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ABSTRACT: Unprecedented diamagnetic, four-coordinate,
formally 14-electron (Cy-PSiP)RuX (Cy-PSiP = [r>-(2-
R,PC4H,),SiMe] ; X = amido, alkoxo) complexes that do
not require agostic stabilization and that adopt a highly unusual
trigonal pyramidal coordination geometry are reported. The
tertiary silane [(2-Cy,PCsH,),SiMe]H ((Cy-PSiP)H) reacted
with 0.5 [(p-cymene)RuCl |, in the presence of Et;N and PCy;

PCy.
MeSi—H

F‘Cyz

to afford [(Cy-PSiP)RuCl], (1) in 74% yield. Treatment of 1 with KO'Bu led to the formation of (Cy-PSiP)RuO'Bu (2, 97% yield),
which was crystallographically characterized and shown to adopt a trigonal pyramidal coordination geometry in the solid state.
Treatment of 1 with NaN(SiMes), led to the formation of (Cy-PSiP)RuN(SiMe;), (3, 70% yield), which was also found to adopt a
trigonal pyramidal coordination geometry in the solid state. The related anilido complexes (Cy-PSiP)RuNH(2,6-R,CsH3) (4, R =
H; 5, R = Me) were also prepared in >90% yields by treating 1 with LiNH(2,6-R,CsH3) (R = H, Me) reagents. The solid state
structure of § indicates a monomeric trigonal pyramidal complex that features a C—H agostic interaction. Complexes 2 and 3 were
found to react readily with 1 equiv of H,O to form the dimeric hydroxo-bridged complex [(Cy-PSiP)RuOH], (6, 94% yield), which
was crystallographically characterized. Complexes 2 and 3 also reacted with 1 equiv of PhOH to form the new 18-electron
17°-oxocyclohexadienyl complex (Cy-PSiP)Ru(17°-C¢HsO) (7, 84% yield). Both amido and alkoxo (Cy-PSiP)RuX complexes
reacted with H3B - NHRR' reagents to form bis(0-B—H) complexes of the type (Cy-PSiP)RuH(77°:17°-H,BNRR’) (8, R=R’ = H; 9,
R=R’=Me; 10,R = H, R’ = ‘Bu), which illustrates that such four-coordinate (Cy-PSiP)RuX (X = amido, alkoxo) complexes are able
to undergo multiple E—H (E = main group element) bond activation steps. Computational methods were used to investigate
structurally related PCP, PPP, PNP, and PSiP four-coordinate Ru complexes and confirmed the key role of the strongly o-donating
silyl group of the PSiP ligand set in enforcing the unusual trigonal pyramidal coordination geometry featured in complexes 2—5, thus
substantiating a new strategy for the synthesis of low-coordinate Ru species. The mechanism of the activation of ammonia-borane by
such low-coordinate (R-PSiP)RuX (X = amido, alkoxo) species was also studied computationally and was determined to proceed
most likely in a stepwise fashion via intramolecular deprotonation of ammonia and subsequent borane B—H bond oxidative

addition steps.

B INTRODUCTION

Coordinatively and electronically unsaturated late transition
metal complexes that feature less than 16 valence electrons are
invoked as key intermediates in numerous stoichiometric and
catalytic metal-mediated processes. Although there is significant
interest in the preparation and study of such complexes to better
understand their role in organometallic reactivity, their isolation
is typically thwarted by their highly reactive nature. As such, the
identification of strategies for the preparation of isolable transi-
tion metal complexes that formally feature less than 16
valence electrons continues to attract significant interest. In
the case of Ru", most isolated complexes are either five- or
six-coordinate species that feature 16- or 18-electron config-
urations, respectively.” In contrast, crystallographically character-
ized four-coordinate, formally 14-electron Ru' complexes are
exceedingly rare’> and with few exceptions™” feature the presence
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of stabilizing C—H agostic interactions' that facilitate their isola-
tion. Notably, Caulton and co-workers have reported the unusual
square planar, 14-electron Ru"" complex ((‘Bu,PCH,SiMe,),N)RuCl
that does not feature agostic stabilization as a consequence of
adopting a triplet spin state.>* More recently, Schneider and co-
workers reported the synthesis of the closely related square
planar complex ((“Bu,PCH,CH,),N)RuCl that adopts a singlet
ground state as a result of increased sr-donation from the
chelating dialkyl amido ligand, relative to the disilyl amido ligand
featured in Caulton’s complex.* Given the rarity of formally
14-electron Ru" complexes devoid of agostic stabilization and
the insights that might be obtained through the systematic study
of such species, the development of new strategies for the
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Scheme 1. Synthesis of (Cy-PSiP)RuX (X = Amido, Alkoxo)
Complexes
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synthesis of unsaturated Ru complexes represents an important
challenge. Moreover, the identification of new structural motifs
in such low coordinate species is of particular significance, as
examples that do not require agostic stabilization are currently
limited to square planar species. The discovery of new classes of
four-coordinate Ru"' complexes that adopt novel structures is
anticipated to broaden our understanding of the electronic and
steric factors underlying the preferred geometries of four-co-
ordinate Ru" complexes, as well as to provide access to new types
of reactivity for such unsaturated species.

