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Keywords: The reaction of the complexes trans—[RuC12(112—C2H4){(S,S)—iPr—pybox}] (1a) and trans—[RuClz(nz—C2H4){(R,R)—Ph—
Asymmetric transfer hydrogenation of ketones pybox}] (1b) with nitrogen heterocyclic ligands, provide the complexes trans-[RuCl,(L)(R-pybox)] (L = py
Osmium (3a,b), 3-Br-py (4a,b), isoquinoline (5a,b), pyrazine (6a,b), 1-methylimidazole (7a,b), 1-benzylimidazole
Ruthenium

(8a,b), pyrazole (9a,b), 3-methylpyrazole (10a,b), and 1H-1,2,4-triazole (11a,b)). The complexes trans-
[OsClz(L){(S,S)—iPr—pybox}] (L = py (12), 3-Br-py (13), 3-CN-py (14), 3-MeO-py (15), 3-NO,-py (16), 4-CN-py
(17), 4-MeO-py (18), isoquinoline (19), 1-methylimidazole (20), 1-benzylimidazole (21), pyrazole (22)) have
been similarly synthesized by the substitution of ethylene from the precursor complex trans-[OsCly(7°-CoH,)
{(S,9)-Pr-pybox}] (2) by the corresponding N-donor ligand in refluxing toluene. Moreover, the dinuclear
complexes [(RuClz{(S,S)—iPr—pybox})z(;1—N,N—C4H4N2)] (23a), [(RuCly{(R,R)-Ph-pybox}),(u-N,N-C4H4N,)] (23b)
and [(OsClz{(S,S)—iPr—pybox})z(;l—N,N—C4H4N2)] (24) have been prepared by the reaction of the complexes 1 and
2 with pyrazine (1:0.5 M ratio for 23 and 1:1.5 for 24). The structure of the complexes 9a, 12, 23a and 24 has
been determined by single-crystal X-ray diffraction analysis. The ruthenium 3a,b, 6a and 10a,b and osmium
complexes 12-22 and 24 have been assayed as catalysts for the asymmetric transfer hydrogenation reaction.
Among them, the osmium complexes 12, 15, 16, 18 and 24 have proven more efficient in the reduction of a
variety of aromatic ketones affording the (R)-benzylalcohols with very high conversion and moderate en-
antioselectivity up to 73% e.e.

Enantiopure pybox
Nitrogen-donor ligands

1. Introduction

The asymmetric transfer hydrogenation (ATH) of prochiral ketones
leading to enantiopure alcohols has been usually focused on the use of
ruthenium, rhodium and iridium catalysts containing well designed
chiral ligands [1], although other late transition metal complexes have
also been also studied [2]. In spite that osmium catalysts have been
traditionally considered less active than the ruthenium analogs due to
their slower ligand exchange kinetics and, consequently, only occa-
sionally employed [3], the Baratta’s group [4] has demonstrated in the
last years that osmium complexes containing Josiphos-type phosphanes
[5], and substituted aminomethylpyridines show great potential in this
field displaying comparable catalytic activity as related ruthenium
complexes. Specifically, the complexes in situ generated from
[OsCly(PPhs)s], (S,R)-Josiphos or (S,R)-Josiphos* and (pyridin-2-yl)al-
kanamine derivatives (R-Pyme and H-Pyme) (Chart 1, ligands A) pro-
moted the ATH of acetophenone and methyl-arylketones to the corre-
sponding S-alcohols with high TOF (up to 1.9 x 10* h™Y and e.e.
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(91-96%) [6]. These results are rather similar to those reached using
the corresponding ruthenium complexes [7]. This group also studied
the catalytic potential of ruthenium and osmium complexes [MCI(CNN)
(PP)] containing Josiphos-type ligands and anionic CNN pincer ligands
derived from 1-(6-arylpyridin-2-yl)alkanamine (Chart 1, ligands B-D)
[8-10], and (benzo[h]quinolin-2-yl)alkanamine (Chart 1, ligands E)
[11]. They found that both types of metal complexes behave very ef-
ficiently for transfer hydrogenation of methylarylketones (Ru: TOF up
to 1.3 x 10° h', 81-99% e.e.; Os: TOF up to 4.0 x 10° h', 91-97%
e.e.) [8-11]. Interestingly, the nature of the enantiopure pyridine-de-
rived and Josiphos-type ligands notably improved the reduction effi-
ciency. In fact, the isolated complexes [MCI(CNN){(R,S)-Josiphos*}]
(M = Ru, Os; HCNN = (S)-1-(6-(2-naphtyl)pyridin-2-yl)ethanamine
(Chart 1, ligand D(r)) provided the best results, in terms of rate (TOF
10°-10°h™) and enantioselectivity (up to 99% e.e.), for the conversion
of different alkylaryl ketones and methylpyridyl ketones into the cor-
responding alcohols [10].

In this context we have recently reported on the capability of the
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Chart 1. (pyridine-2-yl)alkanamine, 1-[6-arylpyridin-2-yl)alkanamine and (benzo[h]quinolin-2-yl)alkanamine ligands.

osmium and ruthenium complexes cis-[RuCl>(L){(R,R)-Ph-pybox}]
(L = PPhs, P'Pr3) [12] and trans-[OsCly(L){(S,S)-Pr-pybox)] (L =P
(OR)3) [13] towards the asymmetric transfer hydrogenation of aryl
ketones. In all cases, both catalysts behave similarly affording more
than 95% of conversion and up to 95% of e.e. Moreover, it constitutes
the first application of an osmium catalyst bearing an aprotic nitrogen
ligand as the chiral asymmetric inductor in the ATH of ketones. On the
other hand, it was found that the nature of the achiral ligand has no-
table influence on the efficiency of these catalysts [12,13]. After these
promising results, it seems therefore apparent to undertake further
studies by choosing ligands with electronic/steric demand properties
different than those of the mentioned phosphorous ligands.

Accordingly, we report herein the synthesis of new ruthenium trans-
[RuCl,(L)(R-pybox)] (R-pybox = (S,S)-iPr-pybox, (R,R)-Ph-pybox)) and
osmium complexes trans- [OsClz(L){(S,S)-iPr-pybox}] containing achiral
N-donor ligands, specifically five- and six-membered aromatic nitrogen
heterocycles, which feature very different electronic properties than the
P-donor ligands (phosphanes and phosphites) already reported.
Moreover, the catalytic activity of some of these complexes towards the
AHT of ketones is explored.

2. Results and discussion

2.1. Synthesis of the complexes trans-[RuCl,(L)(R-pybox)] [R-pybox
= (5,5)-Prpybox = 2,6-bis[4"-(S)-isopropyloxazolin-2 -yl]pyridine, L = py
(3a), 3-Brpy (4a), isoquinoline (5a), pyrazine (6a); R-pybox = (R,R)-Ph-
pybox = 2,6-bis[4’-(R)-phenyloxazolin-2ylJpyridine, L = py (3b), 3-Br-py
(4b), isoquinoline (5b), pyrazine (6b)]

We have firstly carried out the preparation of ruthenium complexes
wherein the metal is coordinated to six-membered nitrogen hetero-
cycles, e.g. pyridine, isoquinoline, and pyrazine (complexes 3,4,5,6,
respectively). Thus, the complexes tTans-[RuClz(r]2-C2H4)(R-pybox)] 1
(1a: R' = Pr, R%2 = H; 1b: R! = H, R? = Ph) were reacted with the N-
donor ligands pyridine, 3-Br-pyridine, isoquinoline and pyrazine in
dichloromethane (1a: reflux, 1:1.5 M ratio; 1b: 60 °C, sealed tube, 1:2 M
ratio) giving rise stereoselectively to the formation of the trans-com-
plexes 3-6 in moderate to very high yield (3a-6a: 87-98 %; 3b-6b:
58-81%) by ethylene/N-donor ligand exchange (Scheme 1; see Ex-
perimental Section for details).

The trans stereochemistry of the complexes 3-6 has been readily
determined on the basis of the 'H and *C{'H} NMR spectra that are
fully consistent with the presence of a C, symmetry axis. Thus, the
3C{'H} NMR spectra of the complexes 3-6 show single resonance
signals for the C-2” (OCN), C-4” (CHR) and C-5" (CH,) carbon atoms of
both pybox-oxazoline rings and for the C-3/C-5 and C-2/C-6 carbon
atoms of the pybox pyridine ring.
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2.2. Synthesis of the complexes trans-[RuCl,(L)(R-pybox)] [R-pybox
= (S,S)-iPr-pybox, L = 1-methylimidazole (7a), 1-benzylimidazole

(8a), pyrazole (9a), 3-methylpyrazole (10a), and 1H-1,2,4-triazole (11a);
R-pybox = (R,R)-Ph-pybox, L = 1-methylimidazole (7b), 1-benzylimidazole
(8b), pyrazole (9b), 3-methylpyrazole (10b), and 1H-1,2,4-triazole (11b)]

Under the same reaction conditions as described above, the corre-
sponding ruthenium complexes having an azole ligand were then syn-
thesized from complexes 1a,b and 1-methyl and 1-benzylimidazole
(7,8; 66-93% yield), pyrazole and 3-methylpyrazole (9,10; 76-97%
yield) and 1H-1,2,4-triazole (11; 83-95% yield) (Scheme 2; see Ex-
perimental Section for details). The trans arrangement of the chlorine
atoms was also confirmed by the presence of a C; symmetry axis (see
the 'H and *C{'H} NMR spectra).

The structure of the complex 9a has been confirmed by a single crystal
X-ray analysis. The asymmetric unit of the complex 9a consists of two
molecules that have similar relevant structural parameters, and therefore
only the data corresponding to one of them are discussed. An ORTEP-type
view of one of them is shown in Fig. 1, and selected bonding data are
collected in the Table S1 (Supporting Information). The structure exhibits a
distorted octahedral geometry around the ruthenium atom which is bonded
to three nitrogen atoms of Pr-pybox ligand, the nitrogen atom N2 of pyr-
azole and two chlorine atoms. The chlorine atoms and the nitrogen atoms of
pyridine and pyrazole groups are located in a trans disposition with both
angle values close to the linearity (Cl(1)-Ru(1)-Cl(2) = 176.47(3)% N(2)-Ru
(1)-N(4) = 177.14(11)9). The Ru(1)-N(1) (2.107(3) A), Ru(1)-N(2)
(1.949(3) A) and Ru(1)-N(3) (2.066(3) A) distances as well as the N(1)-Ru
(1)-N(2) (78.50(11)°), N(1)-Ru(1)-N(3) (156.88(11)°) and N(2)-Ru(1)-N
(3) (78.37(11)°) bond angles fall in the range observed for other related
ruthenium(II) pybox complexes [14,15]. The Ru(1)-N(4) distance (2.117(3)
A) is also in the range found for other ruthenium(Il)-pyrazole complexes
[16]. It is also observed from Fig. 1 the intramolecular hydrogen bond
between the H(5N) (distance N(5)-H(5N), 0.92 /0\) and one of the equa-
torial chlorine ligands. The distances N(5)~Cl(2) (3.1525(1) [o\) and H
(5N)-Cl(2) (2.56 A) as well as the angle value N(5)-H(5 N)~Cl(2) (122°) are
consistent with the existence of a weak hydrogen bond [17]. On the other
hand, the dihedral angle (o = 19.70(3)?), formed by the planes containing
Ru(1)-N(4)-N(5)-H(5N) and Cl(2)-Ru(1)-CI(1) moieties, appears to locate
the N(5)-H(5N) vector in a such a way that the intramolecular hydrogen
bond is facilitated [18].

