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Introduction

Molecular hydrogen and water activation by
transition metal frustrated Lewis pairs containing
ruthenium or osmium components: catalytic
hydrogenation assays¥

Sophie Beard, Alejandro Grasa, Fernando Viguri, Ricardo Rodriguez,
José A. Lopez, "2 Fernando J. Lahoz, " Pilar Garcia-Ordufia, = Pilar Lamata ‘= *
and Daniel Carmona & *

The transition metal frustrated Lewis pair compounds [(Cym)M(k®S,P,N-HLD][SbFg] (Cym = 1°-p-
MeCgH4iPr; HoL1 = N-(p-tolyl)-N’-(2-diphenylphosphanoethyl)thiourea; M = Ru (5), Os (6)) have been
prepared from the corresponding dimer [{(Cym)MCLl},(p-Cl),] and HL1 by successive chloride abstraction
with NaSbFg and AgSbFg and NH deprotonation with NaHCOs. Complexes 5 and 6 and the previously
reported phosphano—guanidino compounds [(Cym)M(K3P,N,N’—HLZ)][SbFG] [HoL2 = N,N’-bis(p-tolyl)-N"-
(2-diphenylphosphanoethyl) guanidine; M = Ru (7), Os (8)] and pyridinyl-guanidino compounds [(Cym)M
(>N,N',N"-HL3)][SbF¢] [HoL3 = N,N"-bis(p-tolyl)-N"-(2-pyridinylmethyl) guanidine; M = Ru (9), Os (10)]
heterolytically activate H, in a reversible manner affording the hydrido complexes [(Cym)MH(H,L)I[SbFe]
(HoL = HpL1; M = Ru (11), Os (12); H,L = HyL2; M = Ru (13), Os (14); H,L = H,L3; M = Ru (15), Os (16)).
DFT calculations carried out on the hydrogenation of complex 7 support an FLP mechanism for the
process. Heating 9 and 10 in methanol yields the orthometalated complexes [(Cym)M{*N,N’,C-
H,L3_p)I[SbFg] (M = Ru (17), Os (18)). The phosphano—guanidino complex 7 activates deuterated water in
a reversible fashion, resulting in the gradual deuteration of the three cymene methyl protons through
sequential C(sp®)-H bond activation. From DFT calculations, a metal-ligand cooperative reversible
mechanism that involves the O—H bond activation and the formation of an intermediate methylene cyclo-
hexenyl complex has been proposed. Complexes 5-10 catalyse the hydrogenation of the C=C double
bond of styrene and a range of acrylates, the C=O bond of acetophenone and the C=N bond of
N-benzylideneaniline and quinoline. The C=C double bond of methyl acrylate adds to catalyst 9,
affording complex 19 in which a new ligand exhibiting a fac k®N,N',C coordination mode has been
incorporated.

These acid-base couples are referred to as frustrated Lewis
pairs (FLP). The first examples of FLP systems were based on

There are known examples of intra- and intermolecular combi-
nations of Lewis acids and bases that in solution do not form
the corresponding adducts usually due to steric hindrance.
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representative elements, boron for the acidic centre and phos-
phorus or nitrogen for the basic centre. A milestone in the
development of such systems was the discovery in 2006 by
Stephan and co-workers that such species were capable of acti-
vating reversibly and heterolytically the hydrogen molecule
under mild conditions.” Shortly after, it was found that FLP
species could activate many other small (CO,, CO, SO,, N,O,
NO) and organic (olefins, alkynes) molecules in a concerted
and cooperative manner, following new reaction pathways.>
Much less developed, but becoming increasingly important,
are FLPs in which one of the components is a transition metal
fragment. They are called transition metal frustrated Lewis
pairs (TMFLPs). Introducing a transition metal into the system
gives the FLP, on the one hand, greater structural diversity

This journal is © The Royal Society of Chemistry 2023
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and, on the other hand, access to fundamental reactions of
transition metal compounds which are characteristic of homo-
geneous catalysis.’

An important feature of some FLP systems is that they can
show their activity even if the classical Lewis acid-base adduct
is stable, provided that the dissociated form is thermally acces-
sible. Such a type of FLP is denominated as a masked FLP.*
In this regard, we have recently reported the preparation of
masked TMFLPs based on the phosphano-guanidine H,L2
and pyridinyl-guanidine H,L3 ligands depicted in Scheme 1.°
These are half-sandwich (ring) M-complexes (A, B in Scheme 1)
with deprotonated monoanionic HL2 or HL3 species acting as
the ¥’ ligand. In these monoanionic ligands, the central nitro-
gen atom may adopt sp® hybridization allowing both the phos-
phorus (HL2) or the pyridine nitrogen (HL3) and the iminic
nitrogen atom to bond with the metal in a fac x*-coordination
mode. The resulting compounds are stable saturated 18 elec-
tron species containing a strained M-N-C-N four-membered
metalacycle whose inherent tension favours the thermal access
to active FLP species through the breaking of one of its metal-
nitrogen bonds.

In particular, we have shown that rhodium®*¢ and iri-
dium® complexes adopting the half-sandwich geometry
depicted in Scheme 1 behave as masked TMFLPs activating

NH(p-Tolyl) ~N NH(p-Tolyl)
N
Phop”” N = \ ) N=—
NH(p-Tolyl) NH(p-Tolyl)
H,L2 HoL3
* +
ring —| ,iTg —|
JA M
PhoP N(p-Tolyl) | h N/ ‘ \N(p-TolyI)
/ > N\(
A NH(p-Tolyl) g NH(-Toly)
(ring)M = (n>-CsMeg)Rh(lll), (11°-CsMes)Ir(lll), (18-p-MeCgHaiPr)Ru(I), (11°-p-MeCgH,iPr)Os(ll)

Scheme 1 Phosphano—guanidine H,L2 and pyridinyl-guanidine H,L3
ligands and derived Rh, Ir, Ru and Os complexes A and B.
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Scheme 2 The phosphano-thiourea ligand H,L1.
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Scheme 3 Synthetic route to complexes 5 and 6.
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dihydrogen and H,O (or D,O) in a reversible manner, causing
the gradual deuteration of the Cp* groups when D,O was acti-
vated. However, the study of the reactivity of these phosphano-
and pyridinyl-guanidino complexes has sometimes been hin-
dered by the metalation of one of the ortho carbons of the
p-tolyl group, masking the processes under study and even pre-
venting them, in some cases.

To overcome these drawbacks, we envisaged the possibility
of employing the thiourea derived H,L1 ligand shown in
Scheme 2 in which one of the N(p-tolyl) groups of the guani-
dine moiety in H,L2 and H,L3 has been replaced by a sulphur
atom. Formally, H,L1 retains all the desirable characteristics
to generate TMFLPs and avoids the problem of
orthometalation.

Herein, we report on (i) the preparation and characteriz-
ation of the new complexes [(Cym)M(x’S,P,N-HL1)][SbFs] (M =
Ru (5), Os (6)), (ii) the reaction of complexes 5 and 6, as well as
that of the related ruthenium® and osmium®” guanidinato
compounds [(Cym)M(x’P,N,N"-HL2)][SbFs] (M = Ru (7), Os (8))
and [(Cym)M(x*N,N’,N"-HL3)][SbFe] (M = Ru (9), Os (10)) with
hydrogen, (iii) the activation of water by the phosphano-guani-
dinato ruthenium complex 7, (iv) DFT calculations for the acti-
vation mechanisms of dihydrogen and water and (v) the cata-
Iytic activity of complexes 5-10 in the hydrogenation of C=C,
C=0 or C=N bonds.

Results and discussion

Synthesis of the complexes [(Cym)M(x’S,P,N-HL1)][SbF] (M =
Ru (5), Os (6))

Reaction of the dimers [{(Cym)MCl},(u-Cl),] (M = Ru and Os;
Cym = 1n%p-MeCgH,iPr)® with N-(p-tolyl)-N'-(2-diphenylpho-
sphanoethyl)thiourea (H,L1)” in the presence of NaSbF
affords [(Cym)MCI(x®S,P-H,L1)][SbFs] (M = Ru (1) and Os (2)).
Compounds 1 and 2 react with AgSbF, rendering the dicatio-
nic complexes [(Cym)M(x’S,P,N-H,L1)][SbF], (M = Ru (3) and
Os (4); Scheme 3). For details about the synthesis and charac-
terization of the ligand H,L1 and complexes 1-4, see the ESL}

Addition of solid NaHCO; to methanol solutions of com-
plexes 3 and 4 results in partial deprotonation of the co-
ordinated ligand H,L1 and formation of the monocationic
complexes [(Cym)M(x’S,P,N-HL1)][SbFs] (M = Ru, 5; Os, 6;
Scheme 3).

