

Ruthenium arene dioxime complexes [RuX(dioxime)(n®-arene)]*, [1-7]", were prepared by a two-
step procedure involving cleavage of the halido-bridged dimers [RuXz(n®-arene)]. (arene/X: p-
cymene/Cl, D1; p-cymene/l, D2; CsMeg/Cl, D3; 1,3,5-CeHsMes/Cl, D4) with AgNOs in MeCN or
MeOH followed by addition of the selected dioxime at room temperature (at reflux for [RuCla(n®-
1,3,5-CeéHzMez)]2; Scheme 4). The reactions were performed under rigorous stoichiometric
conditions: excess AgNO3 led to the formation of by-products (vide infra) while excess dioxime could
not be easily removed during work-up. Notably, the interaction of the putative [RuX(MeCN)2(n®-p-
cymene)]* (X = Cl, I) intermediates?* with nioxime always resulted in a variable (5-20 %) release of
p-cymene and consequent formation of unidentified nioxime complexes. The successful preparation
of [2-3]NOs required MeOH as solvent for both reaction steps. Compounds [1-7]NOs were isolated
as air-stable yellow/orange powders in 77-93 % yields. Similarly, the one-pot reaction of [RuClz(n®-
arene)]. (arene = p-cymene, CsMes) with KPFg and nioxime in EtOH led to the isolation of [2]* and
[6]" as PFes salts in 82—85 % yields (Scheme 4). These two compounds were prepared as an

alternative to the nitrate salts.
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Scheme 4. Preparation of ruthenium nf-arene dioxime complexes [1-7]* from the corresponding halido-bridged

dimers D1-D4. All reactions were carried out in stoichiometric conditions at room temperature, except where
otherwise noted. Isolated yields (as NOs~ or PFs~ salts) in parentheses.

To the best of our knowledge, [1-7]" represent the first examples of ruthenium arene complexes with
dioxime-type ligands. Compounds [1-7]NOs and [2,6]PFs were characterized by analytical (CNH
content, molar conductivity) and spectroscopic (IR, NMR, UV-Vis) techniques; IR and NMR spectra
are displayed in Figures S5-528 in the Supporting Information. The *H and 3C NMR spectra of [1-
7]* in CD30D are in keeping with the Cs symmetry of the cations.?? The **C NMR resonance of the
CN group of the dioxime ligand underwent a considerable deshielding upon coordination, being
detected in the 160-165 ppm range for [1-7]" and around 155 ppm for the free dioximes (Table S1).
The same effect was noticed for the NCHy groups of dimethylglyoxime and nioxime, indicating a
predominant c-donation over -back donation in the bonding with the metal center.?® Solid-state IR
spectra of [1-7]NOs and [2,6]PFs show broad absorptions in the 3000-3400 cm™* region related to O-
H stretching and a diagnostic sharp band at 1030-1090 cm* due to the N-O vibration.?*2° Conversely,
C=N stretching bands were not found in the expected 1500-1600 cm™ region*®2¢ for both the dioxime

ligands and their Ru complexes. The NO3™ ion manifested itself with a strong IR absorption peaking



at 1250-1270 cm™ and a **N NMR resonance around — 4 ppm. Similarly, the PFs~ ion gave rise to an
intense IR band at 830 cm™ and the typical patterns in the 1°F and *'P NMR spectra.

The molecular structures of the cations [3]" and [4]" were determined by single crystal X-ray
diffraction (SC-XRD) on their [3]NOs and [4]NOs-H20 salts. More precisely, crystals of the latter
were grown from an EtOH solution of [4]NOs spiked with HNOz. Indeed, a previous crystallization
attempt of [4]NOs in EtOH gave the structure of its deprotonated, neutral derivative 471,
corresponding to a formal loss of HNOs. The structures of [3]*, [4]" and 47" are reported in Figures
3-5, whereas the main bonding parameters are summarized in Table 1. These complexes adopt the
expected three-legged piano-stool geometry, with one coordination site occupied by the halide and
the other two sites by the bidentate dioxime ([3]* and [4]") or oxime-oximato (47H) ligand. All the
bonding parameters of [3]" and [4]" are perfectly comparable and the dioxime ligands bind the Ru
centers in a symmetric way. The presence of H-atoms on both oxygens of dioxime ligands of [3]" and
[4]* is corroborated by the extended H-bond network found in their structures (Figures S29-S30,
Tables S2-S3). The crystal structure of 47H.1.5H,O contains two independent 4™ molecules
displaying almost identical geometries and bonding parameters. The neutral charge of the complex is
supported by the absence of any counter-ion. In addition, an extended H-bond network involves the
protonated OH and deprotonated O groups of the oxime-oximato ligand as well as the co-crystallized
H>0 molecules and the chloride ligand (Figure S31, Table S4). Deprotonation of O(2) causes an
asymmetry within the bonding parameters of the oxime-oximato ligand. Indeed, the N(2)-O(2)
contact of 4H [1.305(2) and 1.304(2) A for the two independent molecules] is considerably shorter
than N(1)-O(1) [1.401(2) and 1.394(2) A]. For comparison, the cationic complexes [3]* and [4]*
display intermediate values for both N(2)-O(2) [1.378(3) and 1.379(4) A for [3]* and [4]",
respectively] and N(1)-O(1) [1.378(3) and 1.371(4) A] contacts. It must be remarked that the C(1)-
N(1) [1.298(4), 1.288(5), 1.296(2) and 1.296(3) A for [3]*, [4]* and the two independent molecules
of 4] and C(1)-C(2) [1.453(5), 1.458(5), 1.446(3) and 1.448(3) A] distances are almost unchanged

in the three complexes. In contrast, a slight elongation is observed for the C(2)-N(2) bonding contact



of 4 [1.314(2) and 1.318(3) A for the two independent molecules] compared to [3]* [1.298(4) A]
and [4]" [1.290(5) A]. Moreover, the Ru(1)-N(1) [2.0479(16) and 2.0484(16) A for the two
independent molecules] and Ru(1)-N(2) [2.0438(16) and 2.0550(16) A] bonds of 4™ do not display
an appreciable asymmetry and, indeed, they are also comparable to the values found in the cations
[3]* [2.051(3) and 2.058(3) A for Ru(1)-N(1) and Ru(1)-N(2), respectively] and [4]* [2.057(3) and
2.061(3) A]. All bonding parameters are comparable to those found in related Ru complexes

containing dioxime and oxime-oximato ligands.?>?

Figure 3. Molecular structure of [3]* in [3]NOs. Displacement ellipsoids are at the 50 % probability level.
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Figure 4. Molecular structure of [4]* in [4]NOs-H20. Displacement ellipsoids are at the 50 % probability level.

Figure 5. Molecular structure of 4™ in 41.1.5H20. Displacement ellipsoids are at the 50 % probability level.

Table 1. Selected bond lengths (A) and angles (°) for [3]NOs, [4]NOs and 47",

4H 4H
[3INOs [4]NOs
Molecule 1 Molecule 2

Ru(1)-X(1)  2.6986(10) 2.4107(11) 2.4093(5) 2.4259(5)

Ru(1)-N(1) 2.051(3)  2.058(3) 2.0479(16) 2.0484(16)
Ru(1)-N(2) 2.057(3)  2.061(3) 2.0438(16) 2.0550(16)
RU(1)-Carene®  2.217(7)  2.222(10)  2.226(5)  2.224(5)
N(1)-O(1) 1.378(3)  1.371(4)  1.401(2)  1.394(2)
N(2)-0(2) 1.378(3)  1.379(4)  1.305(2)  1.304(2)
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C(1)-N(1) 1.298(4)  1.288(5)  1.296(2)  1.296(3)

C(2)-N(2) 1.298(4)  1.290(5)  1.314(2)  1.318(3)

C(1)-C(2) 1.453(5)  1.458(5)  1.446(3)  1.448(3)
N(1)-Ru(1)-N(2) 74.40(11) 73.66(12) 75.26(6)  75.69(6)
Ru(1)-N(1)-C(1) 119.8(2)  119.3(2) 118.66(13) 118.63(13)
Ru(1)-N(2)-C(2) 119.0(2)  119.93) 117.99(13) 122.75(12)
N(1)-C(1)-C(2)  112.93)  113.7(3) 113.80(17) 114.05(17)
N(2)-C(2-C(1)  113.93)  112.4(3) 113.72(17) 114.25(17)
C(1)-N(1)-0(1)  113.3(3)  114.9(3) 115.88(15) 115.35(16)
C(2-N(2-0(2) 113.9(3)  1155(3) 118.87(16) 119.88(16)
Ru(1)-N(1)-O(1) 126.7(2)  125.4(2) 125.45(11) 125.86(12)
Ru(1)-N(2)-0(2) 127.1(2)  124.0(2) 123.08(12) 122.75(12)

The results of the SC-XRD study highlighted the Brgnsted acidity of the coordinated
dioximes.18a26a27a28 g hsequently, oxime-oximato complexes 2-H-4-H were prepared in one-pot from
the corresponding halido-bridged dimers D1-D3 by sequential addition of the dioxime and NaHCOs3
or Ag20 in MeOH at room temperature, in stoichiometric conditions (Scheme 5). For simplicity, the
structures of these zwitterionic complexes are drawn with a negative charge on the oxygen atom.
Nevertheless, in accordance with SC-XRD data on 471, some electron delocalization in the O-N-C
fragment should be considered to best describe the structure of the ligand.

Compounds 2-H-47H were isolated as yellow/orange powders in 78-91 % yields and characterized as
previously described; IR and NMR spectra are displayed in Figures S32-S40. Conductivity
measurements in MeOH are in good agreement with the non-ionic nature of the complexes. A single
set of signals was observed in the *H and *C NMR spectra of 27H-4H in CDs;0D, showing
isochronous signals within the p-cymene and dioxime fragments due to rapid H*/D* exchange in the
NMR timescale. On comparison with [2-4]*, the 'H NMR resonances of 27H-47H exhibit a
characteristic shielding (protonation shift?®) while the *C NMR resonance of the CN group becomes
downfield shifted (Figure S41, Table S1). The solid-state IR spectra of the oxime-oximato complexes
show two strong bands around 1030-1040 and 1100-1110 cm* which can be assigned to the stretching

vibrations of the different NO bonds, %27 in keeping with the X-ray structural analysis of 47H.
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Scheme 5. One-pot synthesis of oxime-oximato complexes 27"-47 from the respective halido-bridged dimers
D1-D3. Reactions were carried out at room temperature in stoichiometric conditions. Isolated yields in

parentheses.