2.3. Synthesis of the complexes trans-[OsCL,(L){ (S,S)—iPr-pybox}] [L = py
(12), 3-Br-py (13), 3-CN-py (14), 3-MeO-py (15), 3-NO»py (16), 4-CN-
py (17), 4-MeO-py (18), isoquinoline (19), 1-methylimidazole (20), 1-
benzylimidazole (21), pyrazole (22)]

The synthesis of related osmium complexes containing six- and five-
nitrogen heterocycles was also undertaken by ethylene-ligand exchange
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Scheme 1. Synthesis of complexes 3-6 by ligand exchange from complexes 1.

(Schemes 3 and 4). Firstly, the osmium complex 2 was reacted with
various pyridines and isoquinoline (1:1.5M ratio) in refluxing toluene
to give stereoselectively the trans-complexes 12-18 (74-93% yield) and
19 (91% yield), respectively (Scheme 3). The reaction works sa-
tisfactorily with pyridine itself as well as with electron-donor and -ac-
ceptor substituted pyridines. Unlike the case of ruthenium, the reaction
of the complex 2 with pyrazine gives rise in all cases to a mixture of the
[OsClz(C4H4N2)(iPr—pybox)] and dinuclear [(OsCl,{Pr-
pybox}),(u-N,N-C,H4N,)] complexes, even if large excess of pyrazine is
used. However, under the appropriate conditions, the reaction can be
exclusively directed to the dinuclear complex (see below).

In the same way, the reaction of the complex 2 with 1-methyl and 1-
benzylimidazole as well as with pyrazole (1:1.5M ratio, refluxing to-
luene) led to the complexes 20 (93% yield), 21 (89% yield) and 22
(74% yield), respectively (Scheme 4). The complexes 12-22 have been
characterized by NMR spectroscopy; moreover, the ion molecular
[OsClz(L)(iPr—pybox)] * is observed as the base peak in their mass
spectra (ESI) (see Experimental Section).

mono-

The trans stereochemistry of complexes 12-22 can be readily evi-
denced by the H and '°c{'H} NMR spectra (see the Experimental
Section for further details). The structure of the complex 12 has been
confirmed by a single crystal X-ray analysis. An ORTEP-type view of
this complex and selected bonding data are shown in the Fig. 2 and the
Table S2 (Supporting Information), respectively. The complex 12 ex-
hibits a distorted octahedral geometry around the osmium atom which
is bonded to the three nitrogen atoms of the pybox ligand, the nitrogen
atom of pyridine and two chlorine atoms. The chlorine atoms CI(1)-Os-
CI(2) (178.22(7)%) and the nitrogen atoms of both pyridine units N
(2)-0s(1)-N(4) (178.5(3)%) are located in a trans arrangement with
both angle values close to the linearity. The Os(1)-N(1) (2.068(6) A),
0s(1)-N(2) (1.946(6) A) and 0s(1)-N(3) (2.074(6) A) distances, as well
as the N(1)-0s(1)-N(2) (78.1(3)%), N(1)-0Os(1)-N(3) (156.4(3)®) and N
(2)-0s(1)-N(3) (78.4(3)°) bond angles, fall in the range observed for
other related osmium(II) pybox complexes [19]. The osmium-pyridine
nitrogen distance Os(1)-N(4) (2.134(6) A) is also in the range found for
other osmium(II)-pyridine complexes [20].
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Scheme 2. Synthesis of complexes 7-11 by ligand exchange from complexes 1.
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20

C19

Fig. 1. ORTEP drawing of the complex 9a showing atom-labeling scheme.
Thermal ellipsoids are shown at the 30% probability level. With the exception
of H(5N), the hydrogen atoms have been omitted for clarity.

2.4. Synthesis of the dinuclear complexes [{RuCly(R-pybox)}2(u-N,N-
C4H4N2)] (R = (5,5)-Pr (23a), (R,R)-Ph (23b)) and [(OsCl,{(S,S)-'Pr-
pybox})2(u-N,N-C,H,N5)] (24)

The use of dinitrogen heterocyclic ligands gave access to dinuclear
ruthenium and osmium complexes (Scheme 5). Thus, the reaction of the
ruthenium complexes 1la,b with pyrazine (1:0.5M ratio) in di-
chloromethane (reflux for 1a; 60 °C, sealed tube for 1b) provided the
ruthenium complexes 23a,b in 88-89 % yield. Moreover, the complexes
23a,b are also readily accessible by the stoichiometric treatment of the
single ruthenium-pyrazine complexes 6a,b with the starting complexes
la,b with similar yields (see Experimental Section). Although the
complex 23a seems to exist as a mixture of two conformers in solution
according to the 'H and '>C{'H} NMR spectra, crystals could be ob-
tained only for one conformer (see below). On the other hand, the re-
action of the osmium complex 2 with pyrazine (1:1.5M ratio) under
refluxing toluene affords the dinuclear complex [(OsCl{(S,S)-"Pr-
pybox}),(u-N,N-C,H,4N,)] (24) (84% yield) (Scheme 5).

The structures of the complexes 23a and 24 have been confirmed by
a single crystal X-ray analysis. An ORTEP-type view of complexes 23a
and 24 and selected bonding data of both complexes are shown in
Figs. 3 and 4 and in the Tables S3 and S4 (Supporting Information). The
complexes 23a and 24 show very similar dinuclear structures ex-
hibiting two metal atoms bonded through a bridge pyrazine ligand. We
observe the expected distorted octahedral coordination around each
metal that is bonded to the three nitrogen atoms of pybox ligand, one of
the nitrogen atoms of pyrazine and two chlorine atoms with a trans

115
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arrangement. The axial positions around each metal center are occu-
pied by the pyrazine- and pyridine-nitrogen atoms. The Os-N distances
and N-Os-N angles in the complex 24 are similar to those found in the
osmium-pyridine complex 12. The complex 23a has an C,-symmetry
axis perpendicular to the pyrazine ring which generate half molecule
from the other half. Therefore, the refinement of the structure has been
carried out only for one half of the molecule (see Table S3). The com-
plexes 23a'Et,O and 24-2CH,Cl, represent the first reported dinuclear
ruthenium and osmium complexes containing pybox ligands.

2.5. Catalytic transfer hydrogenation of ketones

Recently we reported on the capability of pybox-ruthenium and
-osmium complexes as catalysts for asymmetric transfer hydrogenation
of ketones. Thus, we found that complexes of the type [MCIL,L(R-
pybox)] (L = phosphorous ligand) are able to catalyze the reduction of
different aryl ketones to secondary benzyl alcohols. Moreover, the ef-
ficiency of the asymmetric reduction depends not only on the metal and
the chiral ligand but also on the nature of the achiral phosphorous li-
gand [12,13]. Thus, while the reaction works nicely (96-99% conver-
sion, up to 95% e.e.) for cis-[RuCl»(L){(R,R)-Ph-pybox}] (L = PR3) and
trans—[OsClz(L){(S,S)—‘Pr—pybox}] (L = P(OR)3), significantly lower en-
antiomeric excess was reached for the corresponding P(OR);-ruthenium
and PRz-osmium complexes. Having in mind the different nature of P-
vs N-ligands in coordination chemistry, we decided to explore the cat-
alytic activity of the nitrogen complexes described above in the ATH of
prochiral ketones.

Firstly, we tested the activity of selected ruthenium complexes in
the asymmetric reduction of acetophenone under standard reaction
conditions [21]. Unfortunately, the complexes trans-[RuCly(L)(R-
pybox)] (R-pybox = (8,S)-Pr-pybox, L = pyridine (3a), pyrazine (6a),
3-methylpyrazole (10a); R-pybox (R,R)-Ph-pybox, L = pyridine
(3b), 3-methylpyrazole (10b)) were not able to catalyze the AHT re-
action of acetophenone in an acceptable way (52-88% conversion; <
4% e.e., Table 1). It was also observed that the conversion is sig-
nificantly lower for Ru-pyrazole (53-52%, entries 4,5) than for Ru-
pyridine and -pyrazine complexes (88-79%, entries 1-3). Further at-
tempts to improve the chiral induction by modifying the general
parameters, e.g. amount of catalyst and base, dilution and temperature,
were also unsuccessful.

On the other hand, the osmium complexes appear to be more pro-
mising in the AHT reaction. Firstly, we selected the complex trans-
[OsClz(py){(S,S)-iPr-pybox}] (12) since, i) the pyridine ligand was the
best ligand in the case of ruthenium (see above), ii) it was earlier de-
monstrated that the isopropylpybox complexes are superior to the
analogous phenylpybox complexes [13]. The Table 2 displays the re-
sults of the reduction of acetophenone, under different reaction con-
ditions, using the osmium complex 12 as the catalyst and 2-propanol/
base as the hydrogen source. Initially the following protocol was fol-
lowed. The complex 12 (0.4mol %) was added to a solution of

o

[ear
ip 3///,

CI/ | e

L (1:1.5)

Pyl toluene reflux

i

“u,

Scheme 3. Synthesis of complexes 12-19 by ligand exchange from 2.
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Scheme 4. Synthesis of complexes 20-22 by ligand exchange from 2.

acetophenone (2.5mmol) in 2-propanol (70 mL) under an argon at-
mosphere and the mixture stirred for 15min at 82°C [22]. Then,
0.3 mmol of KOBu (5 ml of a 0.06 M solution in 2-propanol) (ketone/
catalyst/KO'Bu ratio = 250:1:30) were added and the resulting mixture
stirred for 4h (monitored by gas chromatography) affording (R)-phe-
nylethanol with 96% of conversion and 57% e.e. (Table 2, entry 1) [23].
It should be pointed that the efficiency of the analogous ruthenium
complex 3a is clearly inferior (88% of conversion and < 4% e.e.; see
Table 1, entry 1).

It is well-known that transfer hydrogenation process is sensitive to
the nature and concentration of the base [24,25]. Moreover, hydro-
xides, alkoxides and carbonates, at various concentrations, are com-
monly employed in these reactions [1j,26]. Therefore, the effect of the
amount and nature of base was analyzed.

i) Amount of base: A dependence is observed on the catalyst/KO'Bu
molar ratio, the best result being obtained using a molar ratio of 1:30
(entry 1). Using a higher molar ratio (1:45) led to a similar conversion
but lower e.e. (entry 2 vs 1). On the other hand, a lower molar ratio
(1:15) gave rise to lower conversion and e.e. (entry 3 vs 1). ii) Nature of

Fig. 2. ORTEP drawing of the complex 12 showing atom-labeling scheme. base: Based on the protocol of entry 1, a number of different bases were
Thermal ellipsoids are shown at the 30% probability level. Hydrogen atoms are explored (entries 4-8). We found that both conversion and asymmetric
omitted for clarity. induction using the bases NaO'Bu, KOH, NaOH and KHDMS (entries

4-7) were clearly inferior to those reached with KO'Bu. On the

pyrazine (1:0. 5)

/ CH,Cl,
R2\\\\§”N “/N "//,, 1

R?
R =,Pr’ R2= H(1a) \ 6aoréb(:1)
R'=H, R?2=Ph (1b) CHyCl,
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Scheme 5. Synthesis of dinuclear complexes 23a,b and 24.
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Fig. 3. ORTEP drawing of the dinuclear complex 23a showing atom-labeling scheme. Thermal ellipsoids are shown at the 30% probability level. Hydrogen atoms are

omitted for clarity.