A broad and weak band around 3340 cm™" in the IR spec-
trum and a singlet at ca. 7.35 ppm in the "H NMR spectrum
indicate the presence of the remaining NH group. An IR band

[SbFel; [SbFe]
cym | cym |18
‘ NaHCO3, MeOH |
oM — M
PhoP™" | TS - NaSbFe, -CO, - H,0 pth/\ s
LonwL [
NH(p-Tolyl) N

NH(p-Tolyl)

M = Ru(ll) (3), Os(Il) (4) M = Ru(ll) (5), Os(l) (6)
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at around 655 cm™' is attributed to the uncoordinated SbFg
counter-anion. At room temperature, the *'P{'"H} NMR spec-
trum consists of a singlet at 55.90 (complex 5) and that at
21.16 ppm (complex 6) is assigned to the phosphano substitu-
ent of the HL1 ligand.®

The crystal structure of complexes 5 and 6 has been deter-
mined by single-crystal X-ray diffraction analysis. As both com-
pounds show similar structural parameters, we will focus our
discussion on the structure of the ruthenium complex 5 (for
relevant structural parameters of compound 6 see the ESIT). A
hexahapto coordinated Cym ring and monodeprotonated H,L1
acting as a fac ¥*S,P,N ligand make up the coordination sphere
of the ruthenium cation. The metal is a stereogenic centre and
the compound crystallises as a racemate. The Sg, enantiomer’
is shown in Fig. 1. As expected, bond angles within the four-
membered metalacycle Ru-S(1)-C(25)-N(1) reveal the strain of
this ring and, remarkably, the pyramidal arrangement around
the N(1) atom (2°N(1) = 347.1(16)°) allows the fac coordination
of the HL1 ligand.

Reaction of complexes 5, 6 and [(Cym)M(k>-HL)][SbF¢] (HL =
HL2; M = Ru (7), Os (8). HL = HL3; M = Ru (9), Os (10)) with
molecular hydrogen

A common structural feature of complexes 5 and 6, as well as
of those previously reported®”“ 7-10 (Scheme 4), is the pres-
ence of a strained four-membered metalacycle in the cation.
We assume that the cleavage of one metal-nitrogen bond
within the four-membered metalacycle, favoured by the associ-
ated strain-release, could generate a TMFLP in which the
metal and the nitrogen would play the role of the acidic and
basic centre, respectively. Hence, complexes 5-10 could be
considered as masked TMFLP species. On these grounds, we
tested the reaction of these compounds with molecular hydro-

C(9A)
Y C(2A)
‘ .C(IUA)

C(7A)

C(32A)

Fig. 1 Molecular structure of the cation of complex 5. For clarity minor
part of disordered fragment and all the hydrogen atoms (except that of
the NH group) are omitted. Selected bond lengths (A) and angles (°):
Ru-P(1) 2.3103(13), Ru—-N(1A) 2.194(14), Ru-S(1) 2.3905(15), Ru-Ct
1.6669(5), N(1A)-C(25A) 1.318(14), N(2A)-C(25A) 1.358(11); Ru-S(1)-C
(25A) 84.6(3), S(1)-C(25)-N(1A) 107.0(9), S(1)-C(25A)—-N(2A) 128.4(7),
N(1A)-C(25A)-N(2A) 124.6(9), Ru—-N(1A)-C(24A) 123.1(9), Ru-N(1A)-C
(25A), 103.4(9), and C(24A)—-N(1A)-C(25A) 120.6(10). Ct represents the
centroid of the Cym ring.
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Scheme 4 Reaction with the hydrogen of complexes 5-10.

gen to see if they were capable of promoting the heterolytic
cleavage of the hydrogen molecule showing an FLP behaviour.

Indeed, treatment of THF-dg solutions of complexes 5-10
with hydrogen gas (initial pressure, 5 bar) resulted in the for-
mation of the corresponding metal hydrido-complexes [(Cym)
MH(k>-H,L)][SbF] (11-16; Scheme 4). Formally, the heterolytic
cleavage of the molecule of hydrogen gives rise to hydridic
M-H and protic N-H bonds. It is notable that while in the
phosphano-guanidino compounds 7 and 8 and in the pyridi-
nyl-guanidino complexes 9 and 10 the metal-imino nitrogen
bond is broken, with subsequent protonation of the resulting
N(p-tolyl) group, in the reaction with hydrogen of the phos-
phano-thiourea compounds 5 and 6, the cleavage of the
metal-imidic nitrogen bond takes place and the metal-sulfur
bond remains intact (Scheme 4)."°

Slow reaction rates were observed. Several hours to some
days of reaction are necessary to achieve complete conversion
working in the 298-373 K range of temperature (see the
Experimental section). In the hydrogenation of the pyridinyl-
guanidino compounds 9 and 10, the concomitant formation of
an orthometalated compound in 10% and 20% molar ratio,
respectively, was observed. For the alternative preparation and
characterisation of these orthometalated side-products (com-
pounds 17 and 18) see the following.

Hydrogenation is reversible. Fig. 2 shows the evolution of
the *"P{"H} spectrum of a sample of complex 5 after treatment
with molecular hydrogen and, then, after the hydrogen
pressure was removed. In the absence of hydrogen, the hydro-
genation product 11 spontaneously converts completely into
starting compound 5, after 6 days at 363 K. Due to the reversi-
bility of the reaction, removing of volatiles from the reaction

This journal is © The Royal Society of Chemistry 2023
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d) After 6 days, at 363 K, without H,

¢) After 1 day, at 363 K, without H,

b) 5+ H,(5 bar), after 1 day, at 363 K |

a) Complex 5

Fig. 2 Reversible hydrogenation of complex 5. The 3!P{*H} spectrum of
(a) starting complex 5; (b) after 1 day of treatment with H, (5 bar) at
363 K, (c) after one more day in the absence of H,, (d) after 5 more days
without H,.

medium mostly afforded the starting materials sometimes
containing variable amounts of the corresponding hydrido
compounds. For this reason, to obtain satisfactory NMR data
for the hydrido compounds, spectra have to be recorded under
hydrogen pressure.

Two singlets in the 6.64-9.53 ppm region of the "H NMR
spectrum of complexes 11-16 are indicative of the presence of
two NH functionalities in the molecule. A signal in the high
field region of the 'H NMR spectrum is attributed to the
hydrido ligand. For the phosphano-thiourea and phosphano-
guanidino compounds 11-14 this signal appears as a doublet,
due to the coupling to the phosphorus nucleus in the —8.83 to
—10.30 ppm region. For the pyridinyl-guanidino complexes 15
and 16 a singlet at —5.34 and -5.29 ppm, respectively, is
assigned to the metal-hydrido resonance. At room tempera-
ture, the *'P{"H} spectrum of complexes 11-14 consists of one
singlet confirming the presence of the PPh, group in the
cation.

The crystal structure of complexes 13 and 14 was elucidated
by X-ray diffraction analysis. Both compounds have been
found to be isostructural, crystallising in the centrosymmetric
P2,/c space group with two independent molecules in their
asymmetric unit. One of the independent cations of com-
pound 13 is depicted in Fig. 3. It shows a three-legged piano
stool geometry formed by the n®-coordinated Cym fragment,
the hydrido and the H,L2 ligand k> P,N coordinated (an analo-
gous representation of complex 14 is included in the ESIY).
Geometrical parameters of the CN; guanidine fragment indi-
cate a slight partial double character for the two C-NH(p-tolyl)
bonds [N(2)-C(25) 1.364(3), N(3)-C(25) 1.367(3)] together with
a comparatively shorter distance of the C(25)-N(1) bond [N(1)-
C(25) 1.304(3)]. A planar geometry around the coordinated
nitrogen of the phosphano-guanidine ligand [X°N(1) = 360
(3)°] was determined.

This journal is © The Royal Society of Chemistry 2023
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Fig. 3 Molecular structure of one of the two crystallographically inde-
pendent cations of complex 13. For clarity all the hydrogen atoms,
except for the hydrido and hydrogen atoms of NH groups, together with
minor component of disordered fragments are omitted. Selected bond
lengths (A) and angles (°): Ru(1)-N(1) 2.1245(17), Ru(1)-P(1) 2.2645(6),
Ru(1)-H(1A) 1.608, Ru(1)-Ct(1) 1.7397(1), N(1)-C(25) 1.304(3), N(2)-C(25)
1.364(3), N(3)-C(25) 1.367(3), Ct(1)-Ru(1)-N(1) 130.36(1), Ct(1)-Ru(1)-
P(1) 133.54(1), Ct(1)-Ru(1)-H(1) 120, P(1)-Ru(1)-N(1) 81.63(5), P(1)-
Ru(1)-H(1A) 88.2, and N(1)—Ru(1)-H(1A) 88.4. Ct represents the centroid
of the Cym ring.

