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Synthesis and Reactivity of Ruthenium(BINAP)(PPh;)
Yifei Zhou, Niels H. Wensink, Anne-Frédérique Pécharman, and Fedor M. Miloserdov*

Abstract: Ru(BINAP)(PPh;)HCl cleanly reacts with
LiCH,TMS to give Ru(BINAP)(PPh;) (1) that has been
fully characterized, including by X-ray diffraction (
BINAP and TMS stand for (2,2-
bis(diphenylphosphino)-1,1’-binaphthyl and trimeth-
ylsilyl respectively). In sharp contrast with other
carbonyl-free phosphine complexes of Ru(0), 1 demon-
strates a strikingly high thermal stability and no
propensity for intramolecular C—H activation (cyclo-
metalation). Yet 1 coordinates acetonitrile and readily
exchanges its PPh; ligand with alkenes and dienes, thus
behaving like a “masked” 16-e Ru(0) species. Electron-
poor alkenes coordinate more readily than electron-rich
ones, which testifies for the nucleophilic character of the
Ru(0)-BINAP fragment. While being thermally stable, 1
is highly reactive and is capable of activating C—H and
N—H bonds, and even of cleaving an inert N—Et bond.
The combination of high reactivity and stability origi-
nates from the P,arene-chelation by the BINAP ligand,
i.e., the coordinated n-arene stabilizes Ru(0) to prevent
cyclometalation, yet it can slide upon substrate coordi-
nation, thereby enabling a variety of inert bond
activation reactions to occur under mild conditions. )

The development of effective strategies for stabilizing low-
valent transition metal complexes is of fundamental impor-
tance for coordination chemistry and homogeneous
catalysis.'? Among various available strategies, stabilization
by a tethered arene is particularly effective. For example,
biaryl-based phosphines (Buchwald ligands) stabilizing Pd-
(0)® have revolutionized the field of Pd cross-coupling
reactions and led to numerous industrial applications.”!
Similar stabilizing strategies have been applied to various
phosphine-based complexes of other metals in low oxidation
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states, including Ni(0),! Cu(I),” Rh(I),'*" 1r(1),l*"! Pt-
(0)," Au(T),"> but not Ru(0).

Being by far the cheapest platinum-group metal, ruthe-
nium has attracted significant attention for its applications in
homogeneous catalysis. Ru(0) complexes are known to
mediate many promising catalytic reactions, such as alkene
(cross)-dimerizations!"” (Figure 1A) and C—H functionaliza-
tions with alkenes (Murai reaction, Figure 1B)."*?!! These
catalytic transformations have several valuable features,
including i) an ideal atom economy; i) utilization of
commodity alkenes; and #ii) construction of valuable C—C
bonds with the possibility of forging chiral centers.>?!
However, the suboptimal catalyst performance and the need
for high catalyst loadings currently preclude applications of
these Ru(0)-catalyzed reactions outside academia.

One of the reasons for the rising interest in practical
Ru(0) catalysis is the outstanding propensity of the coor-
dinatively unsaturated Ru(0) center to activate C—H bonds
(Figure 2A).%Y Such facile C—H activation is highly sought
after for many catalytic transformations where it represents
a key elementary step (Figure1). In reality, however,
performing the desired intermolecular C—H activation is
extremely challenging due to the much faster intramolecular
activation of the C-H bonds on the stabilizing ligands
(cyclometalation; Figure 2B).*" The excessive reactivity of
Ru(0) toward C—H activation of the stabilizing phosphine
ligands is currently mitigated by the use of either strong n-
acceptor ligands (e.g., carbonyl, Figure 2C)"***! or poly-
dentate phosphinebased ligands (Figure 2D).”) Neither
approach is ideal, as n-acceptor ligands diminish the electron
density on the Ru(0) center that is key to efficient C—H
activation, while polydentate ligands block vacant sites, thus
limiting the reactivity. Consequently, the Ru(0) catalysis is
currently performed by Ru(0)-carbonyl complexes with
phosphine ligands (Figure 2C) or phosphine-free Ru(0)
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Figure 2. Top: C—H activations with Ru(0)-phosphine complex of arene
substrates (A); and ligand (B). Bottom: common strategies for
stabilizing Ru(0) center, involving m-acceptor carbonyl ligands (C);
polydentate phosphines (D); and phosphine-free arene/diene com-
plexes (E).