2.2. Reactivity of dioxime complexes in methanol.

In principle, [RuX(x®N-{RC=NOH},)(n®-arene)]* (X = Cl, 1) complexes possess two Brgnsted-acidic
groups (OH) and a halido ligand that could be replaced by a solvent molecule or the N-oxy group of
another complex, giving rise to bimetallic oximato-bridged species.*® The network of acid/base and
halide/solvent equilibria (and associated compound naming) is represented in Scheme S1. These
equilibria appear to be rather suppressed in methanol. Indeed, the largely predominant species in
solution is the undissociated cationic dioxime complex [1-7]", as indicated by the presence of a unique
set of signals in the *H NMR spectra of [1-7]NOs and [2,6]PFs, the absence of the diagnostic signal
for the chloride ion in the 3Cl NMR spectra of [1,5,6]NO3z and [2]PFs, and conductivity data of
[2,4]NO3 being in agreement with that of a reference 1:1 electrolyte (KNO3).3! The identity of [3]* in
MeOH was further corroborated by ESI-MS (Figure S42). Subsequently, reactions of representative
dioxime complexes ([2]PFs and [3-4]NOs3) in methanol with various Brgnsted bases (EtsN, NaHCOs,
K2COs or 'BuOK) were investigated by *H NMR (see Experimental and ESI for details). Complexes
[2-4]" can be deprotonated once or twice (Scheme 6a), judging by the progressive shielding of the *H
NMR resonances (Figures S43-S45). Formation of the dioximato complex [3-21] from [3]" and

'BuOK (3.0 eq.) was also checked by ESI-MS (as K2[32H]*, Figure S46).
13



The species derived from chlorido/iodido dissociation from the two p-cymene complexes were not
observed in solution, as confirmed by their independent preparation from [Ru(NO3)2(n®-p-cymene)],
nioxime and '‘BuOK (Scheme 6b, Figure S47). Interestingly, the major species formed upon double
deprotonation of “[Ru(MeOH)(nioxime)(p-cymene)]**” ([3meon]?*) lacks the Cs-symmetry, as
indicated by its *H NMR set of signals, suggesting a dimeric dioximato-bridged nature (3gimer). In this
respect, the reactivity of [2-3]" is reminiscent of that recently described for [IrCl(n°>-CsHs)(k?N-
{CH3C=NOH},)]CI.3® Conversely, the second deprotonation of the hexamethylbenzene complex
[4]" is associated with the appearance of a second set of *H NMR signals, possibly related to chloride
release from the dioximato species [472H]".

Methanol (CD3OD) solutions containing either [3]", 3™ and [32"]" are relatively inert at room
temperature for several hours. Instead, those obtained from [Ru(NO3)2(n®-p-cymene)])/
nioxime/'BUOK and corresponding to a formal halide removal from [2,3]*, 2,3 and [2,3721], are
much less so. Indeed, traces of p-cymene were detected in the freshly prepared solutions and its
relative amount increased over time (Figure S48). Besides, the solid isolated from the [Ru(NO3z)2(n®-
p-cymene)]/nioxime reaction (formally corresponding to [3meon][NOs]2 in Scheme 6b) decomposed
over a few days with complete release of p-cymene. Treatment of methanol solutions containing [2-
3]*, 31 or [32M]” with AgNOs immediately produced a significant amount of p-cymene (6-30 %;
Figure S49) which became quantitative after some hours at room temperature. Overall, these results
suggest that the dissociation or absence of the halido ligand results in the labilization of the p-cymene
ligand in methanol.®? Consistently with this hypothesis and with the greater lability of Ru—Cl bonds
with respect to Ru—1, reactions of the chloride analogue [2]* with Bransted bases often caused a

partial cleavage of p-cymene.3*
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Scheme 6. Overview of the reactions observed in methanolic solutions of representative dioxime complexes.
Sequential deprotonation of [3]NOs (a), formation of halide-free [Ru(MeOH)(nioxime)(p-cymene)]?* and

subsequent deprotonation/dimerization (b).

2.3. Catalytic activity in the hydrogenation/N-methylation of nitroarenes.

The catalytic performances of Ru(ll)-dioxime complexes [1-7]* in the reduction/N-methylation of
nitroarenes were evaluated by GC-FID using nitrobenzene (al) as model compound and methanol as
both reductive agent and C; alkylating source (Table 2). In a preliminary experiment performed using
5 mol% of [3]NOs as catalyst in presence of 1 eq. of potassium tert-butoxide (‘BuOK) at 100 °C for
24 h under nitrogen, we found a conversion of 50 % with a 50 % selectivity to the desired N-
methylaniline (b1) and 50 % to aniline (c1) (entry 1). Notably, no trace of N,N-dimethyl aniline was
detected. The presence of air negatively affected the catalytic performance of [3]NOs, reducing the
conversion to 34 % and the selectivity for b1 to 28 % (entry 2). To optimize the reaction conditions
for [3]NOg, the effect of temperature, reaction time, catalytic loading and base was evaluated.
Gratifyingly, the temperature increase from 100 °C to 130 °C gave full conversion of al and rose the
selectivity up to 96 % for bl (entry 3). Working at this temperature, it was possible to shorten the
reaction time to 18 h without loss of conversion or selectivity (entry 4). However, a significant
decrease in the yield of b1 was observed with shorter reaction times (entry 5). The amount of catalyst
could be reduced to 4 mol% without changes in the reaction outcome (98 % conversion, 96 % b1,

entry 6). On the other hand, a further decrease of the catalytic loading to 3 and 2 mol% produced a
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negative effect for both conversion and selectivity (entries 7, 8). As expected, the reaction did not
occur in the absence of [3]NOs (entry 9). The catalytic performance of [3]NO3z was significantly
affected by the type and amount of base added to the reaction media. The conversion is strongly
dependent on the strength of the base (1 eg. respect to al), i.e. following the order Cs,COs (64 %) <
NaOCHj3 (71 %) < KOH (78 %) < 'BUOK (> 99 %) (entries 10-12 vs 6). The reduction of the amount
of 'BUOK from 1 to 0.5 eq. had a negative impact on the reaction efficiency, with an important drop
in both conversion (75 %) and selectivity (88 %) (entry 13). The absence of a base as co-reactant
further decreased the reaction efficiency (entry 14). Note that stoichiometric amounts of base are
routinely used to assist the catalytic N-methylation of amines or the reduction/N-methylation of
nitroarenes (see Introduction). An additional test employing a catalytic amount of ‘BuOK and 3A
molecular sieves gave a very low conversion (entry 15). Therefore, the consumption of ‘BuOK by the
water generated during PhNO2 hydrogenation and PhNH2 methylation (Scheme 1) does not appear to
affect the catalytic process.

Hence, the optimized reaction conditions are [nitroarene] = 0.5 M, 4 mol% of catalytic precursor, 1
eg. of 'BUOK, 130 °C for 18 h. To distinguish truly homogeneous molecular catalysis from
nanoparticle metal catalysis we performed the mercury poisoning test.2>88%35 \We observed no
significant difference in the catalytic results under optimized conditions in the presence of Hg (entry
16), suggesting a homogeneous nature of the catalytic system. Notably, in the optimized conditions,
the reaction selectively provides N-methylaniline and other theoretically possible by-products, such
as nitrosobenzene, azobenzene, or azoxybenzene, were not detected, highlighting the excellent

selectivity of this procedure.
Table 2. Optimization of the N-methylation of nitrobenzene with methanol mediated by [3]NOa.a

H
NO2  [3]NO; (x mol%), Base (eq.) N NH;
T, t, CH3OH, N, or Air *

a1l b1 c1
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Selectivity (%) [

Entry ([ri](’)\lloo/os) (o-[:) (rt]) Base (eq.)[®!  Conv. (%) [©]
b1 cl
1 5 100 24 'BUOK (1.0) 50 50 50
2 [el 5 100 24 'BuOK (1.0) 34 28 72
3 5 130 24 'BuOK (1.0) > 99 96 4
4 5 130 18 'BuOK (1.0) > 99 95 4
5 5 130 10 'BuOK (1.0) 81 72 28
6 4 130 18 'BUOK (1.0) 98 96 4
7 3 130 18  'BUOK (1.0) 90 90 10
8 2 130 18 'BuOK (1.0) 85 93 7
9 130 18 'BUOK (1.0) 0 - -
10 4 130 18 Cs2C0s3 (1.0) 64 92 8
1 4 130 18 NaOCHs 71 89 11
(2.0)

12 4 130 18 KOH (1.0) 78 94 6
13 4 130 18 'BUOK (0.5) 75 88 12
14 4 130 18 - 53 41 59
15 4 130 18  'BuOK (0.04) 64 58 42
16 [ 4 130 18 'BuOK (1.0) 94 90 10

[a] Reaction conditions: nitrobenzene (0.5 mmol), catalyst [3]NOs (mol%), base (eq.) in methanol (1 mL). [b]
Equivalents calculated on the mol. of nitrobenzene. [c] Conversion based on the consumption of nitrobenzene,
determined by GC-FID using mesitylene as an internal standard. [d] Selectivity determined by GC-FID using
mesitylene as an internal standard. [e] Reaction carried out under air. [f] Reaction performed in the presence

of 3A molecular sieves. [g] Reaction performed in the presence of 1.5 g of Hg (7.5 mmol, 378 eq.).