DFT calculations for the hydrogenation of complex 7

The Gibbs free energy profiles for the hydrogenation of 7 were
calculated by DFT methods, at the B3LYP-D3/311G(d,p)/
LanL2TZ(f) level (see the ESIT). Fig. 4 shows the intermediates
and transition states along with the relative Gibbs free energies
for the process. Dissociation of the terminal Ru-N bond of 7
affords the true TMFLP species A through the transition state
TS_7-A. Intermediate A interacts with H, rendering A-H, in
which the hydrogen molecule approximates one of its hydro-
gen atoms to the free nitrogen (N---H: 2.593 A). Subsequently,

° iy cym * cym *
—pr ‘ H
N—e o RU o RU i
N'— / / !
s kPi ) N —o o—PN N'—e
L N—e N—e
TS_7-A W \ H
+212 T [A'Hz
+ / A | 4199
o | +186 \
® Ru ‘
7 ‘ N-e P
N | cym
N'—e [
oo Q Ru—y
7 —P e
0 \ N=(
N'—e
® =Ph ’
® =p-Tol 13
-7.4
7 A AH: |13
C-N1]1.359 | 1.418 | 1.417 | 1.313
C-N2 | 1.327 | 1.287 | 1.288 | 1.366
C-N3 | 1.365 | 1.383 | 1.381 | 1.368

Fig. 4 Gibbs free energy profile (kcal mol™) for the reaction with
hydrogen of complex 7 [B3LYP-D3/311G(d,p)/LanL2TZ(f) level, in THF
(SMD), 298 KI.
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the formation of an N-H bond and coordination of the
remaining hydrogen atom with the metal with the concomi-
tant H-H bond rupture yield hydride complex 13. The acti-
vation Gibbs free energies of the direct and reverse processes
(21.2 and 28.6 kcal mol ™", respectively) are coherent with the
slow experimental reaction rates observed and parallel to those
proposed for main group FLPs''“? and TMFLPs.'* The elec-
tronic rearrangement that takes place throughout the hydro-
genation process is remarkable. Indeed, the CN bond dis-
tances suggest that while the C-N3 bond remains single
throughout the process (Fig. 4), the C-N1 and C-N2 bonds
change from single to double and from double to single,
respectively going from 7 to 13.

Orthometalation reactions

Heating methanol solutions of [(Cym)M(k*N,N’,N"-HL3)][SbF¢]
(M = Ru (9), Os (10)) at 338 K affords the orthometalated com-
plexes [(Cym)M(x*N,N',C-H,L3.14)][SbFs] (M = Ru (17), Os (18)),
respectively (Scheme 5).

As the most relevant NMR data, the '"H NMR spectrum in
CD,Cl,, shows two singlets at 7.09 and 6.54 ppm for complex
17 and at 7.09 and 6.49 ppm for 18 that denote the presence of
two inequivalent NH groups. In addition, a singlet at 151.47
(17) and at 140.26 (18) ppm in the *C{"H} NMR spectrum is
assigned to the corresponding M-C carbon resonance.

Single crystals of 17 were grown from methanol/diethyl
ether/n-pentane solutions. The complex crystallises with two
crystallographically independent, but chemically identical
molecules in the unit cell. As only slight structural differences
are found between them, description will be focused on one of
them. The cation exhibits a three-legged-piano stool geometry
with an n° coordinated Cym ligand. The metalated pyridinyl-
guanidine ligand occupies three mutually cis positions at the
metal centre rendering two fused metalacycles, namely the
five-membered ring Ru(1)-N(1)-C(15)-C(16)-N(2) and the six-
membered ring Ru(1)-N(2)-C(17)-N(3)-C(18)-C(19). The metal
centre is stereogenic and, as the molecule crystallises in the
centrosymmetric space group P1, both enantiomers, namely
Sru (shown in Fig. 5) and Rg,, are present in the unit cell. In
the formation of complexes 17 and 18 from 9 and 10, new
metal-carbon and N-H bonds form and, hence, formally
speaking, the metalation reaction involves the activation of an
aromatic C(sp’)-H bond by metal-ligand cooperation.
Seemingly, these structural features are closely related to the
formation of a less strained six-membered ring in 17 instead
of the four-membered ring present in the starting materials.

Cym _‘ [SbFg] _‘ [SbFg]
/JII MeOH
| SN ‘ 338 K \
_ N N(p-Tolyl)
NH(p-Tolyl) NH(p Tolyl)

M = Ru (9), Os (10) M = Ru (17), Os (18)

Scheme 5 Preparation of the orthometalated complexes 17 and 18.
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Fig. 5 Molecular structure of one of the two crystallographically inde-
pendent cations of complex 17. For clarity all the hydrogen atoms are
omitted, except those of NH groups. Selected bond lengths (A) and
angles (°): Ru—-N(1) 2.0914(19), Ru-N(2) 2.0781(19), Ru—-C(19) 2.069(2),

Ru-Ct 1.7118(1), N(2)-C(17) 1.305(3), N(3)-C(17) 1.358(3), N(4)-C(17)
1.372(3), Ct-Ru-N(1) 127.57(1), Ct—-Ru-N(2) 132.45(1), Ct—Ru-C(19)
129.28(1), N(1)-Ru-N(2) 76.18(7), N(1)-Ru-C(19) 90.05(8), and N(2)-

Ru—-C(19) 83.67(8). Ct represents the centroid of the Cym ring.

Water and C(sp®)-H bond activation by the phosphano-guani-
dino complex 7

The phosphano-guanidino compound [(Cym)Ru(k’P,N,N'-
HL2)|[SbFs] (7) activates the polar O-H bond of water.
Although addition of excess of water to THF solutions of
complex 7 does not produce significant changes in its "H and
31p NMR spectra, NMR and mass spectrometry measurements
clearly indicate that complex 7 reacts with deuterated water in
a reversible fashion resulting in the complete deuteration of
the Me group of the Cym ligand. The *'P{'"H} NMR spectrum
of THF-dg/D,0 (75%/25%, v/v) solutions does not change over
time but the 'H NMR spectrum shows a gradual decrease of
the singlet attributed to the Me protons of the Cym ligand
together with the concurrent appearance of a broad signal at
almost the same chemical shift (Fig. 6a). The concomitant
variation of the mass spectra of the cation of 7 over time is
shown in Fig. 6b. This whole set of data evidences the pro-
gressive deuteration of the methyl protons of the Cym ring.
The deuteration process is clean, with only isotopologues of
compound 7 with different degrees of deuteration being
detected by NMR spectroscopy.

A few examples of related H/D exchanges involving the
methyl groups of the Cp* ligand in half-sandwich rhodium(ur)
or iridium(m) complexes have been reported.’*®'? Usually, the
intervention with a strong external base is necessary'>*? but
mediation of the basic component of an FLP species can also
promote this exchange.’*®'2¢ However, under similar con-
ditions, deuteration of the methyl protons of the Cp* ligand
was not observed in Cp*Ru(u) homologues'?? and, as far as we
know, no cases of methyl proton deuteration of Cym ligands
have been described so far. Notably, the H/D exchange
observed in 7 does not need the addition of an external base.

This journal is © The Royal Society of Chemistry 2023
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Fig. 6 Evolution of the *H NMR spectra (a) and of the mass spectra (b) of solutions of complex 7 in THF-dg/D,0 (75%/25%, v/v).

Kinetic measurements indicate that the deuteration process
obeys a pseudo-first-order rate law with k,ps values from 3.88 x
107° to 2.32 x 107™* s7%, in the 358-373 K temperature range.
The linear fitting of In(keps/T) versus 1/T gives a AG* value of
28(1) kcal mol™ at 273 K. The formation of 7-d; from 7 is
reversible. At 358 K, a THF-dg/H,0 (75%/25%, v/v) solution of
7-d; evolves to 7 with an observed pseudo-first-order rate con-
stant of 0.65 x 107> s~' (see the ESIf). The high measured
ratio, ku/kp = 6, indicates that the rate-determining step for
the exchange process is the C-H(D) bond cleavage.