In this context, we have recently reported on the synthesis and
reactivity of a variety of coordinatively unsaturated late transition
metal complexes supported by new tridentate bis(phosphino)-
silyl hgands of the type [°-(2-R,PC¢H,),SiMe] ™ (R-PSiP, R =
Ph, Cy),’ including examples of pincer-like Ir species that can
undergo facile intermolecular C—H and N—H bond activation
chemistry,®> as well as a series of square planar Group 10 com-
plexes that undergo unusual Si—C bond cleavage reactions.®® In
building on these studies, we viewed tridentate bis(phosphino)-
silyl ligation as providing an attractlve entry point for the
synthesis of low-coordinate Ru'"" complexes, whereby both the
steric demands of the phosphino substituents and the strongly
trans-directing silyl group would enforce coordinative unsatura-
tion. We report herein the isolation and solution/solid state
characterization of diamagnetic, four-coordinate, formally 14-
electron (Cy-PSiP)RuX (X = amido, alkoxo) complexes that do
not require agostic stabilization and that adopt a highly unusual
trigonal pyramidal coordination geometry. Computational stud-
ies confirm the key role of the strongly o-donating silyl group of
the Cy-PSiP ligand in enforcing this unusual geometry. While
silyl ligation affords stability to the four-cordinate (Cy-PSiP)RuX
complexes featured herein, these low-coordinate species are still
capable of reacting with substrate E—H bonds, as demonstrated
by their ability to undergo N—H/B—H bond activation upon
treatment with amine-borane reagents.

B RESULTS AND DISCUSSION

Synthesis and Structural Characterization of Four-
Coordinate (Cy-PSiP)RuX Complexes. The reaction of the
tertiary silane (Cy-PSiP)H with 0.5 [(p-cymene)RuCl,], in
the presence of Et;N and PCy; afforded orange, diamagnetic

Figure 1. Crystallographically determined structure of 1-3.5C¢Hg
shown with 50% ellipsoids. H atoms and the C4Hg solvate have been
omitted for clarity. Selected interatomic distances (A) and angles (deg):
Rul—CI1 2.4597(7), Rul—CI2 2.4591(7), Rul-Sil 2.2770(8),
Ru2—CIl 2.4815(7), Ru2—CI2 2.4748(7), Ru2—Si2 2.2733(8),
P1—Rul—P2 97.05(3), and P3—Ru2—P4 96.52(3).

Figure 2. Crystallographically determined structure of 2-CgHg-0.5
CsH;, shown with 50% ellipsoids. H atoms and the CsHg and CsH;,
solvates have been omitted for clarity. Selected interatomic distances (A)
and angles (deg): Ru—Si 2.2859(6), Ru—O 1.9090(14), P1—Ru—P2
99.25(2), P1—Ru—0 127.21(5), P2—Ru—0 129.16(5), and Si—Ru—O
119.03(5).

[(Cy-PSiP)RuCl], (1) in 74% yield (Scheme 1). The solid
state structure of 1 was determined by single-crystal X-ray
diffraction analysis (Figure 1) and is consistent with the
formulation of 1 as a dinuclear complex that features bridging
chloride ligands. Solution and refinement parameters for each
of the crystallographically characterized compounds reported
herein are given in Table S1 (Supporting Information (SI)).