Once identified the best conditions, we directed our attention to comparing the catalytic performances
of the dioxime-based compounds [1-7]* and selected Ru complexes in the benchmark reaction (see
Table 3 for an overview of the compounds). Table 3 shows a significant variability in catalysts
activity, with important differences in the selectivity towards the N-methylation product. As
previously reported by Natte and co-workers,'? RuCls-nH20 catalyzed the complete conversion of
nitrobenzene. However, at this low catalyst loading, this activity is not accompanied by an acceptable
degree of selectivity, resulting in a 41/59 mixture of aniline/N-methylaniline (entry 1). The n°-

coordination of an arene, in [RuClz(arene)]. complexes (D1, D3, D4), brings a slight improvement in
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selectivity with amounts of N-methylaniline ranging from 63 to 67 % (entries 2,4,5). Interestingly,
the activity of these complexes strictly depends on the coordinated arene. In fact, D1 (with p-cymene,
entry 2) provided quantitative conversion of al, but for D3 (with hexamethylbenzene, entry 4) and
D4 (with mesitylene, entry 5) a clear decrease of the activity was detected (84 % and 70 % conversion,
respectively). These differences might be due to the relative stability of the metal-arene bond®® and
its possible relation with the pre-catalyst activation step (vide infra). The coordinated halide has also
a relevant impact in the catalytic performances of the n®-arene Ru dimers: the iodide complex D2
provided 14 % less N-methylaniline then its chlorido counterpart D1 (entry 3 vs 2). In all catalytic
cycles where Ru is responsible for dehydrogenation/hydrogenation of substrates, the presence of
hydrides is invoked. For this reason, the hydride-bridged dimer D5, formal derivative of D1 with a
Cl™ substituted by H™, was tested as catalyst. D5 is slightly less active than its tetrachloride counterpart
(entry 6 vs. 2) while retaining a similar selectivity. Probably, both species provide a similar active
intermediate but the hydride is less robust and decomposes more easily.

Cationic Ru(ll) dioxime complexes showed in general a great improvement of the catalytic
performances with respect to their starting materials (entries 7-13). In fact, [1-5]" and [7]*
demonstrated high activities (91 to 99 % conversion), comparable with RuClz-nH2O or [RuClz(p-
cymene)]2 (D1), but also excellent selectivity values toward N-methylaniline (80-96 % vs. 52-67 %
for the halido-bridged dimers). To evaluate the specific contribution of the dioxime substituents, the
catalytic properties of [RuCIl(CsMes)(dioxime)]* complexes can be compared. Aliphatic substituents
such as methyl- or cyclohexyl- (in [4]NO3 and [5]NOs, respectively) gave rise to very active and
selective catalysts (entries 10 and 11), while the stereoelectronic modifications made by the phenyl
rings in [6]PFe, significantly decreased both conversion and selectivity (entry 12). The influence of
the n®-arene in the catalytic activity is more limited for the dimethylglyoxime ([1]" vs [4]*) or nioxime
complexes ([2]" vs [5]" vs [7]") than for the respective dimers (D1, D3 and D4). For nioxime/p-
cymene complexes, the presence of the iodido (in [3]") instead of the chlorido (in [2]") significantly

increased the catalytic properties, especially the selectivity to b1 that rises from 87 % to a remarkable
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96 % (entry 9 vs 8). Interestingly, the opposite effect was observed for the diruthenium precursors
(vide supra). Overall, [3]NO3z offers the best catalytic performance among the dioxime complexes
and was selected for further investigations (see below).

As showed above, Ru-dioxime complexes are easily deprotonated and the strong basic reaction
conditions suggest the in-situ formation of the dioximato complexes. Nevertheless, a drastic drop in
conversion and selectivity was found when the isolated oxime-oximato complexes 2+ and 4™ were
tested as catalyst for the methylation of nitrobenzene (entries 14, 15 vs. 8, 10).%’

Finally, we compared the dioxime based complexes to related ruthenium(ll) p-cymene compounds
containing different types of x2-N,N' ligands. First, the catalytic performance of N1, containing a
bidentate a-diimine ligand without pendant OH groups, was analyzed. In comparison with [1-7]", N1
has a similar activity but a 51 % lower selectivity (entry 16). Next, we evaluated the activity of the
ethylenediamine compound N2 and one of the Noyori-Ikariya complexes (N3), which represent the
state-of-the-art ruthenium catalysts for hydrogenation/dehydrogenation processes.* Both compounds
contain NH groups, which can be deprotonated in basic conditions, acting as a proton buffers:
protonating or deprotonating a substrate at the same time that Ru extracts or releases a hydride.
Notably, both N2 and N3 resulted less active and extremely less selective than the dioxime
compounds (entries 17, 18). Overall, these comparisons clearly point to a crucial role played by the
dioxime ligand for the transfer hydrogenation/N-methylation of nitrobenzene with methanol and are
in alignment with the beneficial effects provided by ancillary hydroxyl groups on the catalyst as

discussed in the introduction.

Table 3. Comparison of the catalytic properties of Ru complexes in the reduction/N-methylation of

nitrobenzene with methanol.®
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Selectivity (%) [c]
Entry Catalytic Conv. (%) 1l
precursor
b1 cl
1 RuCls-nH20 >99 59 41
2 D1 > 99 66 34
3 D2 > 99 52 48
4 D3 84 63 37
5 D4 70 67 33
6 D5 89 66 34
7 [1]NOs 91 91 9
8 [2]PFs 95 87 13
9 [3]NOs 98 96 4
10 [4]NO3 95 90 10
11 [5INOs >99 87 13
12 [6]PFs 45 80 20
13 [7INOs 94 84 16
14 2H 78 51 49
15 4+ 58 65 35
16 N1 96 55 45
17 N2 73 74 26
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18 N3 86 65 35

[a] Reaction conditions: nitrobenzene (0.5 mmol), catalyst 0.02 mmol for monomers and 0.01 mmol for dimers
(4 mol% of Ru), 'BUOK (1 eq.) in methanol (1 mL) at 130°C for 18h. [b] Conversion based on the consumption
of nitrobenzene, determined by GC-FID using mesitylene as an internal standard. [c] Selectivity determined

by GC-FID using mesitylene as internal standard.

Inspired by the promising results, especially regarding the high activity and selectivity of [3]NOs
towards N-methylaniline, we further explored the scope of this catalytic methodology for the N-
methylation of a series of substituted nitroarenes (Table 4). Interestingly, for all different substrates,
we observed the formation of the corresponding N-methylaniline with high selectivity, accompanied
by a minor amount of aniline. Other potential compounds such as nitrosobenzene, azobenzene or
azoxybenzene were never detected. The N-methylated anilines were purified by silica
chromatography and finally isolated as ammonium salts through treatment with 4 M HCI in dioxane
(Figures S50-S66). Good to excellent yields of the corresponding N-monomethylated products were
obtained with para substituted nitroarenes (entries 1-5). Nitrobenzene and p-nitrotoluene gave
isolated yields of 89 % (entry 1) and 91 % (entry 2) respectively, of the corresponding ammonium
salt. Halogen-substituted nitroarenes underwent also a nucleophilic aromatic substitution, resulting
in the formation of methoxy-derivatives, as already reported for similar systems (entries 4, 5, 9).12°
The presence of a strong electron-donating group as 4-methoxy (entry 3) slightly decreased the
reactivity of our catalytic system, while an electron-withdrawing group as 3-CF3 is well tolerated,
giving excellent yield of the corresponding N-methylaniline (entry 7). Interestingly, this electron poor
substrate, studied for the first time in this work for Ru catalysts, resulted to be much less reactive than
the corresponding electron rich nitroarenes for Ir(1)-NHC complexes. In agreement with the results
obtained with other homogeneous catalytic systems for the N-methylation of nitroarenes, meta and
ortho substituents were less reactive than their para analogues (entries 6, 8 and 11).*2°2° In particular,
the presence of ortho sterically demanding substituents or an extended aromatic scaffold, as in the
case of 1-nitronaphthalene, had a negative influence on both conversion and selectivity (entries 8, 9,

11). An exception in the reactivity of ortho-substituted substrates is 1,2-dinitrobenzene, which was

21



efficiently converted to N-methyl-2-nitroaniline (entry 10). This peculiar substrate, containing two
reducible/methylable nitro groups, could provide up to five different products (nitro/NHz, nitro/N-
methyl, NH2/NHz, NH2/N-methyl, N-methyl/N-methyl), but only the compound of transfer
hydrogenation/methylation of a single NO. group was obtained (together with a 10 % of 2-

nitroaniline).

Table 4. Reduction/N-methylation of a series of nitroarenes with methanol catalyzed by [3]NOs.[d

3]NO; (4 mol%), ‘BuOK (1 eq.) H
Ar—No, _3INOs .~ N _
130°C, 18h, CH5OH, N, A7+ ArNH,
a b c
Selectivity (%) ¢!
Entry Substrate Conv. (%) [F]

08 96 (89)U

H
4
o
N
I

> 99 96 (91)1

N
=z
2
I

NO,
3 /©/ 87 80 (65)! 20
\0
NO,
4 /©/ > 99 99 1M /
Cl
NO,
5l /©/ 92 99 [ /
Br
NO,
6 \Q/ 96 85 (78)d 15
FsC NO,
7 \©/ 95 92 (82) 8
NO,
8 [ j 96 70 (64) 30
Cl
9l ij/ Nos 97 g7 [l 13
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NO,

10 97l 9011 (84) 100

NO,
11 74 79 (52) 21

[a] Reaction conditions: nitroarene (0.5 mmol), [3]NOz (4 mol%), '‘BuOK (1 eq.) in methanol (1 mL) at 130 °C

for 18h. [b] Conversion based on the consumption of nitrobenzene, determined by GC-FID using mesitylene
as an internal standard. [c] Selectivity determined by GC-FID using mesitylene as internal standard. [d] Isolated
yield of ammonium salt after treatment with 4 M HCI in dioxane. [e] Halogen was partially substituted by a
methoxy group. [f] 88% of 4-methoxy-N-methylaniline and 11% of 4-chloro-N-methylaniline (not isolated). [g]
94% of 4-methoxy-N-methylaniline and 3% of 4-bromo-N-methylaniline (not isolated). [h] 57% of 2-methoxy-
N-methylaniline and 30% of 2-chloro-N-methylaniline (not isolated). [i] Amount of 2-nitro-N-methylaniline. [j]

Amount of 2-nitroaniline.