The mechanism of this H/D exchange process was explored
by DFT calculations in order to shed light on the deuteration
of 7 in the presence of D,O. Fig. 7 shows the Gibbs free energy
profile together with the involved intermediates and transition
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states. Formation of the unsaturated TMFLP species A has
been discussed above. A reacts with H,O giving the species
A-H,0 in which the incoming water molecule forms an
N2---H1-O hydrogen bond [N2---H1: 1.888 A, O-H1: 0.985 A,
N2---O: 2.872 A, N2-H1-O: 176.7°]. The Ru-O distance,
3.470 A, excludes any significant metal-hydroxo bond inter-
action. Intermediate A-H,O evolves to B that contains an O-H
ligand (Ru-O: 2.091 A) and a N2-H1---O hydrogen bond [N2-
H1: 1.040 A, O---H1: 1.726 A, N2---O: 2.697 A, N2-H1-O:
153.6°]. The transition state from A-H,O to B, TS_A-B, shows a
geometry rather similar to A-H,O, with the N2---H1 distance
shortened to 1.795 A. Finally, B evolves to the methylene cyclo-
hexenyl ruthenium(u) derivative through the transition state
TS_B-C. The newly formed water molecule in C is bound to
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Fig. 7 Gibbs free energy profile [B3LYP-D3/311G(d,p)/LanL2TZ(f) level, in THF (SMD), 298 K] for the hydrogen exchange at the methyl Cym ligand

of complex 7.
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the ruthenium with a rather long Ru-O bond (2.326 A); a
search in the Cambridge Structural Database (CSD)"? for
(Cym)RuOH, fragments showed Ru-OH, bond distances
between 2.118 and 2.204 A, with a mean value of 2.146 A. An
N2-H1---O hydrogen bond is still present [N2-H1: 1.016 A,
O---H1: 1.949 A, N2---0: 2.925 A, N2-H1-0: 160.4°]. The calcu-
lated Gibbs free energy profile (Fig. 7) indicates that the for-
mation of species C should be reversible. Therefore, the H/D
exchange process under discussion should result in the pro-
gressive H/D exchange at the methyl of the Cym ligand.

In summary, complex 7 belongs to the class of thermally
induced FLPs (masked FLP) and presents the advantage of
being air and moisture stable. The existence of a strong ring
strain within the Ru-N-C-N four-membered cycle most prob-
ably facilitates the reversible cleavage of the Ru-N(sp*) bond
and makes accessible frustrated Lewis pair sites available for
the reversible activation of both polar, H-O-H, and nonpolar,
H,, bonds. When D,O was employed, the generated Ru-OD
intermediate is responsible for an unprecedented H/D
exchange of the methyl protons of the Cym ligand.

Catalytic hydrogenation assays

The masked FLP complexes 5-10 have been tested as catalysts
in the hydrogenation of the C=C double bond of styrene and
a range of acrylates, the C=0 bond of acetophenone and the
C=N bond of N-benzylideneaniline and quinoline. Under the
standard conditions employed (5 bar hydrogen, 5 mol% cata-
lyst loading, at 363 K in THF as the solvent) all the complexes
are active catalysts in all the tested hydrogenations. However,
slow hydrogenation rates were observed, several hours (even a
few days) being needed to achieve complete conversion (see
the ESIf). Both, the starting complex 5-10 and the corres-
ponding hydrido compounds 11-16 were detected under cata-
Iytic conditions indicating that both the hydrogenation of the
catalyst and the hydrogen transfer to the substrate are slow
steps in the catalytic cycle. Side reactions also affect negatively
the catalytic outcome. Thus, when complexes 9 and 10 were
used as catalysts, variable amounts of the corresponding meta-
lated complexes 17 and 18 (see the Experimental section and
the ESIT) were detected. Additionally, when the hydrogenation
of methyl acrylate was mediated by the pyridinyl-guanidino
ruthenium compound 9, single-crystals of the complex 19 were
isolated from the catalytic medium.

Fig. 8 shows a view of the cation of complex 19 including a
selection of the bond lengths and angles of the complex.
Along with the n°-Cym arene ligand, a fac ¥*N,N’,C coordinated
ligand completes the coordination sphere of the metal.
Scheme 6 shows a plausible explanation for the formation of
this trihapto ligand. Cleavage of the Ru-N(p-tolyl) bond of the
masked FLP 9 affords active FLP 9A in equilibrium with its tau-
tomer 9B whose formation involves the dearomatisation of the
pyridine ring of the ligand. Reaction with methyl acrylate,
accompanied by the rearomatisation of the pyridine ring, gives
complex 19. The proposed path for the formation of complex
19 from 9 indicates that the C=C double bond of olefins
bearing electron-withdrawing groups can be activated by
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Fig. 8 Molecular structure of the cation of the complex 19. For clarity
all the hydrogen atoms are omitted, except for those of NH bonds.
Selected bond lengths (A) and angles (°): Ru—N(1) 2.110(5), Ru-N(2)
2.088(5), Ru—C(32) 2.203(7), Ru—Ct 1.704(3), N(2)-C(17) 1.320(8), N(3)-C
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135.43(17), Ct—Ru-C(32) 131.5(2), N(1)-Ru-N(2) 76.6(2), N(1)-Ru-C(32)
82.1(2), and N(2)-Ru-C(32) 77.5(5). Ct represents the centroid of the
Cym ring.
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Scheme 6 Proposed formation pathway of complex 19 from 9.

complex 9 following a metal-ligand cooperative dearomatisa-
tion/aromatisation mechanism."*

In complex 19, the ruthenium atom and the carbon atoms
C(16) and C(32) (see Fig. 8) are stereogenic centres. The con-
figuration of the C(16) carbon is predetermined by the con-
figuration at the metal: the R configuration at the ruthenium
exclusively induces R configuration at the C(16) carbon and
vice versa. However, in principle, the C(32) carbon may freely
adopt both R and S configurations. Hence, diastereomers of
configuration Rgy,Rc(6),Rciz2) and Rgu,Re(i6),Sciz2) and their
corresponding enantiomers Sgry,Sc(16)Sc@2) and  SruScae)
Rc(32) can be obtained. Indeed, the "H NMR spectrum of the
detected compound 19 shows the presence of two diastereo-
mers in about 55/45 molar ratio. The complex crystallises in
the chiral P2,2,2, space group of the orthorhombic crystal
system and only the Rgy,Rc(16),Sc(s2) isomer,” depicted in
Fig. 8, is present in the unit cell. Therefore, the compound
crystallises as a conglomerate.’®> The other diastereomer

This journal is © The Royal Society of Chemistry 2023
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detected in solution by 'H NMR spectroscopy has to be
(RrusRc(16),Rc(32))19-

Notably, the CO,Me protons of the minor diastereomer are
strongly shielded (6(CO,Me)y,, 3.21 ppm) with respect to those
of the major diastereomer (5(CO,Me)y;, 3.88 ppm). We assume
that this shielding is produced by the diamagnetic current of
the pyridinyl ring of the trihapto ligand and, therefore, the
configuration of the C(32) carbon in the minor diastereomer
has to be S, because only in this configuration the CO,Me
group can be affected by the pyridinyl ring -current.
Consequently, the configuration of the most abundant isomer
in solution is (Rru,Rc(16):Rc(32))-19-

Conclusions

Phosphano-thiourea H,L1, phosphano-guanidino H,L2 and pyri-
dinyl-guanidino H,L3 derivatives are well suited for the prepa-
ration of masked FLPs containing ruthenium and osmium frag-
ments as the acidic component and nitrogen as the basic
counterpart. The derived species 5-10 activate molecular dihydro-
gen following FLP pathways. The phosphano-guanidino complex
7 activates deuterated water and the resulting nucleophilic Ru-
OD containing fragment is able to abstract a proton of the methyl
group of the p-cymene ligand. The reversibility of the process
results in the sequential H/D exchange up to complete deutera-
tion of this methyl group. One of the p-tolyl groups of complexes
9 and 10 undergoes the metalation reaction of one of its ortho
C(sp®)-H bonds rendering the saturated compounds 17 and 18.
The C=C double bond of methyl acrylate diastereoselectively
adds to the ruthenium complex 9, giving rise to new C-C and
Ru-C bonds. Remarkably, the study of the reactivity of TMFPL
species with H, and H,O has allowed us to detect the activation
of a variety of chemical bonds (H-H, O-H, C(sp’)-H, C(sp’)-H
and C(sp?)=C(sp®)) by metal-ligand cooperation mechanisms.
DFT calculations support the FLP behaviour of the complexes in
both hydrogen and water activation.