arene/diene systems (Figure 2E).") Herein, we report a new
strategy for stabilizing Ru(0) that is based on the use of
commercial BINAP (2,2-bis(diphenylphosphino)-1,1'-bi-
naphthyl) as a hemilabile tethered phosphine-arene ligand.
We found that dehydrohalogenation® ! of readily
available Ru(BINAP)(PPh;)HCI®! with 1 equivalent of
LiCH,TMS (TMS = trimethylsilyl) leads to the formation of
dark-green Ru(BINAP)(PPh;) (1, Figure 3). The reaction
proceeds at ambient temperature in benzene or THF with
>95% NMR yield (‘H, *P{!H} NMR). The selection of
LiCH,TMS as a base was crucial for the reaction success. No
reaction was observed with Cs,CO; or KOAc even after
heating at 80°C in benzene. KO#-Bu was not selective, and
the formation of multiple products besides 1 was observed.
Reaction with n-BuLi (2.5M in hexane) was difficult to
control, resulting in either incomplete conversion of Ru-
(BINAP)(PPh;)HCl or in the formation of ruthenium

LICH,TMS

Ru(BINAP)(PPh3)HCI
benzene, r.t.

-LiCl, -SiMey4

Figure 3. Synthesis of 1 and its crystal structure. Ellipsoids are
represented at 50 % probability. Hydrogen atoms and solvent molecule
have been omitted for clarity. The phenyl substituents are shown as
wireframes, also for visual ease.
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hydride products due to the subsequent reaction between
the in situ generated 1 and n-BuLi. Isolation of 1 proved to
be difficult because this complex does not precipitate from
non-polar solvents like hexane and diethyl ether. Using a
benzene-pentane solvent mixture for crystallization, we
were able to isolate 1 as pure black-green crystals; in one
preparation, 350 mg of 1 was obtained in a single batch
(68 % yield).

A single-crystal X-ray diffraction study of 1 revealed the
P-arene chelation by the BINAP ligand (Figure 3).**! The
naphthalene moiety of BINAP demonstrates an n°-coordina-
tion slightly distorted toward an n*mode. The virtually
absent folding along the C1-C4 axis (ca. 3°) is in line with
the n’-coordination (c.f. 8° folding angle in n’-coordinated
Ru(COD)(naphthalene) vs. 41° in n*-coordinated Ru-
(COD)(naphthalene)(PMe;)).”%1 At the same time, the
significant difference between the Ru—C5/Ru—C6 distances
(2.4247(19) and 2.3762(19) A, respectively) and the average
Ru—Cl1—4 distance (2.21 A) points to some degree of '
distortion. The Ru—C;,, (C2) distance of 2.1773(18) A is
also close to the average Ru—C1-4 distance, pointing to a n-
arene over Cy,,-type coordination.”! The geometry of 1
resembles that of [Ru(BINAP)(PPh;)H|OTf, a cationic
Ru(II) complex reported by Pregosin and co-workers."

The simultaneous P and arene coordination by the
BINAP ligand is also present in solutions of 1 in aromatic
solvents and THF. This coordination mode is manifested by
the presence of two high-frequency (8§ 55.8 and 45.1 ppm)
and one low-frequency (8 —17.5 ppm) resonances in the
P{'"H} NMR spectrum. While the high-frequency signals
correspond to two P-atoms coordinated to the Ru(0) center
(one from BINAP and one from PPh;), the low-frequency
resonance is characteristic of a phosphine that is not
coordinated to metal. For Ru complexes, this is observed
when the metal center binds to the aromatic ring of BINAP
in an n°-mode.’**! *'P{'H} NMR spectra of 1 at —80°C to
60°C showed no line broadening, suggesting a lack of
fluxional behavior within NMR time scale in this temper-
ature range. Notably, 1 demonstrated an outstanding
stability for a Ru(0) phosphine complex (Figure 2B).
Virtually no decomposition was observed after heating 1 in
toluene-dg at 110°C for 24 h, and only ca. 5% of the
complex decomposed after heating the same solution for
one week (‘H and *'P{'H} NMR, Figures S19-21).