Fig. 4. ORTEP drawing of the dinuclear complex 24 showing atom-labeling scheme. Thermal ellipsoids are shown at the 10% probability level. Hydrogen atoms are

omitted for clarity.

Table 1

Transfer Hydrogenation of Acetophenone Catalyzed by Ruthenium Complexes
trans-[RuCI2(L){(S,S)-"Pr-pybox}] (3a, 6a, 10a) and trans-[RuCl,(L){(R,R)-Ph-
pybox}] (3b, 10b).?

Catalyst time, Conversion
t (h) )
1 3a (L = pyridine) 4 88
2 3b (L = pyridine) 4 79
3 6a (L = pyrazine) 4 86
4 10a (L = 3-methylpyrazole) 4 53
5 10b (L = 3-methylpyrazole) 4 52

“Reactions were carried out at 82 °C using 5 mmol of acetophenone, 0.2 mol %
catalyst, KO'Bu and 2-propanol (50mL) (ketone/catalyst/ KO'Bu ratio:
500:1:24); "Determined by GC with a Supelco S-DEX 120 chiral capillary
column.

contrary, CsyCO3 proved to be superior in terms of asymmetric induc-
tion, while the conversion dropped from 96 to 78% (entry 8 vs entry 1).
On the other hand, the conversion could be improved without loss of
asymmetric induction by extending the reaction time from 4 to 7 h.
Thus, analogous conversion (94 vs 96%) and higher e.e. (64 vs 57%)
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were reached with cesium carbonate (entry 9) than with potassium
tertbutoxide (entry 1).

Finally, entry 10 displays a further optimization by varying the
concentration of reactants and reaction time given in entry 9. Thus,
using 50 ml of 2-propanol ([ketone] = 0.05 mmol/mL) instead of 75 ml
of 2-propanol ([ketone] = 0.034 mmol/mL) allows to revers the reac-
tion time from 7 to 4 h although similar conversion (93 vs 94%) and e.e.
(64 vs 64%) was observed. These optimized reaction conditions (ke-
tone/catalyst/ Cs,CO3 ratio: 250:1:30, 50 ml of 2-propanol) are em-
ployed for the rest of the osmium catalytic reactions reported below
(variations of nitrogen ligand: Tables S5, S6; reduction of ketones:
Table 3).

In addition, we have checked the reduction of acetophenone with
complexes bearing some other six-membered nitrogen ligands. We
found that the complexes with 3-methoxy- 15, 3-nitro- 16, 4-methox-
ypyridine 18, as well the pyrazine dinuclear complex 24, behaved
somewhat less efficient that the pyridine complex 12 under the opti-
mized reaction conditions (acetophenone/catalyst/CsCO5; ratio:
250:1:30, 50 ml 2-propanol) (reaction time 4h, 42-82% conversion,
50-61% e.e.; see Table S5, Supporting Information). The other com-
plexes 13, 14, 17, and 19 (L = 3-bromo-, 3-cyano, 4-cyanopyridine,
and isoquinoline, respectively) provided < 43% e.e. (see Table S5,
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Table 2
Transfer Hydrogenation of Acetophenone Catalyzed by Osmium Complex trans-
[OsCly(py){(S,S)-'Pr-pybox}] (12)".

ketone/ Base time, Conversion e.e. (%)” (R) TOF (h™1)°

catalyst/ th) (%)°

base ratio
1 250:1:30 KOBu 4 96 57 115
2 250:1:45 KO'Bu 4 95 47 110
3 250:1:15 KO'Bu 4 73 48 80
4 250:1:30 NaO'Bu 4 81 46 90
5 250:1:30 KOH 4 70 55 55
6 250:1:30 NaOH 4 80 46 90
7 250:1:30 KHDMS 4 68 53 60
8 250:1:30 Cs,CO; 4 78 62 50
9 250:1:30 CsyCO3 7 94 64 50
109 250:1:30 Cs;CO; 4 93 64 110

@ Reactions were carried out at 82°C using 2.5mmol of acetophenone,
0.4 mol % catalyst and 2-propanol (75 mL).

b Determined by GC with a Supelco f-DEX 120 chiral capillary column.

¢ TOF at ¢t = 30 min.

4 Reaction was carried out at 82 °C using 2.5 mmol of acetophenone, 0.4 mol
% catalyst and 2-propanol (50 mL).

Table 3
Selected Examples of Transfer Hydrogenation of Aryl Ketones Catalyzed by
Osmium Complexes®.

Ketone catalyst t(h) conv. (%) ee. (%) (R)" TOF (h™})°
1 2 12 4 93 64 110
2 & 12 3 97 68 95
3 ©ﬁ\( 12 6 94 73 75
4 & 9 16 5 11 33 40¢
5 H 12 4 97 63 80
6 ° 12 10 95 55 50

SO
7 ove o 12 10 91 46° 50
8’ 2 24 4 96 59 105
9’ 2 24 7 93 64 85
10 o 15 6 93 66 70

MM/Q)V

o

11 S 15 5 95 60 50

N I &

@ Reactions were carried out at 82 °C using 2.5 mmol of ketone, 0.4 mol%
catalyst, Cs;CO3; and 2-propanol (50mL) (ketone/catalyst/Cs2CO3 ratio:
250:1:30).

> Determined by GC with a Supelco f-DEX 120 chiral capillary column.

¢ TOF at ¢t = 30 min.

4 TOF at t = 2.5h.

¢ The S-enantiomer is the major isomer.

f Reaction was carried out using 0.2mol% of the dimer catalyst (ketone/
catalyst/Cs,COj3 ratio: 250:0.5:30).

Supporting Information). From these data, it seems clear that the pre-
sence of substituents at the pyridine ring, with either donating- (18) or
withdrawing-electron (13-17) properties, lowers the efficiency of the
reduction with respect to the pyridine itself 12. These results, along
with those found in the cases of isoquinoline 19 and dinuclear pyrazine
24, suggest that the major influence of the nitrogen-heterocyclic ligand
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is due to steric effects rather than to electronic factors (see Table S5,
Supporting Information).

On the other hand, we have checked the complexes bearing a five-
membered nitrogen ligand as 1-methylimidazole 20, 1-benzylimidazole
21, and pyrazole 22. In all cases, they provided low-to-moderate con-
versions (60-83%) and poor enantiomeric excess (< 34%) (see Table
S6, Supporting Information).

Finally, based on the optimized conditions defined in the reduction
of acetophenone with the pyridine osmium catalyst, the AHT reduction
of different aryl ketones was performed using the precatalyst complexes
12, 15, 16, 18 and 24. The best catalyst, as well as the optimized re-
action time, for the reduction of each ketone is shown in Table 3 (for
more detailed results, see Table S7 in the Supporting Information). With
the exception of 2-bromoacetophenone (entry 4), all of the reductions
take place with conversions up to 90%. The highest e.e. values
(63-73%) are obtained in the reduction of acetophenone (64%, entry
1), propiophenone (68%, entry 2), isobutyrophenone (73%, entry 3), 3-
bromoacetophenone (63%, entry 5), 4-methoxyacetophenone (64%,
entry 9) and 4-methoxypropiophenone (66%, entry 10).

These results are interesting in terms of comparison of osmium
catalysis versus ruthenium catalysis. Specifically, herein it is shown for
the first time that the catalytic activity of osmium complexes in the
asymmetric transfer hydrogenation (ATH) of ketones is superior to that
of the ruthenium counterparts. To the best of our knowledge, a sole
precedent dealing with a non-asymmetric ketone reduction catalyzed
by an achiral osmium(II) complex was reported by S. Chattopadhyay
and col. They found that the reduction of a number of ketones with the
achiral osmium(II) complex [OsBr(NNO)(CO)(PPh3)] (NNO = 1-
{[2phenylazo)phenyl]iminomethyl}-2-phenolate) takes place with
moderate-to-high yield while the related ruthenium complex shows no
activity [27].

3. Conclusion

A series of enantiopure pybox-ruthenium (3a,b-11a,b) and -osmium
(12-22) complexes bearing a N-heterocyclic ligand has been prepared
from 1,2 by ethylene ligand exchange with pyridine derivatives, 1,4-
diazine, pyrazole, imidazole and triazole. The dinuclear complexes of
Ru (23a,b) and Os (24) have also been prepared from 1,4-diazine. Most
of the complexes prepared have been tested as catalysts in the AHT
reaction. The ruthenium complexes show lower efficiency than the
osmium analogs in the AHT reduction of acetophenone, particularly in
terms of asymmetric induction (< 4% e.e. vs < 64% e.e. The reduction
of a variety of alkylarylketones has been undertaken with the osmium
complexes trans—[OsClz(L){(S,S)—iPr—pybox}] (L =py (12), 3-MeO-py
(15), 3-NO,-py (16), 4-MeO-py (18)) and [(OsCl,{(S,S)-"Pr-pybox}),(u-
N,N-CgH4N5)] (24) with high conversion (up to 90%) and moderate
enantioselectivity (63-73% e.e.).

These results confirm, in our opinion, the potential of both osmium
and ruthenium complexes for the design of new highly productive and
robust catalysts for the synthesis of chiral alcohols. Although the cap-
ability of Ru-pybox and Os-pybox complexes for the AHT reduction is
well recognized [12,13], we show herein that the efficiency of osmium
complexes is superior to that of ruthenium complexes in the AHT re-
duction of ketones using M/pybox/pyridine catalysts. This reflects that
the catalytic activity of Os and Ru complexes can be complementary.

4. Experimental
4.1. General procedures

The reactions were performed under an atmosphere of dry argon
using vacuum-line and standard Schlenk techniques. Pyridine, acet-
ophenone and propiophenone were destilled before use. The rest of
reagents were obtained from commercial suppliers and used without
further purification. Solvents were dried by standard methods and
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distilled under argon before use. The precursors trans-[OsCly(;;*-CoHy)
{(8,8)-"Pr-pybox}] [14], trans-[RuCly(7*-CoH4){(S,S)-Pr-pybox}] and
trans-[RuClz(nz-C2H4){(R,R)-Ph-pybox}] [28] were synthesized by re-
ported methods. Infrared spectra were recorded on a Perkin-Elmer
1720-XFT spectrometer. The C, H, N analyses for ruthenium/Ph-Pybox
complexes (3b-11b, 23b) were carried out with a LECO CHNS-TruSpec
microanalyzer. Inconsistent analyses were found for ruthenium-'Pr-
pybox and osmium complexes due to incomplete combustion. For these
complexes, 4a-11a, 23a (iPr—pybox/ruthenium) and 12-22, 24 (Pr-
pybox/osmium), mass spectra (ESI) were determined with a Bruker
Esquire 6000 spectrometer, operating in positive mode and using di-
chloromethane/methanol solutions and an Agilent 6460 spectrometer
(LC—MS of triple quadrupole), operating in positive mode and using
acetonitrile/water (50:50) solutions with 0.1% of formic acid. NMR
spectra were recorded on Bruker spectrometers (AV-300 operating at
300.13 (*H) MHz; AV 400 operating at 400.13 (*H) and 100.62 (*3C)
MHz). DEPT and/or bidimensional HSQC experiments were carried out
for all the complexes. The 'H and '>C{'H}NMR spectra for all the
complexes reported are provided as Supporting Information. Chemical
shifts are reported in parts per million and referenced to TMS as stan-
dard. Coupling constants J are given in hertz. Abbreviations used: s,
singlet; br s, broad singlet; d, doublet; dd double doublet; t, triplet; pt,
pseudo triplet; m, multiplet. The following atom labels have been used
for the 'H and '3C{'H} spectroscopic data of the pybox ligand.