Experimental

All preparations have been carried out under argon. All sol-
vents were treated in a PS-400-6 Innovative Technologies
Solvent Purification System (SPS) and degassed prior to use.
Infrared spectra were recorded on a PerkinElmer Spectrum-100
(ATR mode) FT-IR spectrometer. Carbon, hydrogen and nitrogen
analyses were performed using a PerkinElmer 240 B microanaly-
ser. 'H, C and *'P NMR spectra were recorded on a Bruker
AV-300 spectrometer (300.13 MHz), Bruker AV-400 (400.16 MHz)
or Bruker AV-500 (500.13 MHz). In both "H NMR and *C NMR
measurements the chemical shifts are expressed in ppm down-
field from SiMe,. The *'P NMR chemical shifts are relative to
85% H;PO,. J values are given in Hz. COSY, NOESY, HSQC and
HMBC 'H-X (X = 'H, °C, *'P) correlation spectra were obtained
using standard procedures. Mass spectra were obtained with a
Micro Tof-Q Bruker Daltonics spectrometer.

This journal is © The Royal Society of Chemistry 2023
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Preparation of the complexes [(Cym)M(k*S,P,N-HL1)][SbF]
(M = Ru (5), Os (6))

To a solution of the corresponding complex [(Cym)M(k’S,P,N-
H,L1)|[SbFe], (0.50 mmol) in methanol (20 mL), 42.6 mg
(0.50 mmol) of solid NaHCO; were added. The resulting sus-
pension was stirred for 24 h and then vacuum-evaporated to
dryness. The residue was extracted with dichloromethane and
the resulting solution was concentrated under reduced
pressure to ca. 2 mL. The slow addition of n-pentane led to the
precipitation of an orange (complex 5) or yellow (complex 6)
solid, which was washed with n-pentane (3 x 5 mL) and
vacuum-dried. Crystals of 5 and 6 suitable for X-ray diffraction
analysis were obtained by crystallisation from CH,Cl,/
n-pentane (5) or CH,Cl,/n-hexane (6) solutions.

SbF,
He Ha [SbFg]

A_@

He | Ha

Ru——g

e
Mf

NH(p-Tolyl)

Complex 5. Yield: 330.9 mg, 78%. Anal. caled for
C3,H36N,FePRUSSb: C, 45.3; H, 4.3; N, 3.3; S, 3.8. Found: C,
45.0; H, 4.5; N, 3.0; S, 3.9. HRMS (p-TOF), C3,H36N,PRUS, [M -
SbF]", caled: 613.1375, found: 613.1361. IR (cm™"): y(NH)
3347 (w), v(SbF¢) 655 (s). "H NMR (500.10 MHz, CD,Cl,, RT): §
= 7.65-7.35 (m, 10H, PPh,), 7.38 (s, 1H, NH), 7.02, 6.68 (AB
system, J(A,B) = 8.4 Hz, 4H, p-tolyl), 5.66, 5.47 (AB system, J(A,
B) = 6.2 Hz, 2H, H,, Hg, Cym), 5.25 5.06 (AB system, J(A,B) =
5.9 Hz, 2H, Hy, Hy, Cym), 4.06 (dm, J = 40.0 Hz, 1H, NCH,),
3.28 (m, 1H, NCH,), 2.73 (m, 2H, PCH,), 2.64 (sp, 1H, CH iPr),
2.27 (s, 3H, Me p-tolyl), 2.13 (s, 3H, Me Cym), 1.29 (d, J = 6.9
Hz, 3H, Me iPr), 1.26 (d, J = 6.9 Hz, 3H, Me iPr). "*C{"H} NMR
(125.77 MHz, CD,Cl,, RT): § = 185.51 (C=S), 138.07 (d, J = 47.2
Hz), 135.14-129.51 (PPh,), 137.08 (CMe), 133.69 (CN), 130.43
(CHs, CH;), 129.91 (d, J = 46.3 Hz), 123.81 (CH,, CH,) (p-tolyl),
111.52 (C-iPr, Cym), 102.24 (C-Me, Cym), 91.74 (d, J = 6.4
CH,), 90.48 (d, J = 4.1 CHp), 89.70 (d, J = 3.1 CHy), 88.05
(CH,), 53.50 (d, J = 4.8, CH,N), 32.01 (d, J = 35.1, CH,P), 31.12
(CH iPr), 22.55, 22.15 (Me iPr), 19.98 (Me p-tolyl), 18.18 (Me
Cym). *'P{"H} NMR (202.46 MHz, CD,Cl,, RT): & = 55.90 (s).

*1p{'"H} NMR (202.46 MHz, CD,Cl,, 173 K): § = 66.61(bs),
61.12 (bs), 56.64 (bs).
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Complex 6. Yield: 365.7 mg, 78%. Anal. caled for
C3,H36N,FcOsPSSb: C, 41.0; H, 3.9; N, 3.0; S, 3.4. Found: C,
40.9; H, 3.9; N, 2.9; S, 3.6. HRMS (u-TOF), C;3,H;36N,OsPS,
[M — SbFe]", caled: 703.1946, found: 703.1943. IR (cm™):
V(NH) 3336 (w), y(SbFs) 654 (s). 'H NMR (500.10 MHz,
CD,Cl,, RT): § = 7.64-7.28 (m, 10H, PPh,), 7.34 (s, 1H, NH),
7.00 (A part of an AB system, 2 H, Hj, Hs), 6.73 (B part of
an AB system, J(A,B) = 8.2 Hz, 2 H, H,, H,, p-tolyl), 5.75 (d,
J = 5.9 Hz, 1H, Hy), 549 (d, 1H, H,), 5.25 (bs, 1H, Hy),
5.17 (d, J = 5.8 Hz, 1H, H,), 4.08 (dm, J = 27.4 Hz, 1H),
3.17 (m, 1H (NCH,)), 2.75, 2.60 (2 x m, 2H, PCH,), 2.60 (m,
1H, CH iPr), 2.25 (s, 3H, Me p-tolyl), 2.23 (s, 3H, Me Cym),
1.29 (d, J = 7.0 Hz, 3H, Me iPr), 1.24 (d, J = 6.9 Hz, 3H, Me
iPr). C{"H} NMR (125.77 MHz, CD,Cl,, RT): § = 191.75
(c=S), 137.58 (d, J = 55.9 Hz), 135.46-129.56, 128.77 (d, J =
53.0 Hz) (PPh,), 137.04, 133.23, 130.39 (CH;, CH;), 123.43
(CH,, CHg) (p-tolyl), 102.72 (C-Me, Cym), 93.78 (C-iPr,
Cym), 83.84 (d, J = 6.5 Hz, CH,), 83.09 (d, J = 4.2 Hz, CHp),
82.04 (CHg), 79.51 (CH,), 56.63 (d, J = 3.6 Hz, CH,N), 34.35
(d, J = 40.5 Hz, CH,P), 32.82 (CH iPr), 24.15, 23.75 (Me iPr),
21.39 (Me p-tolyl), 19.30 (Me Cym). °*'P{'H} NMR
(202.46 MHz, CD,Cl,, RT): § = 21.16 (s).

*1p{'H} NMR (202.46 MHz, CD,Cl,, 173 K): § = 32.83 (bs),
26.84 (bs), 22.81 (bs).

Formation of the complexes [(Cym)MH(k>-H,L)][SbF4] (H,L =
H,L1, M = Ru (11), Os (12); H,L = H,L2, M = Ru (13), Os (14);
H,L = H,L3, M = Ru (15), Os (16))

A high-pressure NMR tube containing a solution of the corres-
ponding [(Cym)M(x*-HL)][SbFs] (5-10; 0.045 mmol) in THF-dg
(0.45 mL), was pressurised with H, (5 bar) and the resulting
solution was monitored by NMR spectroscopy. After several
hours of reaction at temperatures ranging from 298 to 373 K
(24 h at 263 K (5), 5 days at 273 K (6), 17 h (7) and 22 h (8) at
263 K, and 18 h (9) and 22 h (10) at 298 K) complete conver-
sion was achieved in all cases. The resulting hydrido com-
plexes [(Cym)MH(x*-H,L)][SbFe] (11-16) were characterised by
NMR spectroscopy, under H, pressure. Crystals suitable for
X-ray diffraction analysis were obtained by crystallisation from
THF/diethyl ether/n-pentane (complex 13) and dichloro-
methane (complex 14) solutions.

e Ha [SbFel

HB-‘ Har

Ru——

Php— u\:

L\ J\
N NH(p-Tolyl)