Complex 1 serves as a useful precursor for the synthesis of
novel 14-electron (Cy-PSiP)RuX (X = amido, alkoxo) com-
plexes. Thus, treatment of 1 with KO'Bu in benzene solution at
room temperature led to the formation of red, diamagnetic (Cy-
PSiP)RuO'Bu (2), which exhibits a single 3P NMR resonance at
110.5 ppm. Complex 2 was readily isolated in 97% yield and is
formulated as a monomeric, formally 14-electron species on the
basis of solution NMR and X-ray diffraction data (Figure 2).
Surprisingly, despite the prevalence of square planar and tetra-
hedral geometries for four-coordinate transition metal com-
plexes, the solid state structure of 2 exhibits slightly distorted
trigonal pyramidal coordination geometry at Ru, with Si in the
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Figure 3. Crystallographically determined structure of 3 shown with
50% ellipsoids. H atoms have been omitted for clarity. Selected
interatomic distances (A) and angles (deg): Ru—Sil 2.3087(4), Ru—N
2.0465(12), P1—Ru—P2 97.341(14), P1-Ru—N 125.61(4),
P2—Ru—N 134.75(4), and Sil—Ru—N 114.58(4).

apical site. The sum of P1—Ru—P2 (99.25(2)°), P1—Ru—O
(127.21(5)°), and P2—Ru—0 (129.16(5)°) angles is 355.62°,
which is very close to idealized trigonal planar geometry at Ru in
the equatorial plane. Notably, no agostic interactions are appar-
ent in the solid state structure of 2 (all Ru---C > 3 A). The
geometry at the O'Bu ligand oxygen is bent (Ru—O—C2 =
152.0(2)°), and the Ru—O distance of 1.909(1) A is statistically
shorter than the analogous linkage found in Ru alkoxide com-
plexes where Ru—O s-bonding has been invoked (e.g., 1.99(1)
A for Cp*Ru(PCy;)(OCH,CE;)).”

The alkoxide complex 2 represents a rare example of a four-
coordinate, formally 14-electron Ru" complex. To the best of our
knowledge, the only directly comparable species for which
crystallographic data have been presented is (CysP)(‘BuO),Ru=
CHPh (Ru—O = 1.9412(15), 1.9558(15) A), in which the
phosphine ligand occupies the apical position of the trigonal
pyramidal structure.*” Conversely, the spin triplet 14-electron
complex trans-Ru(‘Bu,PCH,SiMe,0), reported by Caulton and
co-workers features square planar geometry.‘?’b Interestingly,
although mononuclear 2 can be viewed as being isoelectronic
with Cp*RuOR, Cp*RuO‘Bu has been reported to be unstable,'*
and complexes such as Cp*Ru(OCH,CF;) and Cp*Ru(OMe)
are dimers in the solid state.”**

In an effort to further explore the synthesis of such four-
coordinate (Cy-PSiP)RuX species, we also undertook the synth-
esis of related amido complexes. Thus, treatment of 1 with
NaN(SiMe;), in benzene solution at room temperature led to
the formation of dark red, diamagnetic (Cy-PSiP)RuN(SiMe;),
(3, 70% yield), which exhibits a single *'P NMR resonance at
98.9 ppm. The solid state structure of 3 (Figure 3) indicates a
monomeric complex that, as in the case of complex 2, exhibits a
highly unusual, distorted trigonal pyramidal coordination geo-
metry at Ru with Si in the apical site (Zpg,p pran = 357.70°). As
in the case of 2, no agostic interactions are apparent in the solid
state structure of 3 (all Ru- + - C > 3 A). The planar amido ligand
(Zsinsi,sinra = 359.65°) is oriented perpendicular to the trigonal
plane of the complex, with a Ru—N bond distance of 2.047(1) A
that is comparable to that observed for Caulton’s square planar
((‘Bu,PCH,SiMe, ),N)RuCl (Ru—N = 2.050(1) A),™ suggesting
the possibility of 77-donation from N to Ru. Notably, the Ru—N
distance reported by Schneider and co-workers for the related
square planar complex ((‘Bu,PCH,CH,),N)RuCl, where signifi-
cant Ru—N 7-bonding is invoked, is much shorter at 1.890(2) A%

Figure 4. Crystallographically determined structure of § shown with
50% ellipsoids. Selected H atoms have been omitted for clarity. Selected
interatomic distances (A) and angles (deg): Ru—Si 2.2813(11), Ru—N
1.995(2), Ru---C9 2.749(3), P1—Ru—P2 100.26(4), P1—Ru—N
133.62(8), P2—Ru—N 125.46(8), and Si—Ru—N 93.21(8).