4
5 | X3
0. 2 NG 2_0
SO/ \
L3 N N "'lmR1
1 2
R R

R2\\\u' d
R' R'=/Pr,R2=H
R'=H,R?=Ph

4.2. Synthesis of the complexes trans-[RuCl(L){(S,S)-'Pr-pybox}]

(L = pyridine (3a), 3-bromopyridine (4a), isoquinoline (5a), pyrazine
(6a), 1-methylimidazole (7a), 1-benzylimidazole (8a), pyrazole (9a), 3-
methylpyrazole (10a), 1H-1,2,4-triazole (11a)

A solution of complex trans-[RuCl,(;;?-Co,H4){(S,S)-Pr-pybox)] (1a)
(0.030g, 0.06 mmol) and the N-donor ligand (0.09 mmol) in di-
chloromethane (10 mL) was heated under reflux conditions for 4.5 h.
The solvent was then removed under vacuum. The addition of diethyl
ether produced the precipitation of the corresponding complex. The
solvent was decanted and the solid was washed with diethyl ether
(3x5mL) and vacuum-dried.

Complex 3a: Yield 88% (29 mg, 0.053 mmol). Color: dark purple. 'H
NMR (300.13 MHz, CDCl;, 298K): é = 9.84 (d, Jyy = 5.4Hz, 2H,
CeHsN), 7.89 (t, Ju = 7.8 Hz, 1H, H* CsH;3N), 7.69 (d, Jyy = 7.8 Hz,
2H, H>® CsH5N), 7.52 (m, 3H, CgHsN), 4.89 (pt, Juy = 8.7 Hz, 2H,
OCHy), 4.77 (pt, Jun = 8.7 Hz, 2H, OCH,), 4.23 (m, 2H, CH'Pr), 1.71
(m, 2H, CHMe,), 0.78 (d, Jyy = 6.7 Hz, 6H, CHMe,), 0.73 (d, J
= 6.7 Hz, 6H, CHMe,) ppm. H NMR data are in accordance with the
values previously reported for this complex [29].

Complex 4a: Yield 87% (33 mg, 0.052 mmol). Color: dark purple.
Exact mass for C,,H,, BrCl,N4O5Ru (629.97). MS-ESI: m/z = 631.36
([RuCly(CsH4NBr)(PPr-pybox) + 11%, 100%). 'H NMR (300.13 MHz,
CDCl3, 298K): § = 9.96 (m, 1H, Br-CsH4N), 9.77 (m, 1H, Br-CsHyN),
8.02 (m, 1H, Br-CsHyN), 7.71 (m, 2H, H*>® CsH;N), 7.58 (m, 1H, H*
CsHsN), 7.28 (m, 1H, Br-CsH4N), 4.89 (m, 2H, OCH,), 4.79 (m, 2H,
OCH,), 4.25 (m, 2H, CHPr), 1.70 (m, 2H, CHMe,), 0.83 (d,
Jun = 6.3Hz, 6H, CHMe,), 0.74 (d, Jyu = 6.3 Hz, 6H, CHMe,) ppm.
13¢{"H} NMR (100.62 MHz, CDCls, 298 K): § = 166.1 (s, OCN), 157.0,
154.3 (2s, CH Br-CsHuN), 151.6 (s, C*® CsH3N), 138.5 (s, CH Br-
CsH4N), 128.4 (s, C* CsHaN), 124.5 (s, CH Br-CsH,N), 123.0 (s, C*°
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CsHsN), 119.9 (s, C Br-CsHyN), 71.5 (s, OCH,), 68.9 (s, CH'Pr), 29.9 (s,
CHMe,), 19.3, 15.5 (2s, CHMe,) ppm.

Complex 5a: Yield 98% (35 mg, 0.059 mmol). Color: dark purple.
Exact mass for CygH3o Cl,N4OoRu (602.08). MS-ESI: m/z = 602.08
([RuCly(CoH,N)(Pr-pybox)]*, 100%). 'H NMR (300.13 MHz, CD,Cl,,
298K): § = 10.48 (s, 1H, CoH,N), 9.69 (d, Jyy = 6.3 Hz, 1H, CoH,N),
8.16 (d, Jyy = 7.8 Hz, 1H, C9H7N), 8.04 (m, 1H, C9H7N), 7.91-7.57 (m,
6H, H>*5 CgH3N, CoH,N), 4.92 (m, 2H, OCH,), 4.81 (m, 2H, OCH,),
4.33 (m, 2H, CH'Pr), 1.66 (m, 2H, CHMe,), 0.72 (d, Jiy = 6.9 Hz, 6H,
CHMe,), 0.65 (d, Jyy = 6.6 Hz, 6H, CHMe,) ppm. “>C{'H} NMR
(100.62 MHz, CDCls, 298 K): § = 166.1 (s, OCN), 159.0 (s, CH CoH,N),
151.8 (s, C*® CsH3N), 148.1 (s, CH CoH,N), 135.2-126.5 (CH CoH,N, C
CoH,N, C* CsH5N), 122.8 (s, C>° CsH3N), 120.4 (s, CH CoH,N), 71.4 (s,
OCH,), 69.1 (s, CHPr), 29.7 (s, CHMe,), 19.3, 15.4 (25, CHMe) ppm.

Complex 6a: Yield 92% (31 mg, 0.055 mmol). Color: dark purple.
Exact mass for Cy;Hy, ClIoNsO,Ru (553.06). MS-ESI: m/z = 553.1
([RuCly(C4H4N2)(Pr-pybox)] ™, 100%). 'H NMR (400.13 MHz, CDCls,
298K): § =9.96 (s, 2H, C4H,N,), 8.66 (s, 2H, C,H4N,), 7.73 (d,
Jun = 8.0Hz, 2H, H*>® CgH3N), 7.63 (t, Juy = 8.0 Hz, 1H, H* CsH3N),
4.88 (m, 2H, OCH,), 4.76 (m, 2H, OCH,), 4.20 (m, 2H, CH'Pr), 1.60 (m,
2H, CHMe,), 0.78 (d, Juy = 7.2 Hz, 6H, CHMey,), 0.73 (d, Juy = 6.8 Hz,
6H, CHMe,) ppm. 3C{'H} NMR (100.62MHz, CDCl;, 298K):
8§ =165.8 (s, OCN), 151.0 (s, C4H4N,, C*® CsH3N), 150.1 (s, C>°
CsH3N), 144.7 (s, C4HuN,), 129.7 (s, C* CsH3N), 122.9 (s, C>° CsH3N),
71.6 (s, OCHy), 69.1 (s, CHPr), 30.0 (s, CHMe,), 19.1, 15.4 (2s,
CHMe,) ppm.

Complex 7a: Yield 66% (22 mg, 0.040 mmol). Color: dark purple.
Exact mass for Cy;Hpg CIoNsO,Ru (555.07). MS-ESI: m/z = 555.1
([RuCl,(C4HeN2)(PPr-pybox)] *, 100%). *H NMR (400.13 MHz, CDCl,,
298K): § = 8.57 (s, 1H, NCHCHN), 8.14 (s, 1H, NCHCHN), 7.49-7.42
(m, 3H, H*>*% CsH3N), 7.11 (s, 1H, NCHN), 4.90 (pt, Juy = 8.5 Hz, 2H,
OCH,), 4.71 (pt, Jyy = 8.5 Hz, 2H, OCH.), 4.14 (m, 2H, CHPr), 3.91 (s,
3H, NCH3), 1.79 (m, 2H, CHMe,), 0.79 (d, Juy = 6.8 Hz, 6H, CHMe,),
0.76 (d, Juyy = 6.8 Hz, 6H, CHMe,) ppm. *C{*H} NMR (100.62 MHz,
CDCl;, 298K): § = 167.1 (s, OCN), 151.4 (s, C>° GsH3N), 140.5, 132.6
(2s, NCHCHN), 125.3 (s, C* CsH3N), 123.2 (s, C*° CsH3N), 120.2 (s,
NCHN), 71.1 (s, OCH,), 69.3 (s, CHPr), 34.3 (s, NCH3), 29.4 (s,
CHMe,), 19.3, 15.5 (25, CHMe,) ppm.

Complex 8a: Yield 93% (35mg, 0.056 mmol). Color: dark pink.
Exact mass for CyyHss CloNsOoRu (631.11). MS-ESI: m/z = 631.2
([RuCly(CyoH1oN2)(Pr-pybox)1 *, 100%). 'H NMR (400.13 MHz, CDCl,
298K): § = 8.74 (s, 1H, NCHCHN), 8.20 (s, 1H, NCHCHN), 7.53-7.28
(m, 8H, H*>*® CsH;N, Ph), 7.18 (s, 1H, NCHN), 5.15 (s, 2H, NCH,), 4.88
(pt, Juun = 8.5Hz, 2H, OCH,), 4.71 (pt, Juy = 8.5 Hz, 2H, OCH,), 4.18
(m, 2H, CHPr), 1.78 (m, 2H, CHMe,), 0.76 (m, 12H, CHMe,) ppm.
13¢{'H} NMR (100.62 MHz, CDCls;, 298 K): § = 168.4 (s, OCN), 151.1
(s, C*® CsH5N), 140.1 (s, NCHCHN), 136.4 (s, CP Ph), 132.7 (s,
NCHCHN), 129.2-127.2 (Ph), 125.1 (s, C* CgHsN), 123.7 (s, C>°
CsH5N), 119.6 (s, NCHN), 71.1 (s, OCH,), 69.2 (s, CHPr), 51.9 (s,
NCH,), 29.6 (s, CHMe,), 19.4, 16.0 (2s, CHMe,) ppm.

Complex 9a: Yield 97% (32mg, 0.059 mmol). Color: dark pink.
Exact mass for C,yoH5,CloNsOo,Ru (541.06). MS-ESI: m/z = 541.1
([RuCly(C3H4N)(Pr-pybox)] *, 100%). 'H NMR (400.13 MHz, CDCls,
298K): § = 12.56 (s, 1H, NH), 8.77 (s, 1H, CH C3H,N>), 7.96 (s, 1H, CH
C3HuN,), 7.65 (d, Juu = 7.6Hz, 2H, H>® CgH3N), 7.50 (t, Juu
=7.6Hz, 1H, H* CsHsN), 6.68 (s, 1H, CH C3H4N,), 4.80 (pt,
Jun = 8.6 Hz, 2H, OCH,), 4.67 (pt, Juy = 8.6 Hz, 2H, OCH,), 4.01 (m,
2H, CH'Pr), 1.65 (m, 2H, CHMe,), 0.77 (d, Juy = 6.8 Hz, 6H, CHMe,),
0.76 (d, Jug = 7.2 Hz, 6H, CHMe,) ppm. *C{'H} NMR (100.62 MHz,
CDCl3, 298K): § = 166.5 (s, OCN), 152.5 (s, C>® CsH3N), 142.5, 129.0
(25, C3HyN,), 127.3 (s, C* CsH3N), 122.9 (s, C>° CsH5N), 107.0 (s,
CsHuN,), 71.5 (s, OCHy), 69.8 (s, CH'Pr), 29.2 (s, CHMe,), 19.3, 15.6
(2s, CHMe,) ppm.