1
Complex 11. HRMS (u-TOF), for C3,H35N,PRuS, [M - SbF¢]',
caled: 615.1531, found: 615.1522. 'H NMR (500.10 MHz,
THF-dg, RT): § = 9.49 (s, 1H, p-tolylNH), 7.84-7.38 (m, 10H,
PPh,), 7.18 (t, J = 6.5 Hz, 1H, CH,NH), 7.09, 6.49 (AB
system, J = 8.1 Hz, 4H, p-tolyl), 6.01, 5.24 (AB system, J =
6.4 Hz, 2H, H,, Hy, Cym), 5.55, 4.39 (AB system, ] = 5.6 Hz,

13224 | Dalton Trans., 2023, 52,13216-13228

View Article Online

Dalton Transactions

2H, Hy, Hg, Cym), 4.22, 4.07 (2 x m, 2H, NCH,), 2.94, 2.67
(2 x m, 2H, PCH,), 2.28 (s, 3H, Me p-tolyl), 2.13 (s, 3H, Me
Cym), 1.91 (sp, 1H, CH iPr), 1.28 (d, J = 6.8 Hz, 3H, Me
iPr), 1.10 (d, J = 6.9 Hz, 3H, Me iPr), —9.32 (d, J = 47.2 Hz,
1H, Ru-H). “C{'H} NMR (125.77 MHz, THF-dg, RT): § =
179.45 (C=S), 138.12 (d, J = 50.9 Hz), 136.39 (d, J = 45.2
Hz), 133.62-128.94 (PPh,), 138.07 (CMe), 133.90 (CN), 130.80
(CH;, CH;), 125.67 (CH,, CHg) (p-tolyl), 110.22 (C-iPr, Cym),
108.26 (C-Me, Cym), 93.71 (d, J = 5.2 CH,), 92.53 (CHy),
89.42 (d, J = 6.1 CHpg), 85.45 (CHy), 43.69 (CH,N), 32.14 (d,
J = 31.7, CH,P), 25.09 (CH iPr), 24.53, 22.75 (Me iPr), 20.69
(Me p-tolyl), 18.26 (Me Cym). *'P{'"H} NMR (202.46 MHz,
THF-dg, RT): 6 = 51.53 (s).

*1p{'"H} NMR (202.46 MHz, THF-dg, 173 K): § = 55.78 (bs),
52.04 (bs).

e Ha [SbFg]

HB-| Har

Os—H
PhoP— N\

L

N NH(p-Tolyl)
12

Complex 12. HRMS (p-TOF), C3,H3gN,0sPS, [M — SbF]",
caled: 705.2137, found: 705.2103. "H NMR (500.10 MHz, THF-
dg, RT): § = 9.53 (s, 1H, p-tolyINH), 7.81-7.33 (m, 10H, PPh,),
7.28 (t, 1H, CH,NH), 7.10, 6.53 (AB system J = 7.7 Hz, 4H,
p-tolyl), 5.80, 5.07 (AB system, J = 6.2 Hz, 2H, H,, Hg, Cym),
5.44, 4.27 (AB system, J = 5.2 Hz, 2H, H,, Hg,, Cym), 4.37, 3.94
(2 x m, 2H, NCH,), 3.20, 2.77 (2 x m, 2H, PCH,), 2.28 (s, 3H,
Me p-tolyl), 2.26 (s, 3H, Me Cym), 1.90 (sp, 1H, CH iPr), 1.26
(d, J = 6.9 Hz, 3H, Me iPr), 1.14 (d, J = 6.9 Hz, 3H, Me iPr),
-10.30 (d, J = 39.2 Hz, 1H, Os-H). *C{'H} NMR (125.77 MHz,
THF-dg, RT): § = 177.49 (C=S), 138.65 (d, J = 55.78 Hz), 135.04
(d, J = 49.9 Hz), 134.05-128.81 (PPh,), 138.10 (CMe), 130.83
(CH;, CHs), 125.60 (CH,, CHg) (p-tolyl), 101.52 (C-iPr, Cym),
101.15 (C-Me, Cym), 85.96 (d, J = 5.3 CH,), 84.37 (CH,), 80.38
(d, J = 6.3 CHg), 76.81 (CHg), 44.10 (CH,N), 32.31 (d, J = 36.6,
CH,P), 31.52 (CH iPr), 24.58, 24.27 (Me iPr), 20.72 (Me p-tolyl),
17.67 (Me Cym). *'P{'H} NMR (202.46 MHz, CD,Cl,, RT): § =
5.64 (s).

*Ip{'"H} NMR (202.46 MHz, THF-dg, 193 K): 6 = 9.41 (bs),
7.00 (bs).

TR [SbF]

Hg: | Ha
Ru\H
PhyP \ NH(p-Tolyl)
N—
NH(p-Tolyl)
13

Complex 13. HRMS (u-TOF), C3;oH,sN;PRu, [M — SbF4]",
calcd: 688.2439, found: 688.2422. "H NMR (500.10 MHz, THF-
dg, RT): § = 8.31 (s, 1H, NH trans Ru), 7.80-7.40 (m, 10H,

This journal is © The Royal Society of Chemistry 2023
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PPh,), 7.35 (s, 1H, NH trans CH,), 7.12, 7.10, 6.99, 6.87 (4 x d,
J = 8.4 Hz, 8H, p-tolyl), 5.40, 5.37 (AB system, J = 6.2 Hz, 2H,
H,, Hg, Cym), 5.24, 5.18 (AB system, J = 5.9 Hz, 2H, H,, Hp,
Cym), 3.95 (dm, J = 43.6 Hz, 1H), 3.21 (m, 1H, NCH,), 2.97,
1.82 (2 x m, 2H, PCH,), 2.28 (s, 6H, Me p-tolyl), 2.22 (sp, 1H,
CH iPr), 2.15 (s, 3H, Me Cym), 1.26 (d, J = 6.9 Hz, 3H, Me iPr),
1.20 (d, J = 6.9 Hz, 3H, Me iPr), —8.83 (d, J = 42.9 Hz, 1H,
Ru-H). "*C{'"H} NMR (125.77 MHz, THF-dg): § = 156.52 (C=N),
140.52 (d, J = 41.8), 137.77 (d, J = 58.5 Hz), 135.31-129.75
(PPh,), 139.30, 138.60, 134.65, 133.66, 131.61, 131.29, 120.70,
120.29 (p-tolyl), 116.48 (C-iPr, Cym), 107.57 (C-Me Cym),
92.67 (CH,), 89.36, 88.51 (CH,, CHg), 84.76 (CHp/), 57.53
(CH,N), 34.84 (d, J = 30.2 Hz, CH,P), 33.02 (CH iPr), 24.55,
24.51 (Me iPr), 21.35 (Me p-tolyl), 20.27 (Me Cym). *'P{'H}
NMR (202.46 MHz, THF-dg. RT): § = 68.80 (s).

e Ha [SbFe]

Hg | Ha
Os\H
PhyP \ NH(p-Tolyl)
N—
NH(p-Tolyl)
14

Complex 14. HRMS (u-TOF), C3oH4sN;OsP, [M — SbF¢]",
caled: 778.2960, found: 778.2964. 'H NMR (500.10 MHz,
CD,Cl,, RT): § = 7.70-7.24 (m, 10H, PPh,), 7.19 (s, 1H, NH
trans CH,), 7.09, 7.05, 6.87, 6.79 (4 x d, J = 8.0 Hz, 8H, p-tolyl),
6.65 (s, 1H, NH trans 0s), 5.24 (d, J = 6.2 Hz, 1H, H,), 5.20 (d,
1H, Hg), 4.92 (d, J = 5.9 Hz, 1H, H,), 4.87 (d, 1H, Hy), 4.16 (m,
J = 43.6 Hz, 1H), 3.15 (m, 1H, NCH,), 2.99, 1.89 (2 x m, 2H,
PCH,), 2.27, 2.26 (2 x s, 6H, Me p-tolyl), 2.25 (sp, 1H, CH iPr),
2.20 (s, 3H, Me Cym), 1.25 (d, J = 6.9 Hz, 3H, Me iPr), 1.22 (d,
J = 6.9 Hz, 3H, Me iPr), —=9.90 (d, J = 34.6 Hz, 1H, Os-H).
BC{'H} NMR (125.77 MHz, CD,Cl,): § = 155.32 (C=N), 138.62
(d, J = 51.1), 135.22 (d, J = 64.3 Hz), 134.95-129.24 (PPh,),
137.24, 136.15, 135.39, 134.19, 131.27, 130.72, 120.57, 119.80
(p-tolyl), 106.57 (C-Me Cym), 98.79 (C-iPr Cym), 83.81 (CH,/),
81.30 (CH,), 79.70 (CHjg), 74.17 (CHg/), 59.52 (CH,N), 35.38 (d,
J =33.6 Hz, CH,P), 32.47 (CH iPr), 24.42, 24.26 (Me iPr), 21.26,
21.18 (Me p-tolyl), 19.65 (Me Cym). >'P{"H} NMR (202.46 MHz,
CD,Cl,, RT): § = 29.89 (s).