2.4. Mechanistic insights: organic intermediates.

According to the literature, the catalytic transfer hydrogenation/N-methylation of nitrocompounds
proceeds through the oxidation of methanol to formaldehyde, with the concomitant formation of M-
H species (Scheme 7, green oval).®® These metal hydride species then gradually reduce nitroarenes to
aniline in a first catalytic cycle, via intermediates such as nitrosobenzene, N-hydroxyaniline,
azoxybenzene, azobenzene and diphenylhydrazine.*® This process can occur directly via
hydrogenation of N-hydroxyaniline (Scheme 7, orange rectangle), or in by an indirect route through
the formation of azobenzene originated from the reduction of azoxybenzene generated by the
coupling of nitrosobenzene and N-hydroxyaniline (Scheme 7, purple dashed rectangle). In the second
catalytic cycle, the aniline reacts with in situ generated formaldehyde to get the N-methyleneaniline

(imine), which is finally hydrogenated to N-methylaniline.
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Scheme 7. Overview of the reaction pathways for the Ru-catalyzed transfer hydrogenation / N-methylation of

nitroarenes with methanol.

Compound [3]NOs emerged as an effective catalyst for the mono-N-methylation of various
nitroarenes, exhibiting excellent results in terms of activity and selectivity. Therefore, selected
experiments were carried out to gain insights into the reaction mechanism. First, the reaction profile
of the reduction/N-methylation of nitrobenzene catalyzed by [3]NOgz, under the optimized conditions,
was monitored by GC-MS to detect the organic intermediates. As shown in Figure 4, after 4 hours a
marked decrease in the amount of al was observed (~70 % conversion), along with the formation of
~40 % aniline (c1) and ~30 % N-methyl aniline (b1). Subsequently, the amount of both nitrobenzene
and aniline gradually decreased, reaching a final conversion of al of 98 % at 18 h, with a selectivity
for bl of 96 %. The accumulation of aniline until a maximum of 40 % at 4 h, followed by its
conversion to b1 perfectly fits with the two reaction cycles with aniline as common species (Scheme
7). Interestingly, neither side products of the reduction of the nitroarene nor the imine were detected

at any time interval, suggesting that the conversion of these putative intermediates should be fast.
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Figure 4. Kinetic investigation on the [3]NOs-catalyzed transfer hydrogenation/N-methylation of nitrobenzene
with methanol. Reaction conditions: nitrobenzene (0.5 mmol), [3]NOs (4 mol%), 'BuOK (1 eq.) in methanol (1
mL) at 130 °C, 0 to 18 h. Data reported in Table S5.

To gain more information about the nitroarene reduction step, the reactivity of azobenzene as starting
material was evaluated. M. Beller and co-workers reported that their Pd-based catalytic system was
not able to mediate the conversion of azobenzene or azoxybenzene to b1, demonstrating that they are
not intermediates.** On the contrary, with our reaction conditions, [3]NOs catalyzed the full
conversion of azobenzene to N-methylaniline (Scheme 8a), proving that both the direct and indirect
hydrogenation of nitroarenes could be effective (see Scheme 7).

To shed light into the activation of methanol, the [3]NOs-catalyzed N-methylation of nitrobenzene
was performed using either methanol-ds or methanol-di. The reactions were analyzed by GC-FID, 'H
and *C NMR (Figures S68-S73). Using the optimized reaction conditions, full conversion of al was
observed in CD30D, with the formation of 87 % of N-methylaniline-ds (b1-CD3) and 13 % of N-

deuterated aniline c1-D (Scheme 8b).*?> On the other hand, the use of CH3OD led to exclusive
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incorporation of deuterium in the N—H component (Scheme 8c),*? with conversion and selectivity
comparable to that of the reaction conducted in CH3OH. These findings confirmed that methanol
serves as both carbon and hydrogen source. Besides, the absence of deuterium incorporation in the
N-methyl group using CHsOD suggests the formation of a ruthenium monohydride intermediate.®

The small decrease in the selectivity in the experiment with CD3OD suggests a kinetic isotope effect,

which decreases the rate of methylation of the in situ generated aniline.

H
N

130°C, 18h, CH30H, N,

N /@ [3INOs, (4 mol%), ‘BUOK (1 eq.)
(a) ©/ °N

[3]NO3, (4 mol%), 'BBuOK (1 eq.)

NO,
(b)
130°C, 18h, CD;0D, N,

a1 b1-CD,
87%

@

94%
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() @( 2
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~
conversion >99%
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CH3
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Scheme 8. Control experiments: reduction/N-methylation of azobenzene (a), reduction/N-methylation of al
with CD30D (b), reduction/N-methylation of al with CHzOD (c). The N(D/H) notation takes into account the

possible H*/D* exchange process.*?

To better understand the origin of the high selectivity observed with [3]" - and with the other dioxime
complexes as well - we thought to isolate the nitrobenzene hydrogenation and the aniline methylation
steps, analyzing and comparing in both reactions, the catalytic performances of three selected
complexes, i.e., the dimer D1, the ethylenediamine derivative N2 and [3]NOs. To avoid the formation
of imines or N-alkylated anilines, isopropyl alcohol was selected as H. source in the reduction of
nitrobenzene. The three complexes equally performed in this first step, even with a lower catalyst
loading (2 mol% Ru), full converting the nitrobenzene to aniline without detection of any nitro-
reduction side products after 18 h (Scheme 9, red rectangle). On the other hand, a clear difference

between the dioxime complex [3]" and the other two emerged in N-methylation of aniline with
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methanol (Scheme 9, blue rectangle). In fact, both D1 and N2 converted less than 40 % of aniline,
while the formation of N-methyl aniline was quantitative with [3]*. These observations highlight the
key role of dioxime ligands in the N-methylation step, possibly acting in cooperation with the metal

center.

NO, cat. (2 or 4 mol% Ru), ‘BuOK (1 eq.) NH;
reduction of nitrobenzene? ©/ . ©/
130°C, 18h, 'PrOH, N,

a1l c1
conversion®: >99% conversion®: >99% conversion®: >99%
selectivity®: >99% selectivity®: >99% selectivity®: >99%
¥
+
cl /CI
PN ~Ru OH
Ru\ /Ru D1 \\,.‘RU\ cl- N2 B i ~..” NO5~ [3]NO3
/ i CI™™ | NH, Ho—N
cl HN_
conversion®: 34% conversion®: 40% conversion®: >99%
selectivity®: >99% selectivity®: >99% selectivity®: >99%
H
NH, cat. (4 mol% Ru), ‘BuOK (1 eq.) N
N-methylation of aniline®
methylation of aniline ©/ 130°C, 18h, CH30H, N, ©/
c1 b1

Scheme 9. Comparison of the catalytic properties of selected Ru complexes in the transfer hydrogenation of
nitrobenzene with 'PrOH and the reduction/N-methylation of nitrobenzene with MeOH. [a] Reaction conditions:
nitrobenzene (0.5 mmaol), catalyst 0.02/0.01 mmol for N2, [3]NOs and 0.01/0.005 mmol for D1 (corresponding
to 4 or 2 mol% of Ru, respectively), 'BUOK (1 eq.) in iPrOH (1 mL) at 130°C for 18h. [b] Reaction conditions:
aniline (0.5 mmol), catalyst 0.02 mmol for N2, [3]NOs and 0.01 mmol for D1 (4 mol% of Ru), ‘BuOK (1 eq.) in
MeOH (1 mL) at 130°C for 18h. [c] Conversion and selectivity based on the consumption of

nitrobenzene/aniline, determined by GC-FID using mesitylene as an internal standard.

2.5. ESI-MS and 'H NMR studies under catalytically-relevant conditions.

Previous *H NMR and ESI-MS studies established that [3]" is selectively converted into the
dioximato complex [Rul(k®N-{(CH2)2.CNO}2)(n®-p-cymene)], [372"] by reaction with ‘BuOK (2 eq)
in MeOH at room temperature. In order to gain insights into the ruthenium species formed under
catalytic conditions, NMR and ESI-MS experiments were carried out. The in situ formed [3-2H]
appears substantially unaffected by a large excess (20 eq.) of '‘BuOK, nitrobenzene or aniline (*H

NMR, Figure S74). However, heating the methanol solution to reflux in an open vessel, under N2 (T
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~ 65 °C), led to the progressive detachment of p-cymene, which became practically quantitative after
20 h. The release of p-cymene from [3]NO3z was also checked by GC-MS during the reduction/N-
methylation of 3-methylnitrobenzene under the optimized conditions (130 °C, 18 h; Figures S75-
S76). The ESI-MS spectra collected at different time intervals under catalytic conditions (MeOH, 130
°C) showed the progressive disappearance of [372H]". However, several low-intensity signals ascribed
to Ru-containing species appeared, which we could not identify.

It could be reasonably speculated that cleavage of p-cymene from [3-2H]" initially leads to the tris-
methanol complex [Rul{(CH2).CNQO}>(MeOH)s] (Scheme 9) or a similar species. Despite very few
{Ru(MeOH)s} complexes have been reported,*® related transformations [Ru(n®-arene)Ls] -
[Ru(solv)sLs] in more coordinating solvents (like DMSO or MeCN) have been described.**

Since the catalytic activity of [3]* collapses when operating at lower temperatures (Table 2, entries 1
vs 3), it is reasonable to assume that the thermally-induced breaking of the ruthenium-p-cymene bond
generates the catalytically active species. This hypothesis could be generalized to all the dioxime
complexes [1-7]*. As discussed above, the catalytic performances of [RuCl(nioxime)(n®-arene)]*
complexes (p-cymene: [2]"; CsMes: [5]F, mesitylene: [7]") are indeed rather similar (Table 3; these
compounds should provide the same catalytically-active species upon cleavage of the n®-arene
ligand). In fact, under equal conditions (refluxing MeOH with excess 'BuOK and aniline), also the
more robust hexamethylbenzene ligand dissociated from the in situ formed dioximato complex
[52M1” (*H NMR). In this framework, the higher N-methylation selectivity manifested by the iodide
derivative [3]* with respect to the chloride counterparts [2,5,7]" suggests that the iodido ligand
remains bound to ruthenium during the catalytic cycle.