Complex 10a: Yield 96% (32 mg, 0.058 mmol). Color: dark pink.
Exact mass for CyHyg Cl;Ns5O,Ru (555.07). MS-ESI: m/z = 555.1
([RuClz(C4H6N2)(iPr-pybox)] *,100%). 'H NMR (400.13 MHz, CDCls,
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298K): § = 12.07 (s, 1H, NH), 8.59 (s, 1H, CH C4HgN,), 7.65 (d,
Jun = 8.8 Hz, 2H, H>® CsH;3N), 7.49 (t, Juy = 8.8 Hz, 1H, H* CsH3N),
6.38 (s, 1H, CH C4H¢N,), 4.80 (pt, Juy = 8.8 Hz, 2H, OCH,), 4.67 (pt,
Jun = 8.8 Hz, 2H, OCH,), 4.04 (m, 2H, CHPr), 2.36 (s, 3H, CH3), 1.71
(m, 2H, CHMe,), 0.79 (d, Juy = 7.2Hz, 6H, CHMe,), 0.78 (d, Juy
= 6.8 Hz, 6H, CHMe,) ppm. *C{*H} NMR (100.62 MHz, CDCl5, 298 K):
8 = 166.5 (s, OCN), 152.6 (s, C>° CsH3N), 143.3 (s, CH C4H¢N»), 139.8
(s, CCHj3), 127.1 (s, C* CsH3N), 122.9 (s, C*>° CgH3N), 106.3 (s, CH
C4HeNy), 71.4 (s, OCH,), 69.7 (s, CH'Pr), 29.1 (s, CHMe,), 19.4, 15.6
(2s, CHMe,), 11.2 (s, CH3) ppm.

Complex 11a: Yield 95% (31 mg, 0.057 mmol). Color: dark pink.
Exact mass for C;oHysCloNgOoRu (542.05). MS-ESI: m/z = 542.1
([RuClz(CzHgNg)(iPr-pybox)]+, 100%). 'H NMR (400.13 MHz, CDCls,
208K): § = 13.53 (s, 1H, NH), 9.24 (s, 1H, C,H3N3), 8.65 (s, 1H,
C,H;5N5), 7.69 (m, 2H, H>® CsHsN), 7.49 (m, 1H, H* CsH3N), 4.83 (m,
2H, OCH,), 4.69 (m, 2H, OCH,), 4.05 (m, 2H, CHPr), 1.60 (m, 2H,
CHMe,), 0.82 (m, 12H, CHMe,) ppm. >C{'H} NMR (100.62 MHz,
CDCl3, 298K): § = 166.6 (s, OCN), 154.4 (s, C,H;N3), 152.0 (s, C>°
CsH3N), 143.5 (s, CoHsN5), 128.2 (s, C* CsHsN), 123.2 (s, C*° CsH3N),
71.6 (s, OCH,), 69.9 (s, CH'Pr), 29.5 (s, CHMe,), 19.5, 15.6 (2s,
CHMe,) ppm.

4.3. Synthesis of the complexes trans-[RuCl>(L){(R,R)-Ph-pybox}]

(L = pyridine (3b), 3-bromopyridine (4b), isoquinoline (5b), pyrazine
(6b), 1-methylimidazole (7b), 1-benzylimidazole (8b), pyrazole (9b), 3-
methylpyrazole (10b), 1H-1,2,4-triazole (11b))

A solution of complex trans-[RuClz(n2-C2H4){(R,R)-Ph-pybox)] (1b)
(0.030g, 0.05mmol) and the N-donor ligand (0.10 mmol) in di-
chloromethane (10 mL) was heated at 55 °C in a sealed tube for 5.5 h.
The solution was transferred to a Schlenk and the solvent was then
removed under vacuum. The addition of diethyl ether (25mL) pro-
duced the precipitation of the corresponding complex. The solvent was
decanted and the solid was washed with diethyl ether (3x5mL) and
vacuum-dried.

Complex 3b: Yield 81% (25 mg, 0.040 mmol). Color: dark purple.
Anal. Calc. for CogH,4CloN4O5Ru (620.50): C, 54.20; H, 3.90; N, 9.03.
Found: C, 54.22; H, 4.05; N, 8.79. "H NMR (400.13 MHz, CDCl3, 298 K):
8 = 8.69 (d, Juy = 6.8 Hz, 2H, CsHsN), 7.79 (d, Juy = 8.4 Hz, 2H, H>®
CsH3N), 7.60 (t, Jun = 8.4Hz, 1H, H* CsH3N), 7.25 (t, Juy = 8.4 Hz,
1H, CsHsN), 7.18-7.15 (m, 10H, Ph), 6.58 (dd, Juy = 8.4Hz, Jyy
= 6.8 Hz, 2H, CsHsN), 5.24 (pt, Juyy = 8.4Hz, 2H, OCH,), 5.14 (pt,
Jin = 8.4Hz, 2H, CHPh), 4.56 (pt, Jun = 8.4Hz, 2H, OCH,) ppm.
13¢c{'H} NMR (100.62 MHz, CDCl3, 298 K): § = 168.1 (s, OCN), 155.1
(s, CH CsHsN), 152.1 (s, C>® CgH5N), 137.6 (s, CP*° Ph), 134.1 (s,
CsHsN), 128.3-128.1 (Ph), 127.6 (s, C* CsH3N), 123.4 (s, C>° CsH3N),
122.2 (s, CsHsN), 78.4 (s, OCH,), 69.1 (s, CHPh) ppm.

Complex 4b: Yield 62% (22 mg, 0.031 mmol). Color: dark purple.
Anal. Calc. for CogH,3Cl,N4O5BrRu (699.39): C, 48.09; H, 3.31; N, 8.01.
Found: C, 48.49; H, 3.40; N, 7.93. "H NMR (400.13 MHz, CDCl, 298 K):
8 = 8.97 (s, 1H, Br-CsH4N), 8.93 (d, Juy = 4.0 Hz, 1H, Br-CsH,N), 7.80
(d, Jgu = 7.6 Hz, 2H, H*>® CsH3N), 7.61 (t, Jug = 7.6 Hz, 1H, H*
CsHsN), 7.38 (m, 1H, Br-CsHuN), 6.94 (m, 10H, Ph), 6.45 (m, 1H, Br-
CsH4N), 5.29 (m, 2H, OCH,), 5.17 (m, 2H, CHPh), 4.55 (m, 2H, OCH.)
ppm. *C{’H} NMR (100.62 MHz, CDCl,, 298 K): § = 167.9 (s, OCN),
155.7 (s, CH Br-CsHy4N), 153.4 (s, CH Br-CsH4N), 152.0 (s, c26 CsHsN),
137.4 (CP*° Ph), 137.1 (s, CH Br-CsH4N), 128.3 (br s, C* CsH;N, Ph),
123.3 (s, C*° CsH3N), 122.8 (s, CH Br-CsH4N), 119.4 (s, C Br-CsHaN),
78.4 (s, OCH,), 69.1 (s, CHPh) ppm.

Complex 5b: Yield 58% (19 mg, 0.029 mmol). Color: dark purple.
Anal. Calc. for C3;H6CloN4O5Ru (670.56): C, 57.32; H, 3.91; N, 8.36.
Found: C, 57.33; H, 3.92; N, 7.98. MS-ESI. m/z = 670.10
([RuCl,(CoH,N)(Ph-pybox)] *, 100%). 'H NMR (400.13 MHz, CDCls,
298K): § =9.31 (m, 1H, CoH,N), 8.58 (m, 1H, CoH,N), 7.99 (d,
Jun = 7.2 Hz, 2H, H*>® CsH3N), 7.83 (m, 3H, H* CsH3N, Ph), 7.73-7.59
(m, 13H, CoH,N, Ph), 5.38-5.21 (m, 3H, OCH,, CHPh), 5.14 (m, 1H,
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CHPh), 4.56 (m, 2H, OCH,) ppm. *C{'H} NMR (100.62 MHz, CDCl,
298K): § = 168.0 (s, OCN), 158.6 (s, CH CoH,N), 152.0 (s, C*® CsH3N),
147.5, 137.6 (2s, CH CoH,N), 134.3, 130.4 (2s, C CoH,N), 128.2-127.5
(CH CoH,N, C* CsH3N, Ph), 126.2, 125.6 (2s, CH GoH,N), 123.4, 123.3
(2s, C>° CsH3N), 118.6 (s, CH CoH,N), 78.5, 78.4 (2s, OCH,), 69.1 (s,
CHPh) ppm.

Complex 6b: Yield 81% (25 mg, 0.040 mmol). Color: dark purple.
Anal. Calc. for Cy,H,3Cl,N50,Ru (621.48): C, 52.18; H, 3.73; N, 11.27.
Found: C, 52.66; H, 4.10; N, 10.71. 'H NMR (400.13 MHz, CDCl,
298K): 8 = 8.69 (s, 2H, C,H4N,), 7.82 (d, Jyy = 7.8Hz, 2H, H>®
CsHsN), 7.74 (s, 2H, C4H4Ny), 7.66 (t, Jyy = 7.8 Hz, 1H, H* CsH5N),
7.23-7.14 (m, 10H, Ph), 5.25 (dd, Jyy = 11.2Hz, Jyy = 8.8Hz, 2H,
OCH,), 5.08 (pt, Juy = 11.2Hz, 2H, CHPh), 4.60 (dd, Jyy = 11.2Hz,
Jun = 8.8Hz, 2H, OCH,) ppm. *C{'H} NMR (100.62 MHz, CDCls,
298K): § = 167.5 (s, OCN), 151.3 (s, C*>® CsH3N), 149.9 (s, C4H4N,),
143.0 (s, C4H4N,), 137.1 (s, CP*° Ph), 129.2 (s, C* CsH3N), 128.6 (s,
Ph), 123.3 (s, C*>° CsH3N), 78.4 (s, OCH,), 69.3 (s, CHPh) ppm.

Complex 7b: Yield 77% (24 mg, 0.039 mmol). Color: dark purple.
Anal. Calc. for Cy;HasCl:NsO5Ru (623.50): C, 52.01; H, 4.04; N, 11.23.
Found: C, 51.66; H, 4.16; N, 11.06. 'H NMR (400.13 MHz, CDCls,
298K): § =7.74 (d, Juy = 7.8Hz, 2H, H>® GsH3N), 7.50 (t, Juy
= 7.8Hz, 1H, H* CsH3N), 7.22 (m, 10H, Ph), 6.97 (s, 1H, NCHCHN),
6.80 (s, 1H, NCHCHN), 6.34 (s, 1H, NCHN), 5.21 (pt, Jyy = 10.9 Hz,
2H, OCH,), 5.00 (pt, Juy = 10.9Hz, 2H, CHPh), 4.57 (pt,
Jun = 10.9Hz, 2H, OCH,), 3.31 (s, 3H, NCH5) ppm. °C{'H} NMR
(100.62 MHz, CDCl5, 298 K): § = 168.2 (s, OCN), 152.3 (s, C*® CsH3N),
140.7 (s, NCHCHN), 138.3 (s, CP* Ph), 132.1 (s, NCHCHN), 128.7,
128.1, 127.7 (35, Ph), 125.5 (s, C* CsH3N), 123.3 (s, C>° CsH3N), 118.0
(s, NCHN), 78.4 (s, OCH.), 69.0 (s, CHPh), 33.7 (s, NCH3) ppm.