*'p{"H} NMR (202.46 MHz, CD,Cl,, 173 K): § = 30.63 (bs),
30.23 (bs).

Hg HA_][SbFG]
Hg' ’ Ha
Ru—__
N/ ;
7N N<__-NH(p-Tolyl)
2SS
NH(p-Tolyl)
15

Complex 15. HRMS (p-TOF), C3;H3,N,Ru, [M — SbFg]", caled:
567.2056, found: 567.2059. "H NMR (500.10 MHz, THF-dg,
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RT): 6§ = 859 (d, J = 5.7 Hz, 1H, H¢ Py), 8.42 (s, 1H, NH
trans Ru), 7.79 (t, J = 7.8 Hz, 1H, H, Py), 7.34 (d, J = 7.9
Hz, 1H, H; Py), 7.28 (t, J = 6.5 Hz, 1H, H; Py), 7.14, 7.08 (A
parts of an AB system, J(A,B) = 8.0 Hz, 4H, p-tolyl), 7.01(s,
1H, NH trans CH,), 6.97 (B parts of an AB system, 4H,
p-tolyl), 5.63 (d, J = 5.7 Hz, 1H, Hg), 5.50 (d, J = 6.1 Hz, 1H,
Ha), 5.30 (d, 2H, H,, Hy), 5.25 (d, J = 5.7 Hz, 1H, H,), 4.85
(AB system, J(A,B) = 18.2 Hz, 2H, CH,), 2.52 (sp, 1H, CH
iPr), 2.29, 2.26 (2 x s, 6H, Me p-tolyl), 2.21 (s, 3H, Me Cym),
1.29 (d, J = 6.8 Hz, 3H, Me iPr), 1.26 (d, J = 6.8 Hz, 3H, Me
iPr), —5.34 (s, 1H, Ru-H). *C{"H} NMR (125.77 MHz, THF-
ds, RT): § = 162.73 (CCH,), 155.25 (CHg), 138.01 (CH,),
123.94 (CH;), 121.13 (CH;) (Py), 137.95, 137.71, 133.12,
132.10, 130.31, 129.79, 120.06, 119.93 (p-tolyl), 110.89 (C-iPr
Cym), 102.64 (C-Me Cym), 84.84 (CH,), 84.56, 80.56 (CHa,
CHp), 83.83 (CHjg), 61.39 (CH,), 32.42 (CH, iPr), 24.05, 23.23
(Me iPr), 20.51, 20.49 (Me p-tolyl), 19.49 (Me Cym).

Ho  Ha |[SbFel

Hg ‘ Ha
Os—__
p N/ \ H
\ N=._~NH(p-Tolyl)
=
NH(p-Tolyl)
16

Complex 16. HRMS (p-TOF), C3,H;,N,0s, [M — SbF,]", caled:
657.2628, found: 657.2631. "H NMR (500.10 MHz, THF-dg, RT):
5 = 8.81 (d, J = 5.8 Hz, 1H, H, Py), 8.46 (s, 1H, NH trans Os),
7.79 (t, J = 7.7 Hz, 1H, H, Py), 7.42 (d, J = 7.9 Hz, 1H, H; Py),
7.25 (t, J = 6.8 Hz, 1H, Hs Py), 7.11, 6.95 (AB system, J(A,B) =
8.5 Hz, 4 H, p-tolyl), 7.07, 6.96 (AB system, J(A,B) = 8.5 Hz, 4 H,
p-tolyl), 7.08 (s, 1H, NH ¢rans CH,), 5.71 (d, J = 5.5 Hz, 1H, Hp),
5.59 (d,J = 5.5 Hz, 1H, Hy), 5.42 (d, 1H, Hy), 5.34 (d, 1 H, H,),
5.15, 4.78 (AB system, J(A,B) = 18.0 Hz, 2H, CH,), 2.47 (sp, 1H,
CH iPr), 2.31 (s, 3H, Me Cym), 2.28, 2.25 (2 x s, 6H, Me p-tolyl),
1.26 (d,J = 7.0 Hz, 3H, Me iPr), 1.24 (d, = 7.0 Hz, 3H, Me iPr),
-5.32 (s, 1H, Os-H). *C{'H} NMR (125.77 MHz, THF-dg, RT): §
= 163.00 (C=N), 155.5 (CHg), 153.75 (CCH,), 138.11 (CH,),
124.70 (CH;), 120.79 (CHs) (Py), 137.88 (CN), 137.68 (CN),
133.37 (CMe), 132.36 (CMe), 130.38, 129.88, 120.21, 120.04
(p-tolyl), 101.11 (C-iPr Cym), 94.3 (C-Me Cym), 75.99 (CHy/),
75.50 (CH,), 74.77 (CHg), 71.94 (CHp), 62.76 (CH,), 32.57 (CH,
iPr), 24.23, 23.50 (Me iPr), 20.51, 20.50 (Me p-tolyl), 19.58 (Me
Cym).

Preparation of orthometalated complexes [(Cym)M(i*>N,N’,C-
H,L3.4)][SbF¢] (M = Ru (17), Os (18))

A solution of complex [(Cym)M(k*N,N’,N"-HL3)][SbF4] (M = Ru
(10), Os (11)) (0.12 mmol) in methanol (5 mL) was heated at
338 K for 8 (Ru) or 30 h (Os). The resulting solution was con-
centrated under reduced pressure to ca. 2 mL. The slow
addition of n-pentane led to the precipitation of an orange
(Ru) or yellow (Os) solid, which was washed with n-pentane (3
x 5 mL) and vacuum-dried. Crystals of complex 17 suitable for

Dalton Trans., 2023, 52,13216-13228 | 13225
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X-ray diffraction analysis were obtained by crystallization from
methanol/diethyl ether/n-pentane solutions.

Hg  Ha |[SDFe]

NH(p-Tolyl)
17

Complex 17. Yield: 88.4 mg, 92%. Anal. caled for
Cs,H3sN,FgRuSb: C, 46.5; H, 4.4; N, 7.0. Found: C, 46.1; H, 4.5;
N, 6.7. HRMS (u-TOF), C;H3sN4Ru, [M — SbFg]", caled:
565.1908, found: 565.1930. IR (cm™"): »(NH) 3386 (br), (N=C)
1641 (br), 1(SbFe) 655 (s). 'H NMR (500.10 MHz, CD;0D, RT): §
=8.87 (d,J = 5.5 Hz, 1H, H¢ Py), 7.76 (t,J = 7.8 Hz, 1H, H, Py),
7.71 (s, 1H, orthometalated p-tolyl), 7.34 (t, J = 6.3 Hz, 1H, H;
Py), 7.27 (1H, H; Py), 7.27 (2H, p-tolyl), 7.00 (d, J = 8.4 Hz, 2H,
p-tolyl), 6.69 (bs, 1H), 6.56 (d, 1H, J = 7.8 Hz, orthometalated
p-tolyl), 5.78 (d, J = 5.8 Hz, 1H, Hg), 5.60 (d, J = 6.0 Hz, 1H,
Hy), 5.45 (d, 1H, Hy/), 5.18 (d, 1H, H,), 4.79 (s, 2H, CH,), 2.37
(s, 3H, Me p-tolyl), 2.31 (s, 3H, Me orthometalated p-tolyl),
2.31 (m, 1H, CH iPr), 1.68 (s, 3H, Me Cym), 1.07 (d, J = 6.9 Hz,
3H, Me iPr), 0.95 (d, J = 6.9 Hz, 3H, Me iPr). “C{'"H} NMR
(125.77 MHz, CD3;0D, RT): § = 163.09 (CCH,), 155.75 (CHs),
139.87 (CH,), 126.16 (CH;), 121.75 (CHj3) (Py), 153.97 (C=N),
151.47 (C-Ru), 143.08, 140.44, 134.52, 126.01, 116.68 (ortho-
metalated p-tolyl), 139.51, 139.44 (CN), 135.00, 132.11, 121.61
(p-tolyl), 111.28 (C-iPr Cym), 101.65 (C-Me Cym), 91.86 (CHy/),
91.06 (CHp), 84.71 (CHg), 83.65 (CH,), 64.87 (CH,), 33.08 (CH
iPr), 23.82, 23.15 (Me iPr), 21.80, 21.65 (Me p-tolyl), 19.00 (Me
Cym).