Complex 1 was found to be less stable in the presence of
small coordinating molecules like acetone or pyridine. Upon
addition of such molecules (500 equiv) to a solution of 1 in
benzene-ds, the complex slowly decomposed at room
temperature with the release of PPh;. With MeCN
(500 equiv), 1 reacted within the time of mixing to produce a
red-brown solution containing a 1:3 equilibrium mixture of
1 with a new species formulated as Ru(BINAP)(PPh;)-
(CH;CN) (1-CH;CN, Figure 4). Similar to 1, this new species
displays three *'P{'H} NMR signals and no hydride peaks in
the '"H NMR spectrum. Furthermore, 1-CH;CN exhibits a
*'P{'"H} NMR signal at ca. 6.5 ppm (c.f. —17.5 ppm for 1) and
a significant increase in the P—P coupling constants from 2—
3 Hz in 1 to 10-40 Hz. This NMR pattern is characteristic of
the P,Pn*coordination of BINAP ligand as a 6-electron
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Figure 4. Reactions of 1 with styrenes, acrylates and acetonitrile. X-ray structures of 2a and 3 b. Ellipsoids are represented at 50 % probability.
Hydrogen atoms, except the vinylic hydrogens, have been omitted for clarity. The phenyl substituents in phosphines are shown as wireframes, also

for visual ease.

donor via two P-atoms and one double bond of the
naphthalene due to n° to n? arene ligand slippage upon
acetonitrile coordination.®™! A similar change in the
naphthalene coordination mode was also observed for
Ru—BINAP complexes with dienes and confirmed by an X-
ray structure (see below).

We then studied the reactivity of 1 toward alkenes and
dienes. Interestingly, the triphenylphosphine (PPh;) ligand
in 1 can be easily substituted with alkenes such as styrenes
and acrylate esters, resulting in the clean formation of
orange-red Ru(BINAP)(alkene) complexes (Figure 4). Two
of these complexes, Ru(BINAP)(styrene) (2a) and Ru-
(BINAP)(#-Bu-acrylate) (3b) were structurally characterized
by single crystal X-ray diffraction which confirmed the
coordination of BINAP via one P atom and n’-arene
(Figure 4). The solid-state structures were consistent with
the *'P{'H} NMR spectra in solution, displaying two signals
at around 61.0 ppm and —17.5 ppm for the coordinated and
non-coordinated —PPh, groups of BINAP, respectively.

Reactions of 1 with alkenes demonstrated high func-
tional group tolerance (Figure 4). The substitution of the
PPh; ligand readily proceeded with styrenes bearing both
electron-donating (2b,c) and electron-accepting (2f,g) func-
tional groups, with the exception of very electron-poor 4-
nitrostyrene that reacted with 1 to give a complex mixture of
unidentified products. Notably, the displacement of PPh; in
1 was kinetically and thermodynamically more favorable for
electron-deficient rather than electron-rich styrenes
(Table S1).**" For instance, the reaction of 1 with 4-
cyanostyrene went to completion within 30 min to give 2j,
whereas the reaction with 4-methoxystyrene under the same
conditions stopped at ca. 60 % conversion after 24 h, reach-
ing a thermodynamic equilibrium. These observations
pointed to the dominant contribution of n-backdonation to
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the binding of the alkene to the Ru(0) center, highlighting
the electron richness of this moiety.

In the reactions of 1 with acrylates, various ester groups,
including #-Bu, benzyl, and phenyl, were easily tolerated
(3b-d). However, for methyl methacrylate, the subsequent
C—H activation process was significant even at room temper-
ature (see below). Virtually no reaction was observed for
electron-rich and/or bulkier alkenes such as vinyltrimeth-
ylsilane, vinyltrimethoxysilane, and both cis- and trans-
stilbene. Notably, while styrene-based complexes 2 exist as a
single species in solution, acrylate complexes 3 are present
as a mixture of two isomers, presumably due to different
orientations of the alkenes relative to the Ru—BINAP unit.