Complex 8b: Yield 75% (26 mg, 0.038 mmol). Color: dark purple.
Anal. Calc. for C33H29Cl:N505Ru (699.60): C, 56.66; H, 4.18; N, 10.01.
Found: C, 56.65; H, 4.39; N, 10.14. 'H NMR (400.13 MHz, CD,Cl,,
298K): § = 7.82 (d, Juny = 7.6 Hz, 2H, H>® CgH3N), 7.55 (m, 1H, H*
CsH5N), 7.42-7.05 (m, 16H, Ph, NCHCHN), 6.96 (s, 1H, NCHCHN),
6.42 (s, 1H, NCHN), 5.27 (pt, Juy = 9.2Hz, 2H, OCHy), 5.15 (s, 1H,
NCHS,), 5.06 (m, 2H, CHPh), 4.79 (s, 1H, NCH,), 4.57 (pt, Jun = 9.2 Hz,
2H, OCH,) ppm. 13C{'H} NMR (100.62 MHz, CD,Cl,, 298 K): § = 168.1
(s, OCN), 152.2 (s, C*® CsH3N), 140.1 (s, NCHCHN), 138.4 (s, C**° Ph),
132.0 (s, NCHCHN), 128.9-127.2 (Ph), 125.1 (s, C* CsH3N), 122.9 (s,
C3® CsH3N), 117.4 (s, NCHN), 78.5 (s, OCHs), 68.9 (s, CHPh), 50.9 (s,
NCH,) ppm.

Complex 9b: Yield 76% (23 mg, 0.038 mmol). Color: dark pink.
Anal. Calc. for Co6H53Cl,NsO5Ru (609.47): C, 51.24; H, 3.80; N, 11.49.
Found: C, 51.19; H, 3.69; N, 11.36. 'H NMR (400.13 MHz, CDCls,
298K): § = 10.89 (s, 1H, NH), 7.78 (d, Jy; = 8.0 Hz, 2H, H>® CsH;5N),
7.57 (t, Jun = 8.0Hz, 1H, H* CsH;N), 7.47 (s, 1H, CH C3H,4N,), 7.18
(m, 6H, Ph), 7.10 (m, 4H, Ph), 7.00 (s, 1H, CH C3H,4N,), 5.94 (s, 1H, CH
C3H4N2), 5.22 (pt, Jug = 9.6 Hz, 2H, OCHQ), 4.95 (pt, Juy = 9.6 Hz,
2H, CHPh), 4.64 (pt, Juyy = 9.6Hz, 2H, OCH,) ppm. *C{'H} NMR
(100.62 MHz, CDCls, 298 K): § = 167.6 (s, OCN), 152.5 (s, C*° CsH3N),
141.6 (s, C3H4N,), 137.4 (s, CP* Ph), 128.5, 128.2, 127.9 (3 s, Ph),
127.7 (s, C3H4N3), 127.0 (s, C* CsH3N), 123.2 (s, C>° CsHsN), 105.2 (s,
CH C3HyN»), 78.4 (s, OCH,), 69.0 (s, CHPh) ppm.

Complex 10b: Yield 80% (25 mg, 0.040 mmol). Color: dark pink.
Anal. Calc. for Cy;H,5CloN50,Ru0.5Et,0 (660.56): C, 52.73; H, 4.58;
N, 10.60. Found: C, 52.43; H, 5.03; N, 10.79. 'H NMR (400.13 MHz,
CDCls, 298K): § = 10.41 (s, 1H, NH), 7.77 (d, Juy = 7.6 Hz, 2H, H>®
CsH5N), 7.55 (m, 1H, H* CsH3N), 7.24-6.93 (m, 11H, CH C,HgN,, Ph),
5.65 (s, 1H, CH C4HgN>), 5.22 (pt, Juy = 10.0 Hz, 2H, OCH,), 5.12 (pt,
Jun = 10.0Hz, 1H, CHPh), 4.96 (pt, Juz = 10.0Hz, 1H, CHPh), 4.64
(pt, Jun = 10.0 Hz, 2H, OCHy), 1.97 (s, 3H, CHs) ppm. *C{'H} NMR
(100.62 MHz, CDCls, 298 K): § = 167.7 (s, OCN), 152.7 (s, C>° CsH3N),
142.6 (s, CH C4HgNy), 137.9, 137.6 (2s, CCH5, CP* Ph), 128.6-127.8
(Ph), 126.8 (s, C* GsH3N), 123.3 (s, C*® CsH3N), 104.8 (s, CH C4HgN>),
78.4 (s, OCH,), 69.0 (s, CHPh), 10.8 (s, CH3) ppm.

Complex 11b: Yield 83% (25 mg, 0.042 mmol). Color: dark pink.
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Anal. Calc. for CosH»Cl,NgO-Ru (610.46): C, 49.19; H, 3.63; N, 13.77.
Found: C, 49.56; H, 3.89; N, 14.09. 'H NMR (400.13 MHz, CD,Cl,,
298K): § = 11.85 (s, 1H, NH), 7.86 (d, Jyy = 7.6 Hz, 2H, H>® CsH5N),
7.85 (S, 1H, CH C2H3N3), 7.75 (S, lH, CH C2H3N3), 7.67 (t,
Jun = 7.6 Hz, 1H, H* CsH3N), 7.29-7.13 (m, 10H, Ph), 5.30 (dd,
Jun = 10.6 Hz, Jyp; = 8.8 Hz, 2H, OCH,), 4.98 (pt, Jun = 10.6 Hz, 2H,
CHPh), 4.69 (dd, Juy = 10.6Hz, Juyy = 8.8Hz, 2H, OCH,) ppm.
13C{'H} NMR (100.62 MHz, CD,Cl,, 298 K): § = 167.4 (s, OCN), 152.7
(s, C*°® CsH3N), 152.0, 142.0 (2s, C,H3N3), 137.4 (s, CP° Ph), 128.5-
127.5 (Ph), 126.8 (s, C* CsH3N), 123.1 (s, C>° CsH;3N), 78.5 (s, OCH.,),
69.0 (s, CHPh) ppm.

4.4. Synthesis of complexes trans-[OsCl>(L){ (S,S)-iPr-pybox}] (L =py
(12), 3-Br-py (13), 3-CN-py (14), 3-MeO-py (15), 3-NO2-py (16), 4-CN-
py (17), 4-MeO-py (18), isoquinoline (19), 1-methylimidazole (20), 1-
benzylimidazole (21), pyrazole (22))

To a solution of complex trans-[OsClz(nz-C2H4){(S,S)-iPr-pybox}]
(2) (0.100 g, 0.17 mmol) in toluene (25 mL) the corresponding ligand
(0.26 mmol) was added and the mixture heated under reflux during
90 min. The solvent was then evaporated under reduced pressure and
hexane (20mL) was added yielding a solid that was washed with
hexane (3 X 5mL) and vacuum-dried.

Complex 12: Yield: 83% (0.090 g). Color: dark pink. Exact mass for
CyoHogCloN40,0s (642.12). MS-ESL: m/z = 642.1 ([OsClz(CSHSN)(iPr-
pybox)]*, 100%). "H NMR (400.13 MHz, CD,Cl,, 208 K): § = 9.57 (m,
2H, CsHsN), 7.79 (t, Jug = 7.4 Hz, 1H, CsHsN), 7.48 (m, 2H, CsHsN),
6.61 (m, 2H, H>® CsH3N), 6.09 (t, Juy = 7.6 Hz, 1H, H* CsHsN), 5.23
(m, 2H, OCH,), 5.03 (m, 2H, OCH,), 4.20 (m, 2H, CH'Pr), 1.72 (m, 2H,
CHMe,), 0.83 (d, Juy = 6.6 Hz, 6H, CHMe,), 0.72 (d, Jyy = 6.6 Hz, 6H,
CHMe,) ppm. *C{'H} NMR (100.62 MHz, CD,Cl,, 298 K): § = 175.2
(s, OCN), 155.3 (s, CsHsN), 145.4 (s, c26 CsHsN), 135.5, 124.2 (25,
CsHsN), 121.9 (s, C>° CgH3N), 120.7 (s, C* C3HsN), 70.9 (s, OCH,),
70.7 (s, CH'Pr), 29.8 (s, CHMe,), 18.9, 15.4 (2s, CHMe,) ppm.

Complex 13: Yield: 95% (0.121 g). Color: dark pink. Exact mass for
C22H27BrC12N40205 (72003) MS-ESI: m/z = 720.0 ([OSC]Q(C5H4NBI')
(Pr-pybox)] *, 100%). 'H NMR (400.13 MHz, CD,Cl,, 298 K): § = 9.73
(m, 1H, Br-CsH4N), 9.53 (m, 1H, Br-CsH4N), 7.94 (m, 1H, Br-CsHy4N),
7.35 (m, 1H, Br-CsHyN), 6.68 (m, 2H, H>® CsH3N), 6.16 (m, 1H, H*
CsHN), 5.22 (m, 2H, OCH.,), 5.01 (m, 2H, OCH.), 4.19 (m, 2H, CH'Pr),
1.71 (m, 2H, CHMe,), 0.87 (m, 6H, CHMe,), 0.73 (m, 6H, CHMe,) ppm.
13C{*H} NMR (100.62 MHz, CD,Cl,, 298 K): § = 175.3 (s, OCN), 156.3,
153.8 (2s, CH Br-CgHu4N), 145.4 (s, C>® CgH5N), 137.9 (s, CH Br-
CsH4N), 125.4 (s, C Br-CsH4N), 124.9 (s, CH Br-CsH4N), 121.9 (s, c35
CsH3N), 120.1 (s, C* C3HsN), 70.9 (s, OCHy), 70.3 (s, CH'Pr), 29.9 (s,
CHMe,), 19.2, 15.4 (2s, CHMe,) ppm.

Complex 14: Yield: 86% (0.097 g). Color: dark purple. Exact mass
for C23H27C12N50205 (667.12) MS-ESI: m/z = 667.1 ([OSClg(C6H4N2)
(‘Pr-pybox)] *, 100%). IR (KBr, cm~'): 2234 (m) »(C=N). 'H NMR
(300.13 MHz, CD,Cl,, 298 K): § = 10.07 (m, 1H, CN-CsH,N), 9.99 (m,
1H, CN-CsH,N), 8.07 (m, 1H, CN-CsH,N), 7.59 (m, 1H, CN-CsH,N),
6.97 (m, 2H, H*>® CsH3N), 6.22 (m, 1H, H* CsH;N), 5.19 (m, 2H,
OCH,), 5.00 (m, 2H, OCH,), 4.18 (m, 2H, CHPr), 1.66 (m, 2H, CHMe,),
0.86 (d, Jyy = 6.6 Hz, 6H, CHMe,), 0.72 (d, Juy = 6.6 Hz, 6H, CHMe,)
ppm. *C{'H} NMR (100.62 MHz, CD,Cl,, 298 K): § = 174.8 (s, OCN),
158.7, 157.6 (2s, CH CN-CsH4N), 145.8 (s, c26 CsHsN), 137.6, 124.4
(2s, CH CN-CsH4N), 123.1 (s, C* C3HsN), 121.9, 121.7 (2s, C*° CsH3N),
115.6 (s, C CN-CsH4N), 110.8 (s, CN), 71.2 (s, OCH,), 70.6 (s, CHiPr),
29.3 (s, CHMe,), 19.1, 15.4 (2s, CHMe,) ppm.