He  Ha |ISbFel

Hp: ‘ Har

Os
/
so
\ N \(
~
NH(p-Tolyl)
18

Complex 18. Yield: 90.3 mg, 86%. Anal. caled for
C31H35N,F¢OsSh: C, 41.85; H, 4.0; N, 6.3. Found: C, 42.1; H,
4.0; N, 6.0. HRMS (u-TOF), C;;H35N,0s, [M — SbFg]", calcd:
655.2472, found: 655.2500. IR (cm™*): »(NH) 3383 (br), 1(N—C)
1635 (m), v(SbFg) 655 (s). "H NMR (500.10 MHz, CD;0D, RT): &
=8.96 (d, J = 5.6 Hz, 1H, Hg Py), 7.76 (t, J = 7.8 Hz, 1H, H, Py),
7.59 (s, 1H, orthometalated p-tolyl), 7.34 (t, J = 8.4 Hz, 1H, H; Py),
7.31 (d, 1H, H; Py), 7.27, 7.00 (2 x d, J = 8.4 Hz, 4H, p-tolyl), 6.63,
6.57 (2 x d, J = 7.9 Hz, 2H, orthometalated p-tolyl), 5.73 (d, J = 5.3
Hz, 1H, Hp), 5.67 (d, J = 5.5 Hz, 1H, Hg), 5.59 (d, 1H, Hy), 5.44
(d, 1H, Hy), 5.12 (d, J = 16.2 1H), 4.66 (d, 1H) (CH,), 2.37, 2.26 (2
x s, 6H, Me p-tolyl), 2.26 (m, 1H, CH iPr), 1.79 (s, 3H, Me Cym),
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1.08 (d, J = 6.9 Hz, 3H, Me iPr), 0.95 (d, J = 6.9 Hz, 3H, Me iPr).
BC{'H} NMR (125.77 MHz, CD;OD, RT): § = 162.59 (CCH,),
155.23 (CHg), 140.09 (CH,), 126.65 (CHs), 121.52 (CH;) (Py),
153.39 (C=N), 143.06, 140.26 (C-Os), 139.79, 135.05, 126.18,
116.23 (orthometalated p-tolyl), 139.41, 139.33 (CN), 135.19,
132.12, 121.76 (p-tolyl), 101.04 (C-iPr Cym), 93.49 (C-Me Cym),
81.42, 81.38 (CHg, CHy), 76.18 (CHg), 74.90 (CH,), 66.39 (CH,),
33.14 (CH iPr), 23.96, 23.64 (Me iPr), 21.67, 21.64 (Me p-tolyl),

18.92 (Me Cym).

Preparation of [(Cym)Ru(k*N,N’,C-H,L3.y)
(CH,CHCOOMe)][SbF,] (19)

A high-pressure NMR tube containing complex 9 (13.3 mg,
0.015 mmol) and methyl acrylate (27.2 pL, 0.30 mmol) in THF-
dg (0.45 mL) was pressurised with hydrogen gas (5 bar). The
tube was heated for 10 h at 90 °C and the resulting solution
was vacuum-evaporated to dryness. The slow addition of
diethyl ether led to the precipitation of a brown solid which
was washed with diethyl ether (3 x 1 mL) and vacuum-dried.
Crystals of 19 suitable for X-ray diffraction analysis were
obtained by crystallisation from THF-dg solutions. This com-
pound was also prepared working under similar conditions
but in the absence of hydrogen.

He Ha [SbFe]

NH(p-Tolyl)

~ NH(p-Tolyl)

19

Complex 19. Yield: 11.9 mg, 90%. Anal. caled for
C35H4;N,O,FsRuSb-THF: C, 48.9; H, 5.1; N, 5.8. Found: C,
48.9; H, 5.0; N, 5.9. HRMS (u-TOF), C35H,,N,O,Ru, [M]", caled:
651.2268, found: 651.2259. IR (cm™"): »(NH) 3401 (br), (C=0)
1721, y(C=N) 1655, (SbFg) 655 (s).

RruRc16)Rc(3219. "H NMR (500.10 MHz, CD,Cl,, RT): § =
8.83 (d, J = 5.8 Hz, 1H, H, Py), 7.72 (t, J = 7.6 Hz, 1H, H, Py),
7.32 (t,J = 5.9 Hz, 1H, Hs Py), 6.82 (1H, H; Py), 7.14-6.79 (m, 8
H, p-tolyl), 5.30 (d, J = 6.1 Hz, 1H, Hg), 5.26 (d, J = 6.1 Hz, 1H,
Hy), 5.13 (d, 1H, Hg), 4.97 (d, 1H, H,), 4.70 (d, J = 5.5 Hz, 1H,
C*HN), 3.88 (s, 3H, OMe), 2.92 (sp, 1H, CH iPr), 2.42 (d, J = 9.4
Hz, 1H, C*HRu), 2.31 (s, 6H, Me p-tolyl), 2.30 (s, 3H, Me Cym),
1.96, 1.22 (2 x m, 2H, CH,), 1.26, 1.19 (2 x d, J = 6.8 Hz, 6H,
Me iPr). C{'"H} NMR (125.77 MHz, CD,Cl,, RT): § = 188.31
(C=0), 164.22 (NCC*) (Py), 155.22 (C=N), 153.36(CHj), 139.37
(CH,), 124.20 (CH;), 121.11 (CH3;) (Py), 135.76, 131.38, 120.86,
120.61 (p-tolyl), 106.94 (C-iPr Cym), 99.46 (C-Me Cym), 88.51
(CHp), 88.22 (CH,), 83.73 (CH,), 83.18 (CHg), 70.54 (C*N),
50.95 (OMe), 36.87 (CH,), 31.03 (CH, iPr), 26.16 (C*Ru), 23.84,
21.31 (Me iPr), 21.31 (Me p-tolyl), 18.96 (Me Cym).

RruRc(16)Sc(3219. '"H NMR (500.10 MHz, CD,Cl,, RT): § =
8.47 (d, J = 5.6 Hz, 1H, H, Py), 8.33, 7.38 (2 x s, 2H, NH), 7.66

This journal is © The Royal Society of Chemistry 2023
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(t,J = 7.6 Hz, 1H, H, Py), 7.26 (t, J = 5.9 Hz, 1H, H; Py), 6.82
(1H, H; Py), 7.18-6.65 (m, 8 H, p-tolyl), 5.69 (d, J = 5.7 Hz, 1H,
Hg), 5.13 (d, J = 6.0 Hz, 1H, Hy/), 5.09 (d, 1H, Hg'), 4.70 (d, 1H,
H,), 4.86 (bd, J = 3.9 Hz, 1H, C*HN), 3.98 (d, J = 6.0 Hz, 1H,
C*HRu), 3.21 (s, 3H, OMe), 2.84 (sp, 1H, CH iPr), 2.40 (s, 3H,
Me Cym), 2.25 (s, 6H, Me p-tolyl), 1.69 (m, 1H), 1.45 (bd, J =
13.1 Hz, 1H) (CH,), 1.25, 1.21 (2 x d, J = 6.9 Hz, 6H, Me iPr).
BC{'H} NMR (125.77 MHz, CD,Cl,, RT): § = 182.11 (C=0),
163.97 (NCC*) (Py), 154.47 (C=N), 152.43 (CHj), 138.56 (CH,),
124.37 (CHj), 120.98 (CHj3) (Py), 135.93, 130.92, 122.12, 120.98
(p-tolyl), 107.61 (C-iPr Cym), 103.43 (C-Me Cym), 87.55 (CHj),
84.94 (CH,), 84.34 (CHg), 77.79 (CH,), 71.02 (C*N), 51.30
(OMe), 35.01 (CH,), 31.50 (CH, iPr), 27.69 (C*Ru), 23.84, 23.53
(Me iPr), 21.31 (Me p-tolyl), 18.89 (Me Cym).

General procedure for the catalytic hydrogenation reactions

A high-pressure NMR tube containing the catalyst
(0.015 mmol) and the substrate to be hydrogenated
(0.30 mmol) in THF-dg (0.45 mL) was pressurised with hydro-
gen gas (5 bar). The tube was heated at the appropriate temp-
erature and the solution was monitored by NMR. Conversion
values were determined by 'H NMR.
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