Reactions of 1 with dienes resulted in the substitution of
the PPh; ligand and the clean formation of Ru(BINAP)-
(diene) products 4 (Figure 5). In contrast with the reactions
with alkenes, the substitution of PPh; with dienes is
accompanied with a change in the BINAP coordination
mode to P,Pm% This change in the coordination fashion,
previously observed for the formation of 1-CH;CN (see
above) is manifested by the *'P{'"H} NMR signal at a higher
frequency of ca. —3.5 ppm (c.f. —17.5 ppm for alkenes) and
an increase in the P—P coupling from 2-3 Hz in 1 and 2 to
3040 Hz in 4.*** This coordination mode change was
further confirmed by the X-ray structure of the isoprene
complex 4a (Figure 5). Similar reactivity was observed for
other dienes, including 1,3-dienes (4a—c) and norbornadiene
(4d). Di-substituted dienes, such as Danishefsky’s diene
(4e) and 2,3-dimethylbutadiene (4f), were unreactive to-
ward 1 under similar conditions (room temperature); even
after 24 h at 70°C, less than 5 % conversion was observed.

While 1 coordinates a broad range of alkenes and dienes
via PPh; substitution, for methyl methacrylate (MMA) and
indene, a subsequent C—H activation process was readily
noticeable at room temperature. Upon heating to 60°C, the

© 2024 The Authors. Published by Wiley-VCH GmbH
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diene
(5-10 equiv)

Figure 5. Reaction of 1 with dienes and X-ray structure of 4a. Ellipsoids
are represented at 50% probability. Only the major component of the
disordered isoprene ligand in 4a is shown. Hydrogen atoms, except
those on diene, have been omitted for clarity. The phenyl substituents
are shown as wireframes, also for visual ease.

organometallic Ru(II) hydrides, Ru(BINAP)(PPh;)(MMA-
yDH (5) and Ru(BINAP)(indenyl)H (6), were formed as
single major products (*'P{'"H} and '"H NMR), successfully
isolated, and structurally characterized (Figure 6).

Complex 1 was also found to readily react with acids.
The reaction with acetic acid produced previously reported
Ru(BINAP)(PPh;)(OAc)H.* A similar transformation was
observed with N-benzylacetamide, giving rise to structurally
similar Ru(BINAP)(PPh;)(CH;C(O)NBn)H (7). All of the
Ru insertions into the O-H, N-H, and C-H bonds
proceeded with the change of the BINAP coordination
mode from n’arene,P to conventional P,P-chelation
(Figures 6, 7).

Next, we probed the ability of 1 to perform more
challenging sp’ C—H activation of saturated compounds in
the presence of 2-amino pyridine and acetamide directing
groups.['"2**% To our big surprise, the reaction of 1 with 2-
(diethylamino)pyridine gave rise to Ru(BINAP)(PPh;)(2-
EtN-Py)H (8), obviously as a result of cleavage of the
strong N—Et bond (Figure 8A). This unexpected transforma-
tion slowly occurred at as low as room temperature, and
after 20h at 60°C, ca. 70% of 1 was converted to 8. To
confirm the structure of 8, we also produced it by the
reaction of 1 with 2-(ethylamino)pyridine, isolated, and fully
characterized (Figure 8E). In solution, 8 exists as a mixture
of two isomers in a ca. 3:4 ratio, apparently from two
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Figure 6. Reactions of 1 with methyl methacrylate and indene. X-ray
structures of 5 and 6. Ellipsoids are represented at 50% probability.
Hydrogen atoms, except hydrides and those on alkene, have been
omitted for clarity. The phenyl substituents are shown as wireframes,
also for visual ease.
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Figure 7. Reaction of 1 with N-benzylacetamide. X-ray structure of 7.
Ellipsoids are represented at 50% probability. Hydrogen atoms, except
hydride, have been omitted for clarity. The phenyl substituents are
shown as wireframes, also for visual ease.

different orientations of the 2-EtN—Py group on the Ru
center.