Complex 15: Yield: 74% (0.085 g). Color: dark pink. Exact mass for
Cy3H3oCloN4030s (672.13). MS-ESI: m/z = 672.0 ([OsCly(CgH,NO)
(*Pr-pybox)] *, 100%). "H NMR (400.13 MHz, CD,Cl,, 298 K): § = 9.20
(m, 1H, MeO-CsH,N), 9.05 (m, 1H, MeO-CsH,N), 7.30 (m, 2H, MeO-
CsH4N), 6.28 (m, 2H, H>® CsH3N), 6.13 (m, 1H, H* CsH3N), 5.31 (m,
2H, OCH,), 5.04 (m, 2H, OCH,), 4.18 (m, 2H, CH'Pr), 3.95 (s, 3H,
OCHs), 1.70 (m, 2H, CHMe,), 0.83 (m, 6H, CHMe,), 0.75 (m, 6H
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CHMe,) ppm. *C{'H} NMR (100.62 MHz, CD,Cl,, 298K): § = 177.4
(s, OCN), 155.8 (s, C MeO-CsH4N), 147.4 (s, CH MeO-CsH,N), 144.8 (s,
€% CgH;5N), 143.0, 124.1 (2s, CH MeO-CsHyN), 123.4 (s, C>° CsH5N),
120.4, 120.1 (2s, C* C3HsN, CH MeO-CsHy4N), 70.7 (s, OCH,, CHPr),
55.8 (s, OCHs), 29.8 (s, CHMe,), 19.2, 15.6 (2s, CHMe,) ppm.

Complex 16: Yield: 75% (0.087 g). Color: dark purple. Exact mass for
C22H27C12N504OS (68711). MS-ESI: m/z = 687.0 ([OSC12(C5H4N202)(iPr-
pybox)] ™, 99%). IR (KBr, cm™1): 1531 (m), 1261 (m) v(NO,). *H NMR
(400.13 MHz, CD,Cly, 298 K): § = 10.57 (s, 1H, NO,-CsH,N), 10.07 (m, 1H,
NO,-CsH4N), 8.58 (m, 1H, NO»-CsH,N), 7.65 (m, 1H, NO,-CsH,N), 6.96 (d,
Jum = 7.2 Hz, 2H, H>® CsH;N), 6.26 (t, Juy = 7.2 Hz, 1H, H* CsH5N), 5.20
(m, 2H, OCH,), 5.03 (m, 2H, OCH,), 4.22 (m, 2H, CH'Pr), 1.70 (m, 2H,
CHMe,), 0.84 (d, Jii = 6.4Hz, 6H, CHMe,), 0.72 (d, Jux = 6.4Hz, 6H
CHMe,) ppm. *C{'H} NMR (100.62 MHz, CD,Cl,, 298K): § = 173.9 (s,
OCN), 160.6, 151.3 (2s, CH NO,-CsH4N), 146.3 (s, C>° CsH3N), 144.9 (s, C
NO,-CsH,4N), 129.7, 124.4 (25, CH NO,-CsH4N), 123.6 (s, C* C3HgN), 121.3
(s, C>° CsH5N), 71.3 (s, OCH,), 70.7 (s, CH'Pr), 30.1 (s, CHMey), 19.1, 15.3
(2s, CHMe,) ppm.

Complex 17: Yield: 89% (0.101 g). Color: dark purple. Exact mass
for Cy3H,,CloN50,0s (667.12). MS-ESI: m/z = 667.1 ([OsCly(CgH4N>)
(Pr-pybox)]*, 100%). IR (KBr, cm™'): 2234 (m) v(C=N). 'H NMR
(300.13MHz, CD,Cl,, 298K): 8 = 9.94 (d, Juu = 6.0Hz, 2H, CN-
CsH4N), 7.60 (d, Jup; = 6.0 Hz, 2H, CN-CsH4N), 6.96 (d, Jyy = 9.0 Hz,
2H, H>® CsH;3N), 6.28 (t, Jyy = 9.0 Hz, 1H, H* CsH3N), 5.18 (m, 2H,
OCH,), 4.98 (m, 2H, OCH,), 4.18 (m, 2H, CH'Pr), 1.65 (m, 2H, CHMe,),
0.84 (d, Juy = 6.0 Hz, 6H, CHMe,), 0.71 (d, Juy = 6.0 Hz, 6H, CHMe,)
ppm. *C{'H} NMR (100.62 MHz, CD,Cl,, 298K): § = 173.8 (s, OCN),
156.6 (s, CH CN-CsH,N), 146.1 (s, C> CsH5N), 125.5 (s, CH CN-
CsHuN), 124.7 (s, C* C3HsN), 121.1 (s, C*° CsH3N), 117.5, 116.8 (2s, C
CN-CsH4N, CN), 71.3 (s, OCH,), 70.6 (s, CH'Pr), 30.0 (s, CHMey), 19.0,
15.2 (2s, CHMe,) ppm.

Complex 18: Yield: 93% (0.106 g). Color: dark pink. Exact mass for
C23H30C12N40305 (67213) MS-ESI: m/z = 672.0 ([OSClz(C6H7NO)
(PPr-pybox)] ", 100%). 'H NMR (400.13 MHz, CD,Cl,, 298 K): § = 9.28
(m, 2H, MeO-CsH,N), 7.01 (m, 2H, MeO-CsH,N), 6.40 (m, 2H, H3>®
CsH3N), 6.06 (m, 1H, H* CsH3N), 5.27 (m, 2H, OCH,), 5.05 (m, 2H,
OCH,), 4.18 (m, 2H, CH'Pr), 4.03 (s, 3H, OCH3), 1.75 (m, 2H, CHMe,),
0.86 (m, 6H, CHMe,), 0.74 (m, 6H CHMe,) ppm. *C{'H} NMR
(100.62 MHz, CD,Cl,, 298K): § = 177.7 (s, OCN), 165.6 (s, C MeO-
CsH4N), 155.6 (s, CH MeO-CsH4N), 144.8 (s, C*>® CsH3N), 122.0 (s, C>°
CsH;3N), 119.1 (s, C* C3HgN), 110.4 (s, CH MeO-CsH,4N), 70.6 (s, OCH,,
CH'Pr), 55.8 (s, OCH3), 29.8 (s, CHMe,), 19.3, 15.6 (25, CHMe,) ppm.

Complex 19: Yield: 91% (0.107 g). Color: dark pink. Exact mass for
Ca6H30CLN40,0s (692.14). MS-ESI: m/z = 692.2 ([0OsCly(CoH,N)(Pr-
pybox)] ™, 100%). 'H NMR (400.13 MHz, CD,Cl,, 298K): § = 10.16
(m, 1H, CoH,N), 9.44 (m, 1H, CoH,N), 8.06 (m, 2H, CoH,N), 7.79 (m,
3H, CoH,N), 6.59 (m, 2H, H>® CsH;3N), 6.12 (m, 1H, H* CsH;3N), 5.27
(m, 2H, OCH,), 5.04 (m, 2H, OCH,), 4.30 (m, 2H, CH'Pr), 1.88 (m, 2H,
CHMe,), 0.76 (m, 6H, CHMe,), 0.69 (m, 6H, CHMe,) ppm. >C{'H}
NMR (100.62 MHz, CD,Cl,, 298K): § = 176.6 (s, OCN), 157.7, 148.3
(2's, CH CoH,N), 145.7 (s, C%° CsH5N), 135.2 (s, C CoH,N), 131.3 (s, CH
CoH,N), 129.1-126.3 (CoH,N), 121.9-120.7 (s, C>*° CsH3N, CoH,N),
71.0 (s, OCH,), 70.8 (s, CHPr), 29.8 (s, CHMe,), 19.2, 15.4 (25, CHMe,)
ppm.
Complex 20: Yield: 93% (0.102 g). Color: brick red. Exact mass for
C21H29C12N50205 (645.13). MS-ESI: m/z = 645.1 ([OSCIz(C4H5N2)(iPr-
pybox)1*, 100%). 'H NMR (400.13 MHz, CD,Cl,, 298K): § = 7.79 (s,
1H, NCHCHN), 7.39 (s, 1H, NCHCHN), 6.83 (m, 2H, H>® CsH;5N), 6.15
(m, 1H, H* CsH;3N), 5.58 (m, 2H, OCH,), 5.16 (m, 2H, OCH,), 5.00 (br
s, 1H, NCHN), 4.09 (m, 2H, CHPr), 3.78 (s, 3H, NCH3), 1.62 (m, 2H,
CHMe,), 0.84-0.80 (m, 12H, CHMe,) ppm. *C{*H} NMR (100.62 MHz,
CD,Cl,, 298K): § = 176.8 (s, OCN), 141.6 (s, C>® CsH;N), 138.3 (s,
NCHCHN), 130.4 (s, NCHCHN, NCHN), 120.2 (s, C>° CsH3N), 116.1 (s,
C* C3HsN), 71.5 (s, CH'Pr), 70.3 (s, OCH,), 34.4 (s, NCH3), 29.7 (s,
CHMe,), 19.7, 16.6 (2s, CHMe,) ppm.

Complex 21: Yield: 89% (0.109 g). Color: brick red. Exact mass for
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C7H35CIbN50,0s (721.16). MS-ESI: m/z = 721.1 ([0sCly(C1oH10N2)
(*Pr-pybox)] *, 100%). "H NMR (400.13 MHz, CD,Cl,, 298 K): § = 8.49
(s, 1H, NCHCHN), 8.02 (s, 1H, NCHCHN), 7.42 (m, 3H, Ph), 7.28 (m,
2H, Ph), 7.18 (s, 1H, NCHN), 6.50 (m, 2H, H*>® CsH3N), 5.94 (m, 1H, H*
CsH;sN), 5.36 (m, 1H, NCH,), 5.15 (m, 3H, NCH,, OCH,), 5.01 (m, 2H,
OCH,), 4.07 (m, 2H, CHPr), 1.86 (m, 2H, CHMe,), 0.83 (d,
Jug = 6.6 Hz, 6H, CHMCQ), 0.75 (d, Jug = 6.6 Hz, 6H, CHMCQ) ppm.
13C{'H} NMR (100.62 MHz, CD,Cl,, 298 K): § = 176.9 (s, OCN), 145.4
(s, C>% CsH3N), 139.6 (s, NCHCHN), 137.6 (s, CP*° Ph), 132.1 (s,
NCHCHN), 129.1-127.2 (Ph), 122.6 (s, C>° CsH5N), 119.6 (s, NCHN),
117.7 (s, C* C3HsN), 72.2 (s, CH'Pr), 70.8 (s, OCH,), 51.7 (s, NCH.),
29.5 (s, CHMe,), 19.3, 15.5 (2s, CHMe,) ppm.