Arene ligands in ruthenium(ll) complexes are often assumed or proved to be spectators in catalytic
cycles, as in the Noyori-lkariya catalyzed transfer hydrogenations.*® Nevertheless, as in the present
study, several cases have been documented where the dissociation of the arene ligand from Ru(ll)

complexes under catalytic conditions represents the activation step of the pre-catalyst.*®
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Scheme 9. Possible activation route of the most performing catalytic precursor [3]NOs: in situ bis-

deprotonation followed by p-cymene displacement.

3. Conclusions.

Starting from commercial dioxime ligands, seven unprecedented piano-stool ruthenium(ll)
complexes featuring different n°-arene and halide ligands were isolated as nitrate or
hexafluorophosphate salts in 77-97 % vyields. Three zwitterionic oxime-oximato complexes were
prepared by mono-deprotonation of the coordinated dioxime. Crystal structures of both cationic and
neutral complexes were elucidated, representing one of the very few X-Ray studies on dioxime
complexes of ruthenium.? Under optimized conditions (MeOH, 'BuOK, 130 °C, 18 h), the dioxime
complexes showed in general an excellent conversion (91-99 %) and selectivity (80-96 %) in the one-
pot transfer hydrogenation and N-methylation of nitrobenzene at a low catalyst loading (4 mol%).
Comparison of the catalytic performance with other ruthenium(Il) arene complexes, including the
well-known Noyori-Ikariya’s catalyst, emphasized the crucial role played by the dioxime ligand in
the hydrogen borrowing step (N-methylation of aniline). The most performing compound,
[Rul(nioxime)(p-cymene)]NO3z, [3]NOs, was also effective in the tandem reduction/N-
monomethylation of a range of aromatic nitrocompounds. A time-profile analysis and deuterium
labeling experiments of the model system (nitrobenzene/[3]NO3) allowed to detect aniline as the only
reaction intermediate and to corroborate the role of methanol as H, donor and alkylating agent.
Additional experiments with [3]NOz indicated the homogeneous nature of the catalytic system and

the thermal dissociation of the p-cymene ligand as a plausible activation step of the pre-catalyst.
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Overall, the ruthenium(ll) arene dioxime complexes herein described are effective catalysts for the
tandem reduction/N-methylation of nitroarenes, thus encouraging the application of this easily
available and tunable class of compounds for other borrowing hydrogen processes. Furthermore, our
results suggest, to the broader inorganic chemistry community, the opportunity to include the

overlooked dioximes in the panel of ligands for catalyst development.

4. Experimental section.

4.1. General experimental details.

All reagents and solvents were obtained from Alfa Aesar, Sigma Aldrich or TCI Europe and were
used without further purifications. Compounds [Rulz(m®-p-cymene)]z (D2)*" and [RuCl(n®-p-
cymene)(k?N-{HCN(4-CsH4CHs)}2)]CF3sSOs (N1) 8 were prepared according to literature methods.
New or optimized procedures for the previously-reported compounds [RuClx(n5-p-cymene)].
(D1),%84° [RuCl2(n®-CsMes)]2 (D3)*° [RuClz(n°-1,3,5-CsHsMes)]2 (D4),% [RuzCla(p-Cly(u-H)(n®-p-
cymene),], (D5)*5152 [RuCl{x?N-H2NCHCH2NH2} (n5-p-cymene)]Cl, (N2)*® and [RuCl{i?N-
(1S,2S)-H2NC(Ph)C(Ph)NSO2(p-CsHaCHs) } (n®-p-cymene)], (N3)*>** are described in the ESI.
Where specified, the reactions were carried out under N2 using standard Schlenk techniques.
Anhydrous THF was obtained from SPS 5 solvent purifier (MBraun); MeOH was distilled over CaH>
and stored over 3A MS. Otherwise, preparations and manipulations were carried out in air with
common laboratory glassware. All the complexes were isolated as air-stable powders that were
maintained under N2 for long time storage as a precaution (particularly recommended for [2]NOs,
[2]PFs and [6]NOz). Reaction yields are referred to the isolated, powdered materials. Carbon,
hydrogen and nitrogen analyses were performed on a Vario MICRO cube instrument (Elementar).
Infrared spectra of solid samples (650-4000 cm™ range) were recorded on a Perkin Elmer Spectrum
One FT-IR spectrometer equipped with a UATR sampling accessory. NMR spectra were recorded on
a Bruker Avance Il DRX400, JEOL YH JNM-ECZ400S or INM-ECZ500R instruments equipped

with broadband probes. Chemical shifts are referenced to the residual solvent peaks (*H, *3C) or to
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external standard (**N to CH3NO2, %Cl to 1 M NaCl in D20).% Spectra indicated as CHsOH/CgDg
were recorded in CH3OH solutions using a sealed C¢Dg capillary for locking. NMR resonances were
assigned with the assistance of *H-3C gs-HSQC and/or gs-HMBC correlation experiments. UV-Vis
spectra (190-900 nm) were recorded on an Ultraspec 2100 Pro spectrophotometer. IR and UV-Vis
spectra were processed with Spectragryph.®® Conductivity measurements were carried using an XS
COND 8 instrument (cell constant = 1.0 cm™)* equipped with NT 55 temperature probe
(measurements automatically adjusted to 25 °C). KNOs [Am (MeOH, 2.7-:10° M): 93 S-cm?mol™]
and [BusN]Br [Am (MeOH, 3.2-:10° M): 62 S-cm?mol™] were used as a reference compounds.>® Mass
spectrometry measurements were performed on a quadrupole time-of-flight mass spectrometer
instrument (Q-TOF) (Xevo G2 QTof; Waters) operated with MassLynx (version 4.1, Waters)
software package. The spectra were scanned in the m/z range from 50 to 1200. ESI Z-spray
conditions: flow rate 5 uL/min; electrospray capillary voltage: 3.0 kV; source temperature: 100 °C;
gas: N2; gas temperature: 250 °C. The cone voltage was adjusted according to the MassLynx software
to 20 and the extraction cone to 2. The argon buffer gas in the T-wave was set at about 0.3 mL/min.
Gas chromatography-mass spectrometry measurements were performed by a ThermoFischer Trace
1300 series instrument equipped with a mass spectrometer ThermoFischer 1SQ 4000 (230 V) detector,
using a J&W HP-530 m x 0.32 mm x 0.25 pm film thickness fused silica column and chromatography

grade helium as carrier gas.

4.2. Synthesis and characterization of dioxime and oxime-oximato complexes.

Procedure A ([1-7]NOs). An orange suspension of [RuClz(n®-arene)]2 (50-200 mg; arene = p-cymene,
CeMes, 1,3,5-CsHzMes) and AgNOs (2.0 equivalents) in MeCN (ca. 5 mL) was stirred at room
temperature for 1 h (3.5 h for arene = 1,3,5-CsHzMes) under protection from the light. The resulting
mixture (yellow/orange solution + colorless solid) was filtered over celite and treated with the
selected dioxime (2.0 equivalents). The solution was stirred at room temperature (reflux temperature

for arene = 1,3,5-C¢HsMes) for 3 h and the conversion was checked by *H NMR (CDsOD). Following
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an appropriate filtration step over celite, volatiles were removed under vacuum. The resulting solid
was triturated in Et2O (Et2O/MeCN 6:1 v/v for [4]NOs and [6]NO3) and the suspension was filtered.
The solid was washed with Et.O, hexane and dried under vacuum (40 °C). Note: the presence of even
a slight excess of AgNOs leads to formation of by-products, among which free p-cymene; it is
important to use stochiometric amounts.

Procedure B ([2,3]NO3). An orange suspension of [RuXz(n°-p-cymene)]. (54-160 mg, X = Cl, 1) and
AgNOs (2.0 equivalents) in MeOH (5-8 mL) was stirred at room temperature for 1.5 h under
protection from the light. The suspension (X = CI: yellow-orange solution + colorless solid; X = I:
red-brown solution + pale yellow solid) was filtered over celite and the filtrate was treated with
nioxime (2.0 equivalents). The mixture was stirred at room temperature for 1.5 h affording a clear red
(X =1) or orange (X = CI) solution. Conversion was checked by *H NMR (CD3sOD) then volatiles
were removed under vacuum. The residue was dissolved in CH.Cl, (X = I: a few drops of MeOH
were added to assist solubilization) and filtered over celite. The filtrate was taken to dryness under
vacuum and the resulting foamy solid was triturated in EtoO/hexane 1:1 v/v. The suspension was
filtered; the solid was washed with EtoO/hexane 1:1 v/v, hexane and dried under vacuum (40 °C).
Alternative preparations involving the use of MeCN in both reaction steps (as in procedure A) or
MeCN in the first step and MeOH in the second step led to the isolation of a more brownish solid
containing [2,3]NOs and minor amounts of non-arene nioxime complexes. Coherently, the presence
of free p-cymene was assessed in the final reaction mixture.

Procedure C ([2,6]PFs). A suspension of [RuCla(n°-arene)] (33-70 mg; arene = p-cymene, CsMes)
and the selected dioxime (2.0 equivalents) in EtOH (6 mL) was stirred at room temperature for 1 h,
then treated with KPFe (ca. 2.2 equivalents). After 2 h, the suspension (yellow-orange solution +
colorless solid) was filtered over celite and the filtrate was taken to dryness under vacuum. The
residue was dissolved in CH2Cl. and filtered over celite. Volatiles were removed from the filtrate
solution and the resulting solid was triturated in Et,O. The suspension was filtered, the solid was

washed with Et20O, hexane and dried under vacuum (40 °C).
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Procedure D (2-471). A suspension of [RuXz(n®-arene)]. (55-70 mg; X= ClI, I; arene = p-cymene,
CeMeg) and the selected dioxime (2.0 equivalents) in MeOH (4 mL) was stirred at room temperature
for 1.5 h, then treated with NaHCO3 (2.0 equivalents) and stirred for 2 h. A yellow (X = ClI) or yellow-
brown (X = 1) solution formed within few minutes. For 27 and 47": volatiles were removed under
vacuum and the residue was suspended in CH2Cl,. For 37H: the final mixture was diluted with MeOH.
The suspension was filtered over celite and the filtrate was taken to dryness under vacuum. The
resulting solid was triturated in Et,O and filtered. The solid was washed with Et>O, hexane and dried

under vacuum (40 °C).