Not only aminopyridine, but the conventional amide
group was also found to be capable to direct the N—Et bond

© 2024 The Authors. Published by Wiley-VCH GmbH
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Figure 8. Reaction of 1 with 2-(diethylamino)pyridine and 2-
(ethylamino)pyridine (A); reaction of 1 with N, N-diethylacetamide and
N-ethylacetamide (B); lack of reactivity of 1 toward 2-(dimeth-
ylamino)pyridine and N, N-dimethylacetamide (C); proposed mecha-
nism of N—Et bond cleavage (D); and X-ray structure of 8 (E).
Ellipsoids are represented at 50 % probability. Solvent molecules and
hydrogen atoms, except hydride, have been omitted for clarity. The
phenyl substituents are shown as wireframes, also for visual ease.

cleavage. Complex 1 reacts with N,N-diethylacetamide
under mild conditions (r.t. to 60°C) with the formation of
Ru(BINAP)(PPh;)(CH;C(O)NEt)H (9) (Figure 8B). 'H and
'P{'H} NMR signals from 9 strongly resemble those from
structurally characterized 7, and identical signals were
obtained in an N—H activation of N-ethylacetamide with 1.
While 9 is the main product at low conversions of 1 at room
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temperature (ca. 10 % after 20 h), at higher temperature the
reaction was less selective, resulting in the formation of
several unidentified ruthenium hydride species (see Sup-
porting Information for details, Figures S27-S29). In con-
trast, no reaction besides thermal decomposition was
observed for NEt; (10 equiv, 110°C, 24 h), highlighting the
importance of the directing group for the N-Et bond
cleavage process.

The cleavage of inert N—alkyl bonds is relatively rare.
We are aware of only a single example of such reaction at a
Ru center, where the N—i-Pr bond cleavage of an N-
heterocyclic carbene ligand took place in a Ru-hydride
complex.”"! It was proposed that this process occurs through
B—C—H activation and subsequent extrusion of alkene.F”
We believe that a similar mechanism is operative in our case
(Figure 8D). This mechanism is supported by the fact that
no reaction was observed between 1 and 2-(dimeth-
ylamino)pyridine or N,N-dimethylacetamide, for which
B—C—H activation is not feasible (Figure 8C). At the same
time, the formation of ethylene in the reaction was not
observed by 'H NMR, leaving room for alternative mecha-
nisms of N—Et bond cleavage.

In the course of this study we encountered several
transformations catalyzed by 1. For example, in the presence
of 1 at ca. 1 % catalyst loading, the terminal double bond of
1-octene readily isomerizes into the internal double bond of
4-octene at 80°C in benzene. 2-(Ethylamino)pyridine can be
N-butylated by n-butanol at 140°C with 1 as a catalyst
(10 mol %, 46 h).

In summary, we have synthesized and characterized a
novel Ru complex, Ru(BINAP)(PPh;) (1). Being a
phosphine Ru(0) complex, 1 demonstrates an unprecedent-
edly high stability to intramolecular C—H bond activation.
Yet the Ru(0) center of 1 can add donors such as
acetonitrile, and the PPh; ligand can be readily substituted
with alkenes and dienes. 1 activates C—H and N—H bonds,
and can even cleave the highly inert N—Et bond. The
combination of stability and specific reactivity observed for
1 suggests that the P,arene chelation strategy is feasible for
stabilizing reactive Ru(0)-species. 1 might be viewed as a
“masked” 16-¢ Ru(0) complex. It is expected that in a
catalytic reaction, the tethered arene ligand can effectively
stabilize Ru(0) intermediates, yet slide upon interacting with
incoming substrate molecules to provide a vacant coordina-
tion site needed for subsequent transformations at the highly
reactive Ru(0) center. BINAP and similar ligands with a
tethered phosphine-naphthalene unit provide a valuable
entry into enantioselective Ru(0) catalysis, and studies
toward this goal are currently underway in our group.
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» Masked 16-e Ru(0)
» High thermal stability

Organometallic Chemistry

Y. Zhou, N. H. Wensink, A.-F. Pécharman,
F. M. Miloserdov* ____ e202318684

* No intramolecular C-H activation

« Coordination of alkenes/dienes

Synthesis and Reactivity of Ruthenium- Ru(BINAP)(PPh,)  * C—H. N-H, N-Et bonds cleavage

(BINAP) (PPhs) The synthesis of a Ru(0) (BINAP) (PPh;)  PPh; with alkenes/dienes, and activate
complex (BINAP:2,2'- C—H, N—H or inert N—Et bonds. This
bis(diphenylphosphino)-1,1"-binaphthyl)  compound gives novel insight into Ru(0)
is reported. It behaves as a “masked” stabilization approaches while maintain-
16-electron Ru(0) complex: while being  ing a high specific reactivity potentially
quite stable, it is capable to substitute useful for catalytic applications.
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