Complex 22: Yield: 74% (0.079 g). Color: brick red. Exact mass for
C20H27C12N50205 (631.12). MS-ESI: m/z = 631.1 ([OSClz(C3H4N2)(iPr-
pybox)]1 ™, 100%). 'H NMR (400.13 MHz, CD,Cl,, 298 K): § = 11.96 (br
s, 1H, NH), 8.00 (m, 1H, CH C3H4N>), 7.45 (m, 2H, H>® CsH3N), 6.40
(m, 1H, CH C3H,N>), 6.18 (m, 2H, CH C3H4N,, H* CsH3N), 5.53 (m, 2H,
OCH,), 5.09 (m, 2H, OCH,), 4.03 (m, 2H, CH'Pr), 1.52 (m, 2H, CHMe,),
0.79 (m, 12H, CHMe,) ppm. *C{*H} NMR (100.62 MHz, CD,Cl,,
298K): 8 = 169.1 (s, OCN), 153.9 (s, C*>® CsH;3N), 143.1, 137.5 (2,
C3H4Ny), 129.2 (s, C>° CsH3N), 118.1 (s, C* C3HsN), 105.6 (s, C3HuNS),
71.9 (s, CH'Pr), 70.1 (s, OCHy), 29.3 (s, CHMe,), 19.5, 16.4 (25, CHMe,)
ppm.

4.5. Synthesis of the dinuclear complexes [{RuCl>(R-pybox)}(u-N,N-
C4HuN2)] (R = (5,5)-Pr (23a), (R,R)-Ph (23))

Method A: To a solution of complex trans-[RuCly(;7%-CH4)(R-
pybox)] R = (S5,9)-Pr (1a), (R,R)-Ph (1b)) (0.125mmol) in di-
chloromethane (10 mL) pyrazine (5mg, 0.062 mmol) was added and
the mixture heated under reflux for 5.5h (for 23a) or at 55 °C (sealed
tube) for 6.5h (for 23b). The solvent was then evaporated under re-
duced pressure and diethyl ether (20 mL) was added yielding a solid
that was washed with diethyl ether (3 x 5mL) and vacuum-dried.

Method B: A mixture of complexes la (0.06 mmol) and 6a
(0.06 mmol) in dichloromethane (10 mL) was heated under reflux for
5.5h. The solvent was then evaporated under reduced pressure and
diethyl ether (30 mL) was added yielding a solid (23a) that was washed
with diethyl ether (3x5mL) and vacuum-dried. Complex 23b was si-
milarly synthesized by reaction of equimolecular amounts of 1b and 6b
in dichloromethane (sealed tube, 55 °C, 5.5h).

Complex 23a: Yield 88% (54 mg, 0.053 mmol, method A), 86%
(53mg, 0.051 mmol, method B). Color: dark blue. Exact mass for
C38H50C14N804RU2 (102608) MS-ESI: m/z = 1025.1 [RUQC14(C4H4N2)
(Pr-pybox),-11" (100%). 'H NMR (400.13MHz, CDCls, 298K):
8 = 9.95 (s, 4H, CH C4H4N,), 7.75 (m, 4H, H*>® CsH3N), 7.63 (m, 2H,
H* CsH3N), 4.90 (m, 4H, OCH,), 4.75 (m, 4H, OCH,), 4.23 (m, 4H,
CHPr), 1.72 (m, 2H, CHMe,), 1.59 (m, 2H, CHMe,), 0.84 (d,
Jun = 6.8 Hz, 8H, CHMe,), 0.77 (d, Jyy = 6.8 Hz, 12H, CHMe,), 0.72
(d, Jun = 6.8Hz, 4H, CHMe,) ppm. '3C{'H} NMR (100.62 MHz,
CDCls, 298 K): § = 165.8 (s, OCN), 150.9, 150.7 (2s, C>° CsH5N), 150.1
(s, C4H4Ny), 130.2, 129.8 (2s, C* CsH5N), 123.1 (s, C>° CsH3N), 72.2,
71.7 (2s, OCH,), 69.0 (s, CH'Pr), 30.4, 30.0 (2s, CHMe,), 19.6, 19.0,
15.9, 15.5 (4s, CHMe,) ppm.

Complex 23b: Yield 89% (62mg, 0.053 mmol, method A), 86%
(57 mg, 0.049 mmol, method B). Color: dark blue. Anal. Calc. for
CsoH42CLiNgO4Ru, (1162.88): C, 51.64; H, 3.64; N, 9.64. Found: C,
51.42; H, 3.87; N, 9.31. MS-ESI: m/z = 1164.1 ([Ru,Cl4(C4H,4N,)(Ph-
pybox),+11%, 100%). 'H NMR (400.13 MHz, CDCl, 298K): § = 7.83
(d, Jyy = 8.0Hz, 4H, H*>® CsH3N), 7.65 (t, Jyy = 8.0Hz, 2H, H*
CsH3N), 7.34-7.30 (m, 14H, Ph), 7.22 (s, 4H, CH C4H4N,), 7.14-7.10
(m, 6H, Ph), 5.25 (pt, Jyy = 10.0Hz, 4H, OCH,), 4.95 (pt, Jun
= 10.0Hz, 4H, CHPh), 4.69 (pt, Jyu = 10.0Hz, 4H, OCH,) ppm.
13¢{*H} NMR (100.62 MHz, CDCl;, 298 K): § = 167.0 (s, OCN), 151.0
(s, C*® CsH3N), 148.0 (s, C4H4N), 137.0 (s, CP*° Ph), 129.8-127.7 (Ph,
C* CsH5N), 123.3 (s, C*° CsH3N), 78.6 (s, OCH,), 69.8 (s, CHPh) ppm.

85

Molecular Catalysis 456 (2018) 75-86

4.6. Synthesis of complex [(OsClx{ (S,S)-iPr-pybox}) 2(u-N,N-CcH4N,) ]
24)

To a solution of complex trans—[OsClz(;12—C2H4){(S,S)—iPr—pybox}]
(2) (0.100g, 0.17mmol) in toluene (25mL), pyrazine (0.020g,
0.255 mmol) was added and the mixture heated under reflux during
80 min. The solvent was then evaporated under reduced pressure and
hexane (30mL) was added yielding a solid that was washed with
hexane (3x5mL) and vacuum-dried. Yield: 84% (0.086 g). Color: dark
purple. Exact mass for Cy;H,,Cl,N50,0s (643.12). Exact mass for
C3gH50Cl4Ng040s, (1206.19). MS-ESI: m/z = 643.1 ([OsCl,(C4H4N>)
(iPr-pybox)] *.,100%). 'H NMR (400.13 MHz, CD,Cl,, 298 K): § = 9.75
(m, 1H, C4H4N>), 9.54 (m, 2H, C4H4N,), 8.57 (m, 1H, C4H4N>), 6.91
(m, 4H, H>® CgH3N), 6.35 (m, 2H, H* CsH5N), 5.25 (pt, Jyy = 9.4 Hz,
2H, OCH,), 5.18 (pt, Jyu = 9.4 Hz, 2H, OCH,), 5.00 (m, 4H, OCH,),
4.27 (m, 2H, CH'Pr), 4.20 (m, 2H, CHPr), 1.86 (m, 2H, CHMe,), 1.68
(m, 2H, CHMe,), 0.91-0.79 (m, 24H, CHMe,) ppm. “3C{'H} NMR
(100.62 MHz, CD.Cl,, 298K): § = 173.7, 173.4 (2s, OCN), 149.9,
149.3 (25, C4H4Ny), 145.9 (s, C*>® CsH3N), 145.3 (s, C4H4N,), 125.8,
124.7 (2, C* C3H5N), 121.2, 120.9 (25, C>° CsH3N), 71.8, 71.3 (25,
OCH,), 70.7 (s, CHiPr), 30.4, 30.0 (25, CHMe,), 19.0, 18.9, 15.7, 15.2
(4s, CHMe,) ppm.

4.7. General procedure for hydrogen transfer reactions

The catalyst [0.4 mol % (complexes 12-22) or 0.2 mol % (dinuclear
complex 24)] and the ketone (2.5 mmol) were placed in a three-bottom
Schlenk flask under dry argon atmosphere and 2-propanol (45 mL) was
added. After stirring the mixture for 15 min at 82°C, 5ml of a 0.06 M
solution of base (CsyCO3) in 2-propanol (0.3 mmol) were added. The
reaction was monitored by gas chromatography using an HP-6890
equipment. The corresponding alcohol and ketone were the only pro-
ducts detected in all cases. The conversion and e.e.values were de-
termined by GC with a Supelco B-DEX 120 chiral capillary column.

4.8. X-Ray crystal structure determination of complexes 9a, 12, 23a and
24

Suitable crystals for X-ray diffraction analysis were obtained using
liquid diff ;usion techniques. Mixtures of dichloromethane/hexane (9a),
acetone/hexane (12), dichloromethane/diethyl ether (23a) and di-
chloromethane/pentane (24) proved effective for these complexes. The
most relevant crystal and refinement data are collected in the Tables S8
and S9 (Supporting Information).

Crystallographic data of 9a were collected at 100 K using a Bruker
Smart 6000 CCD detector and Cu-Ka radiation (A = 1.54184 A) gen-
erated by a Incoatec microfocus source equipped with Incoatec Quazar
MX optics. The software APEX, [30] was used for collecting frames of
data, indexing reflections, and the determination of lattice parameters,
SAINT [30] for integration of intensity of reflections, and SADABS [31]
for scaling and empirical absorption correction.

The diffraction data of complexes 12, 23a and 24 were recorded on
an Oxford Diffraction Xcalibur Nova (Agilent) single crystal dif-
fractometer, at 150 K, using Cu-Ka radiation (A = 1.54184 A). Images
were collected at a 62, 63 and 63 mm fixed crystal-detector distance,
respectively, using the oscillation method, with 1° oscillation and
variable exposure time per image. The data collection strategy was
calculated with the program CrysAlis*™ CCD [32]. Data reduction and
cell refinement was performed with the program CrysAlis®™ RED [32].
An empirical absorption correction was applied using the SCALE3 AB-
SPACK algorithm as implemented in the program CrysAlis*™ RED [32].

The software package WINGX [33] was used for space group de-
termination, structure solution and refinement. The structure for the
complex 9a was solved by Patterson interpretation and phase expansion
using DIRDIF [34]. The structures of the complexes 12, 23a and 24
were solved by direct methods using SIR92 [35]. For complex 12, the
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asymmetric unit contains two formula units. In the crystal of 23a and
24, 1Et,0 and 2CH,Cl, solvent molecules, respectively, per unit for-
mula of the complex was found.

Isotropic least-squares refinement on F* using SHELXL2013 [36]
was performed. During the final stages of the refinements, all the po-
sitional parameters and the anisotropic temperature factors of all the
non-H atoms were refined. The H atoms were geometrically located and
their coordinates were refined riding on their parent atoms (except H
(5N) and H(10N) for 9a, which were found from different Fourier
maps and included in a refinement with isotropic parameters). The
maximun residual electron density was located near to heavy atoms.

The function minimized was [Ew(Fo? - Fc?)/ w(Fo®)]? where
w = 1/[0*(Fo?) + (aP)? + bP] (a and b values are collected in the Table
S1y S2 in the Supporting Information) from counting statistics and P =
(Max (Fo?, 0) + 2Fc®)/3.

Atomic scattering factors were taken from the International Tables
for X-Ray Crystallography [37]. The crystallographic plots were made
with PLATON [38] and geometrical calculations were made with
PARST [39].
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