[RUCI(k?N-{CH3C=NOH}2)(n®-p-cymene)]NOs, [1]NOs (Chart 1).

Chart 1. Structure of [1]* (humbering refers to carbon atoms).
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Prepared from [RuClz(n®-p-cimene)]2 (54 mg, 0.088 mmol, 1 eq), AgNOs (30 mg, 0.18 mmol) and
dimethylglyoxime (20 mg, 0.18 mmol), according to procedure A. Final reaction mixture: yellow-
orange solution; filtered over celite. Orange solid, yield: 62 mg, 77 %. Soluble in MeOH, MeCN,
insoluble in Et20, toluene. Anal. Calcd. for C14H22CIN3OsRu: C, 37.46; H, 4.94; N, 9.36; Found: C,
36.3; H, 4.47; N, 8.91. IR (solid state): d/cm™ = 3300-3100m-br (OH), 3071-3057w-br, 2971w,
2925w, 2730-2701w, 1464m-sh, 1435m-sh, 1389m, 1364m, 1323m, 1254s-br (NOz), 1193s, 1162w-
sh, 1118w, 1064s (NO), 1035m, 1006s, 875w, 824w, 804w, 720w, 674w. *H NMR (CD30D): 5/ppm
=6.06 (d, 3Jun = 6.4 Hz, 2H, C*H), 5.69 (d, 3Jun = 6.4 Hz, 2H, C3H), 2.71 (hept, 3Jun = 7.0 Hz, 1H,
C®H), 2.32 (s, 6H, C°H), 2.28 (s, 3H, C'H), 1.18 (d, %Jun = 6.9 Hz, 6H, C'H). BC{*H} NMR
(CDs0OD): 8/ppm = 161.0 (C?), 109.9 (C®), 107.0 (C?), 88.9 (C*), 85.7 (C?), 32.6 (C°), 22.4 (C"), 19.3

(Ch), 13.6 (C%. *N NMR (CD30D): & (ppm) = — 3.7 (Avi2 = 21 Hz, NO3).
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[RUCI(k?N-{CH2CH2C=NOH}2)(n’-p-cymene)] X, [2]X (X = NOs, PFs; Chart 2).

Chart 2. Structure of [2]* (numbering refers to carbon atoms).

=+

[2]PFe. Prepared from [RuCla(n®-p-cimene)]2 (70 mg, 0.114 mmol), nioxime (33 mg, 0.23 mmol) and
KPFs (45 mg, 0.24 mmol), according to procedure C. Ochre yellow-orange solid, yield: 104 mg, 82
%. Alternatively prepared according to procedure A, using NH4PFg (89 mg, 0.545 mmol) in place of
AgNOs3, [RuClz(n®-p-cimene)]2 (165 mg, 0.269 mmol) and nioxime (78 mg, 0.549 mmol). Yield: 256
mg, 85 %. Stored under N2 (partially decomposed to a dark brown solid after several months when
stored in air). Soluble in MeCN, acetone, water, less soluble in CHCl,, poorly soluble in CHCls,
insoluble in Et20, toluene. Anal. Calcd. For C16H24CIFsN202PRu: C, 34.45, H, 4.34, N, 5.02; Found:
C,33.92, H, 4.16, N, 5.01. IR (solid state): d/cm™ = 3640-3600w (OH), 3563w (OH), 3433w-br (OH),
2436w, 3100m-br, 2097m, 2949w, 2878w, 1546w, 1508w, 1470m, 1461m, 1456m, 1432m, 1425m,
1387m-sh, 1396s, 1309s, 1258w, 1242w, 1189m, 1167w, 1116w, 1094w, 1039s (NO), 1009w, 972m,
923w, 908w, 838vs (PFe), 817vs-sh, 786s, 739m, 729s, 680w. *H NMR (acetone-ds): 8/ppm = 6.38
(d, 3Jun = 6.0 Hz, C*H), 5.91 (d, 3Jun = 6.0 Hz, C3H), 3.00-2.79 (m, 5H, C®H + C°H), 2.27 (s, 3H,
C!H), 1.77-1.60 (m, 4H, C*H), 1.21 (d, 3Jun = 6.9 Hz, 6H, C’H); N(OH) signals were not detected
(rapid H/D exchange with residual water). *H NMR (CD30D): &/ppm = 6.07 (d, 3Jun = 6.3 Hz, 2H,
C*H), 5.69 (d, 3Jun = 6.3 Hz, 2H, C3H), 2.94-2.78 (m, 4H, C°H), 2.72 (hept, 3Jun = 6.9 Hz, 1H, C°H),
2.28 (s, 3H, CH), 1.73-1.62 (m, 4H, C¥H), 1.18 (d, ®Jun = 6.9 Hz, 6H, C’H). No changes in the H
NMR spectrum were observed after 14h at room temperature. 3C{*H} NMR (CDsOD): &/ppm =

161.0 (C?), 110.0 (C?), 106.9 (CP), 88.7 (C%), 85.4 (C3), 32.7 (CP), 27.2 (C?), 22.4 (C7), 21.4 (C),
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19.3 (CY). °F NMR (CD3OD): 8/ppm = — 74.8 (d, 1Jee = 708 Hz, PFg"). 3'P NMR (CD30D): 8/ppm
= — 144.6 (hept, 1Jrp = 708 Hz, PF¢").

[2]NOa. Prepared from [RuClz(n°-p-cimene)] (54 mg, 0.088 mmol), AgNOs3 (30 mg, 0.18 mmol) and
nioxime (26 mg, 0.18 mmol), according to procedure B. Ochre yellow-orange solid, yield: 67 mg, 67
%. Stored under N2. Soluble in acetone, MeOH, CHzCl_; insoluble in Et2O, hexane. Anal. Calcd. For:
C16H24CIN3OsRu: C, 40.47; H, 5.09; N, 8.85. Found: C, 40.33; H, 5.13; N, 8.68. IR (solid state):
d/em™ = 3060w, 2945m, 2873m, 2700w-br, 1472m-sh, 1447m-sh, 1434m, 1417s, 1388s, 1379s,
1363m, 1325m, 1299m-sh, 1262s, 1243s (NOgz), 1184s, 1163s-sh, 1086w, 1072w, 1038m (NO),
1019m-sh, 971s, 909w, 890w, 873w, 823w, 805w, 750w, 713-677w. *H NMR (CD3sOD or acetone-
de): identical to the PFs salt. UV-Vis (MeOH, 2.1-10° M): Amax/nm (e/M1-cm™) = 243sh (8:10%),

274sh (6.3-10%), 328 (5.0-10%), 390br (1.9-10%). Am (MeOH, 2.1-10 M): 93 S-cm?mol ™.

[Rul (x?N-{CH2CH2C=NOH}2)(n®-p-cymene)]NOs, [3]NOz (Chart 3).

Chart 3. Structure of [3]* (humbering refers to carbon atoms).
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Prepared from [Rulz(n®-p-cymene)]2 (160 mg, 0.164 mmol), AgNOs (55.5 mg, 0.327 mmol) and
nioxime (47 mg, 0.33 mmol), according to procedure B. Orange-brown solid, yield: 160 mg, 86 %.
Soluble in MeOH, MeCN, acetone, water, less soluble in CH2Clz, H20, insoluble in EtO. X-ray
quality needle-like crystals of [3]NOs were obtained from an EtOH solution layered with a
toluene/hexane mixture and settled aside at — 20 °C. Anal. Calcd. for C16H24IN3OsRu: C, 33.93; H,
4.27; N, 7.42. Found: C, 33.84; H, 4.35; N, 7.52. IR (solid state): d/cm™ = 3200w-br (OH), 3079w,

2955w, 2931w, 2870w, 2740w-br, 1454m-sh, 1418m-sh, 1388s, 1368s, 1326m-sh, 1270s (NO3),
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1243s, 1186s, 1164s-sh, 1135m-sh, 1113m, 1086m, 1043s (NO), 1019m-sh, 969s, 906w, 879w,
825w, 805w, 789w, 733w, 714w. *H NMR (CDsOD): 8/ppm = 5.99 (d, *JuH = 6.2 Hz, 2H, C*H), 5.65
(d, 33un = 6.1 Hz, 2H, C3H), 2.97-2.74 (m, 5H, C°H + C°H), 2.65 (s, 3H, CH), 1.73-1.56 (m, 4H,
C0H), 1.20 (d, 3Jun = 6.9 Hz, 6H, C'H). *C{*H} NMR (CDsOD): 5/ppm = 159.8 (C8), 110.1 (C?),

108.2 (C5), 88.6 (C*), 86.0 (C?), 33.2 (C?), 27.3 (C), 22.4 (CT), 21.8 (CY), 21.5 (CL9).

[RUCI(k?N-{CH3C=NOH}2)(n®-CsMes)]NOs, [4]NOs (Chart 4).

Chart 4. Structure of [4]* (numbering refers to carbon atoms).
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Prepared from [RuCl,(n%-CsMes)]> (60 mg, 0.090 mmol), AgNOsz (30 mg, 0.18 mmol) and
dimethylglyoxime (21 mg, 0.18 mmol), according to procedure A. Final reaction mixture: pale yellow
solution and yellow solid; dried under vacuum, dissolved in MeOH and filtered over celite. Yellow
solid, yield: 68 mg, 82 %. Soluble in MeOH, water, poorly soluble in MeCN, insoluble in Et,O. X-
ray quality crystals of [4]NO3-H20 were obtained from an EtOH solution spiked with a drop of 65 %
HNOzq), layered with Et20 and settled aside at — 20 °C. Anal. Calcd. for C16H26CIN3OsRu: C, 40.30;
H, 5.50; N, 8.81; Found: C, 40.12; H, 5.68; N, 8.82. IR (solid state): /cm™ = 3022m-sh (OH), 2297m-
sh, 2914m, 2656m-br, 1612w, 1534w, 1416s, 1386s, 1276s (NOs3), 1192s, 1072s (NO), 1039m,
1016m, 998s, 962s, 833w, 826w, 719w, 668w. 1H NMR (CDs0D): §/ppm = 2.30 (s, 6H, C*H), 2.17
(s, 18H, C1H). 3C{*H} NMR (CDz0D): 8/ppm = 162.3 (C3), 99.7 (C?), 15.8 (C), 13.7 (C*). UV-Vis
(MeOH, 2.1-:10° M): Amax/nm (e/M-cm™) = 345 (4.0-10%), 403 (2.9:10%). Am (MeOH, 2.1-10° M):

102 S-cm?mol™.

[RUCI(k°N-{CH2CH2C=NOH}2)(n5-CsMes)]NOgz, [5]NOz (Chart 5).

Chart 5. Structure of [5]* (numbering refers to carbon atoms).
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Prepared from [RuClz(n®-CsMes)]2 (99 mg, 0.148 mmol), AgNOs (50 mg, 0.30 mmol) and nioxime
(42 mg, 0.30 mmol), according to procedure A. Final reaction mixture: yellow-orange solution +
solid; dried under vacuum, dissolved in MeOH and filtered over celite. Yellow-ochre solid, yield:
144 mg, 97 %. Soluble in MeOH, less soluble in MeCN, poorly soluble in CH,Cly, insoluble in Et20,
hexane. Anal. Calcd. for C1sH28CIN3OsRu: C, 42.99; H, 5.61; N, 8.35. Found: C, 43.06; H, 5.45; N,
8.29. IR (solid state): ®/cm™ = 3441w (OH), 3366w (OH), 2945m, 2875w, 2660m-br, 1452m-sh,
1435s-sh, 1393s, 1377s, 1350s-sh, 1315m, 1273s (NOgz), 1256s-sh, 1238s-sh, 1184s, 1165m, 1141m,
1073m, 1031s (NO), 970m, 904m, 866w, 823w, 778w, 731w, 718w. 'H (CD3OD): &/ppm = 2.98—
2.79 (m, 4H, C*H), 2.19 (s, 18H, C'H), 1.80-1.58 (m, 4H, C°H). 3C{*H} (CH3OH/CsDs): 5/ppm =

163.4 (C?), 99.6 (C?), 27.2 (C*#), 21.2 (C5), 15.6 (C1). N (CDsOD): 8/ppm = — 4.3 (Avysz = 20 Hz).

[RUCI(k2N-{PhC=NOH}2)(n°-CsMes)]X, [6]X (X = NOs, PFs; Chart 6).

Chart 6. Structure of [6]* (numbering refers to carbon atoms).

+

[6]NOs. Prepared from [RuCla(n®-CsMeg)]2 (166 mg, 0.248 mmol), AgNOs (85 mg, 0.50 mmol) and
diphenyldioxime (125 mg, 0.518 mmol), according to procedure A. Final reaction mixture: pale
yellow solution and orange solid; dried under vacuum, dissolved in MeOH and filtered over celite.
Orange-brown solid, yield: 261 mg, 87 %. Stored under N2. Soluble in MeOH, poorly soluble in
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MeCN, insoluble in Et20. Anal. Calcd. for C26H30CIN3OsRu: C, 51.96; H, 5.03; N, 6.99; Found: C,
51.26; H, 4.88; N, 6.83. IR (solid state): d/cm™ = 3463-3405w-br (OH), 3027w, 2878w-br, 2600w-
br, 1433m, 1402s, 1393s, 1353s, 1272s (NOg), 1247s, 1220s, 1120w, 1089s (NO), 1072m, 1063m,
1038m, 1028m, 1016m, 1001m, 922w, 886m, 847w, 819w, 795w, 774w, 764m, 724s, 694s. *H NMR
(CDz0OD): 8/ppm = 7.36-7.24 (m, 6H, C°H + C’H), 7.09-7.04 (m, 4H, C°H), 2.28 (s, 18H, CH).
B3C{'H} NMR (CDsOD): 8/ppm = 163.6 (C%), 131.3 (C"), 130.7 (C?), 130.1 (C*), 129.3 (C°), 101.5
(C?), 16.0 (CY). N NMR (CD30D): &/ppm = — 5.3 (Av2 = 19 Hz, NO3).

[6]PFe. Prepared from [RuClz(n®-CsMes)]2 (101 mg, 0.151 mmol), diphenyldioxime (73 mg, 0.30
mmol) and KPFs (60 mg, 0.33 mmol), according to procedure C. Orange solid, yield: 176 mg, 85 %.
Unlike in the preparation of [2]PFe, no reaction occurs until the addition of KPFe (the insoluble
[RUCl2(n®-CsMes)]2 did not react with nioxime). Soluble in MeOH, EtOH, CHCl,, poorly soluble in
Et.O. Anal. Calcd. For. C2H30CIN3OsRu: C, 45.65; H, 4.42; N, 4.10. Found: C, 45.35; H, 4.54; N,
4.03. 'H NMR (CD30D): &/ppm = identical to the NOs™ salt. 1%F NMR (CDsOD): 8/ppm = -74.8 (d,
J =706 Hz). F NMR (CD30D): §/ppm = — 74.8 (d, *Jrp = 706 Hz, PF¢"). 3P NMR (CD30D): &/ppm

=—144.6 (hept, 1Jre = 706 Hz, PFe").

[RUCI(k2N-{CH2CH2C=NOH}2)(n’-1,3,5-CsH3sMes)]NO3, [7]NOs (Chart 7).

Chart 7. Structure of [7]* (humbering refers to carbon atoms).

3 +

Prepared from [RuClz(n%-1,3,5-CsHsMes)]2 (53 mg, 0.090 mmol), AgNOs (32 mg, 0.19 mmol) and
nioxime (27 mg, 0.19 mmol), according to procedure A. Final reaction mixture: brown solution; dried

under vacuum, dissolved in acetone and filtered over celite. Brown solid, yield: 71 mg, 86 %. Soluble
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in MeOH, acetone; poorly soluble in CH2Cl, insoluble in Et,O, hexane. Anal. Calcd. for
C1sH22CIN3OsRu: C, 39.09; H, 4.81; N, 9.12. Found: C, 38.95; H, 4.90; N, 9.06. IR (solid state):
d/cm™ = 3420w-br (OH), 3078w, 3041w, 2945m, 2870m, 2701w-br, 1881w, 1646w, 1531w, 1452m-
sh, 1417s-sh, 1378s, 1323-sh, 1299s-sh, 1272s, 1252s (NOz3), 1186s, 1166m-sh, 1072w, 1033s (NO),
1012w-sh, 989w, 970m, 905w, 887w, 824w, 785w, 732w, 714w. *H NMR (CD3;OD): &/ppm = 5.38
(s, 3H, C3H), 2.82 (app. t, 3Jun = 6.5 Hz, 4H, C5H), 2.32 (s, 9H, C'H), 1.79-1.70, 1.68-1.60 (m, 4H,
C°H). 8C{*H} NMR (CD30D): &/ppm = 160.6 (C*), 111.6 (C?), 81.3 (C?), 27.1 (C°), 21.6 (C°), 19.5

(CY). N NMR (CDsOD): 8/ppm = - 3.9 (Avy2 = 33 Hz).

[RUCI(k®N-{ONC(CH2)4sCNOH})(n®-p-cymene)], 2" (Chart 8).

Chart 8. Structure of 27 (numbering refers to carbon atoms).

Prepared from [RuCla(n®-p-cymene)]2 (70 mg, 0.114 mmol), nioxime (33 mg, 0.23 mmol) and
NaHCOs (19 mg, 0.23 mmol), according to procedure D. Yellow-orange solid, yield: 86 mg, 91 %.
Soluble in MeOH, CHCly, less soluble in acetone, MeCN, scarcely soluble in Et2O. Anal. Calcd. for
C16H23CIN2O2Ru: C, 46.66; H, 5.63; N, 6.80. Found: C, 45.27; H, 5.35; N, 6.49. IR (solid state):
d/em ™t = 3064w, 2959w, 2928w, 2864w, 1595w, 1500w-sh, 1467m, 1449m, 1427m, 1385m, 1300w,
1303m, 1253w, 1228w, 1162s, 1101s (N=0), 1029s (N-O), 999s-sh, 898s, 864m-sh, 798s, 747w. 'H
NMR (CD30D): 8/ppm = 5.75 (d, 3Jun = 6.3 Hz, 2H, C*H), 5.38 (d, 3Jun = 6.2 Hz, 2H, C%H), 2.72
(hept, 3Jun = 6.9 Hz, 1H, C°H), 2.66-2.59 (m, 4H, C°H), 2.20 (s, 3H, C'H), 1.61-1.53 (m, 4H, C1°H),
1.15 (d, 3Jun = 6.9 Hz, 6H, C’H). 3C{*H} NMR (CD30OD): &/ppm = 165.8 (C?); 106.5 (CF), 103.0

(C?), 89.3 (C%), 85.9 (C3), 32.5 (C?), 26.5 (C°); 22.50, 22.48 (C” + C%); 19.2 (C). UV-Vis (MeOH,
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2.4:10°3 M): Amax/nm (e/Mt-cm™) = 240 (10%), 292 (10%), 328sh (5.8:10%), 390br (1.6:10%). Am (MeOH,

2.4-10° M): 11 S-cm?mol ™.

[Rul(x*N-{ONC(CH2)sCNOH})(m8-p-cymene)], 3™ (Chart 9).

Chart 9. Structure of 37H (numbering refers to carbon atoms).

Prepared from [Rulz(n®-p-cymene)]2 (53 mg, 0.054 mmol), nioxime (16 mg, 0.11 mmol) and NaHCOs
(10 mg, 0.12 mmol), according to procedure D. Orange solid, yield: 45 mg, 80 %. The insolubility of
37" in CH2Cl; and acetone prevented its purification from traces of sodium salts, as reveled by
conductivity and CHN analyses. Therefore, an alternative strategy was adopted. A suspension of
[Rul2(m®-p-cymene)]2 (160 mg, 0.164 mmol) and nioxime (47 mg, 0.33 mmol) in MeOH (10 mL)
was stirred at room temperature for 1.5 h. The resulting red-brown solution was treated with Ag.O
(38 mg, 0.17 mmol) and stirred at room temperature for 2.5 h under protection from the light. The
amber orange suspension was diluted with MeOH and filtered over celite. The orange filtrate was
taken to dryness under vacuum and the residue was triturated in acetone/Et20 1:1 v/v. The suspension
was filtered and the resulting orange solid was washed with Et20O, hexane and dried under vacuum
(40 °C). Yield: 129 mg, 78 %. Fairly soluble in MeOH, less soluble in EtOH, DMSO, insoluble in
CH:Cly, acetone, diethyl ether, hexane. Anal. Calcd. for C16H23IN2O2Ru: C, 38.18; H, 4.61; N, 5.57.
Found: C, 37.12; H, 4.56; N, 5.38. IR (solid state): d/cm™ = 3080w, 3039w, 2961m, 2940m, 2862m,
2800-2400m-br, 1498w, 1461m-sh, 1438s, 1423s-sh, 1388m, 1380m, 1369s, 1359s, 1298s, 1280m-
sh, 1247w, 1232w, 1176s, 1159s-sh, 1109s (N=0), 1088s-sh, 1075m-sh, 1063m, 1035s (N-O), 1019s,
1003s-sh, 988s-sh, 969s, 943m-sh, 927m-sh, 902s, 896s, 883m-sh, 858s, 795s, 756m, 744ss, 690w,

665m. *H NMR (CDsOD): 8/ppm = 5.67 (d, 3Ju = 6.3 Hz, 2H, C*H), 5.38 (d, 3Jun = 6.2 Hz, 2H,
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C3H), 2.87 (hept, 3Jun = 6.9 Hz, 1H, C°H), 2.71-2.56 (m, 4H, C°H), 2.48 (s, 3H, C'H), 1.63-1.51 (m,
4H, C1°H), 1.17 (d, 3Ji = 6.9 Hz, 6H, CH). 3C{'H} NMR (CDsOD): 5/ppm = 105.6 (C°), 104.4
(C?), 88.9 (C*), 86.5 (C?), 32.9 (CP), 26.6 (C°), 22.5 (C’ + C19), 21.4 (CY). The resonance of C® was
not detected due to limited solubility. UV-Vis (MeOH, 2.0-10° M): Amax/nm (¢/M*-cm™) = 290

(7.3:10%), 418 (8.4-10%). Am (MeOH, 2.0-10 M): 10 S-cm?mol .

[RUCI(1k2N-{ONC(CH3)C(CH3)NOH})(n°-CsMes)], 4+ (Chart 10).

Chart 10. Structure of 4™ (numbering refers to carbon atoms).

1
2

©
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Prepared from [RuClz(n°-CsMes)]2 (55 mg, 0.082 mmol), dimethylglyoxime (20 mg, 0.17 mmol) and
NaHCOs (14 mg, 0.17 mmol), according to procedure D. Yellow solid, yield: 60 mg, 88 %. Soluble
in CH2Cl2, MeOH, poorly soluble in Et,0, insoluble in hexane. X-ray quality crystals of 4H-1.5H,0
were obtained from a solution of [4]NOs in EtOH, layered with Et,O and stored at —20 °C. Anal.
Calcd. for C16H2sCIN202RuU: C, 46.43; H, 6.09; N, 6.77. Found: C, 44.05; H, 6.01; N, 6.65. IR (solid
state): d/cm™ = 3019w, 2998w, 2979w, 2914w, 1613w-sh, 1556w, 1440s, 1380s, 1363m-sh, 1213m-
sh, 1186s, 1109s (N=0), 1069m, 1041s (N-O), 1010s-sh, 993s-sh, 955s, 920m-sh, 832w-sh, 735m,
720m, 703m. *H NMR (CD30D): &/ppm = 2.12 (s, 18H, C'H); 2.10 (s, 6H, C*H). No changes were
observed in the *H NMR spectrum after a few days at room temperature. **C{*H} NMR (CD3OD):
8/ppm = 164.7 (C3), 98.7 (C?), 15.5 (CY), 12.8 (C*). UV-Vis (MeOH, 1.9-10 M): Amax/nm (¢/M>-cm
1y = 238 (1:10%, 294 (6.2:10%), 328sh (4.1-10%), 387br (1.4:10%). Am (MeOH, 1.9-10° M): 11

S-cm?mol™.

4.3. X-ray crystallography.
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Crystal data and collection details for [3]NOs, [4]NO3-H20 and 4H-1.5H,0 are reported in Table 5.

Data were recorded on a Bruker APEX II diffractometer equipped with a PHOTON2 detector using

Mo—Ka radiation. The structures were solved by direct methods and refined by full-matrix least-

squares based on all data using F2.> Hydrogen atoms were fixed at calculated positions and refined

using a riding model, except O-bonded hydrogens that have been located in the difference Fourier

map and refined isotropically.

Table 5. Crystal data and measurement details for [3]NOs, [4]NOs-H20 and 4H-1.5H-0.

Compound [3]NO3 [4]NO3-H20 4™1-1.5H20
Formula C16H24IN3OsRu C16H28CIN3OsRuU C16H28CIN2035Ru
FW 566.35 494.93 440.92
T.K 100(2) 100(2) 100(2)

A, A 0.71073 0.71073 0.71073
Crystal system Orthorhombic Orthorhombic Monoclinic
Space group Pbca Pca2: P2i/c

a, A 14.031(6) 10.1596(7) 15.4589(10)
b, A 14.473(6) 11.7047(8) 13.1592(8)

c, A 19.564(7) 16.3630(11) 17.7332(11)
a’ 90 90 90

Be 90 90 98.356(2)

7,° 90 90 90

Cell Volume, A3 3973(3) 1945.8(2) 3569.1(4)

Z 8 4 8

D¢, g-cm3 1.894 1.689 1.641

u, mm-! 2.374 0.981 1.047
F(000) 2224 1016 1816
Crystal size, mm 0.18x0.14x0.10 0.18x0.12x0.10 0.22x0.19x0.15
0 limits,° 2.082-26.999 2.655-26.995 1.934-25.398
Reflections collected 55908 22857 59880
Independent reflections 4294 [Rint = 0.0402] 4221 [Rint = 0.0326] 6515 [Rint = 0.0508]
Data / restraints /parameters 429410/ 240 4221 /3 /260 6515 /8 /464
Goodness on fit on F2 & 1.323 1.142 1.078

R (1 > 20(1)) P! 0.0339 0.0239 0.0195
wR:2 (all data) 0.0595 0.0528 0.0468
Largest diff. peak and hole, e A3 0.876 / —0.858 0.435/-0.400 0.401/-0.323

[a] Goodness on fit on F2 = [Ew(Fo? — Fc?)?/(Nref — Nparam)]2, where w = 1/[c?(Fo?) + (aP)? + bP], where P =
(Fo? + 2Fc?)/3; Nret = number of reflections used in the refinement; Nparam = number of refined parameters. [b]
R1 = X||Fo| — |Fc||/Z|Fol. [c] WR2 = [Ew(Fo? — Fc?)2/Ew(Fo?)2Y2, where w = 1/[c2(Fo?) + (aP)? + bP], where P =

(Fo? + 2Fc?)/3.

4.4. Reactivity studies in MeOH.



General procedures are described below; experimental details and NMR data are reported in the ESI,
NMR and MS spectra are given in Figures S42-S49.

1) with Brgnsted bases. A solution of the dioxime compound (ca. 20 mg) in MeOH (2 mL) was treated
with the selected base (up to 2.0 equivalents) and stirred at room temperature for 3-8 h. Addition of
'BuOK was performed from a 1 M THF solution in anhydrous MeOH under N». Volatiles were
removed under vacuum and the yellow/brown residue was analyzed by *H NMR (CD3OD). The NMR
tube was kept at room temperature overnight (14-18 h) and a new *H NMR spectrum was recorded.
2) with silver nitrate. A solution of dioxime compound (ca. 15 mg) in MeOH (2 mL) was treated with
AgNOs (1.0 equivalent) and stirred at room temperature for 1 h under protection from the light. A
light grey/yellow solid (silver halide) was separated by filtration over celite. The filtrate solution was
taken to dryness under vacuum and the brown residue was analyzed by *H NMR (CD3s0D). The NMR
tube was kept at room temperature overnight (ca. 14 h) and the *H NMR spectrum was recorded.
Reactivity under catalytically relevant conditions. In a 10-mL test tube under N2, a solution of
[3]NOs or [5]NO3 (ca. 15 mg) in anhydrous MeOH (2 mL) was treated with PhNO2 and 'BuOK (20
eq. each). The dark brown solution was stirred at room temperature for 1 h then at reflux for 20 h and
finally analyzed by *H NMR and *H-*C HMBC (CDs0D). An analogous experiment was carried out
using PhNH; instead of PhNO>. In both cases, the selective formation of [372"]” or [572"] was
observed at room temperature. Progressive release of the n°®-arene ligand was observed over time (p-

cymene: ca. 50 % after 6 h and almost quantitative after 20 h; CsMes: 80 % after 20 h).

4.5. Catalytic activity.

The catalytic N-methylation reactions were carried out under a N2 atmosphere in a pressure tube
equipped with a Teflon high vacuum stopcock. Inside a glove box, an oven dried reactor was charged
with the nitrocompound (0.5 mmol), the base (‘BuOK 0.5 mmol), and the catalyst (0.02 mmol, 4
mol%), dissolved in dry methanol (1 mL). After sealing, the reactor was purged three times with

nitrogen and then pressurized with 1 atm of nitrogen. The resulting mixture was stirred at room
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temperature until complete dissolution of the catalyst and then placed in a thermostated oil bath at
130 °C. After 18 h, it was left to cool to RT and the conversion and selectivity were determined by
gas chromatography (GC-FID). The N-methylanilines were isolated by the following procedure.
After the completion of the reaction, the reaction mixture was cooled to room temperature and
filtrated through a pad of celite. After evaporating the solvent through rotary evaporator, the residue
was eluted through a silica gel column using hexane/diethyl ether (typically 9:1 v/v) as eluent. The
fraction containing the product was salified with 4 M HCI in dioxane. After the removal of volatiles
under vacuum, the pure N-methylaniline hydrochloride salt was dissolved in 0.5 mL of D,O or CDCl3

and analyzed by *H and *C NMR (Figures S50-S66).
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