The synthesis of related anilido complexes was also pursued by
treating 1 with LINH(2,6-R,C4H3) (R = H, Me) reagents. The
corresponding anilido complexes (Cy-PSiP)RuNH(2,6-R,CsHj)
(4, R = H; 5, R = Me) were each isolated as dark red solids in
>90% yield. Complexes 4 and 5 each exhibit a single *'P NMR
resonance at 96.5 and 94.2 ppm, respectively. In addition, the 'H
NMR spectra of 4 and 5§ (benzene-ds) each feature a broad
resonance corresponding to the NH proton of the anilido ligand
at 6.35 and 7.57 ppm, respectively. Although we were unable to
obtain X-ray quality crystals of 4, the solid state structure of §
(Figure 4) indicates a monomeric complex that, as in the case of
complexes 2 and 3, exhibits slightly distorted trigonal pyramidal
coordination geometry at Ru with Si in the apical site (Zpgyp,
PpRaN = 359.34°). The Ru—N distance of 1.995(2) A is somewhat
shorter than the Ru—N distance in 3 and is considerably shorter
than the Ru—N distances in the dimeric species [Cp*Ru-
(u-NHPh)], (2.101(8) and 2.117(7) A)."" The anilido phenyl
ring in § is oriented nearly perpendicular to the P,RuN plane, as
indicated by the Ru—N—C—C torsional angle of 175.9(2)°. This
orientation positions a methyl substituent (C9) on the anilido
ligand proximal to the empty coordination site trans to Si. The
resulting short Ru- - -C9 distance of 2.749(3) A is consistent
with a C—H agostic interaction, the existence of which is
authenticated by computational data (vide infra). The absence
of stabilizing agostic interactions in complexes 2 and 3 suggests
that such an interaction in § may result from the fortuitous
positioning of an anilido methyl substituent arising from the
sterically and/or electronically preferred orientation of the anilido
ligand. The predisposition for such ortho-Me substituents to
engage in agostic interactions due to their inherent proximity to a
coordinatively unsaturated metal center has been previouslgf
documented for ortho-Me-substituted aryl phosphine ligands.’

Reactivity Studies. In an effort to determine if complexes
such as 2 and 3 could serve as precursors to new low-coordinate
Ru species via protonolysis reactions, the reactivity of these
complexes with reagents that feature relatively acidic O—H
groups was probed. Our initial investigation explored the reac-
tivity of 2 and 3 with H,O and PhOH, as the corresponding
hydroxo and phenoxo Ru complexes were not accessible via
reactions of 1 with the corresponding alkali metal salts (MOH or
MOPh, where M = alkali metal). Both 2 and 3 were found to
react quantitatively (*'P NMR) with 1 equiv of degassed H,O to
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Scheme 2. Reactivity of Four-Coordinate (Cy-PSiP)RuX (X
= O'Bu, N(SiMe;),) Complexes
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Figure S. Crystallographically determined structure of 6 - C,Hg shown
with 50% ellipsoids. Selected H and selected cyclohexyl C atoms, as well
as the C,Hj solvate, have been omitted for clarity. Selected interatomic
distances (A) and angles (deg): Rul—Sil 2.2647(12), Ru2—Si2
22692(12), Rul—O1 2.079(3), Ru2—O1 2.124(3), Rul—02
2.115(3), Ru2—02 2.070(3), P1—Rul—P2 99.98(4), P3—Ru2—P4
101.11(4), O1—Rul—02 70.74(11), Ol1—Ru2—02 70.74(11),
Rul—O1—Ru2 107.81(13), Rul—02—Ru2 108.43(13).

form the new dimeric hydroxo complex 6 (Scheme 2). The solid
state structure of 6 (Figure S) is similar to that previously
observed for 1 and confirms the formation of a dinuclear Ru
complex with bridging hydroxo ligands. Each Ru center features
distorted square-based pyramidal coordination geometry, with Si
occupying the apical site. The Ru—O distances in 6 (2.070(3) —
2.124(3) A) are all significantly longer than the Ru—O distance
of 1.909(1) A observed for 2. The dimeric nature of 6 relative to
monomeric 2 confirms that steric bulk plays an important role in
attaining a monomeric structure for complexes of the type (Cy-PSiP)-
RuX. In room-temperature benzene solution, 6 exhibits inequi-
valent phosphorus environments on the NMR time scale, as
evidenced by two equal-intensity *'P{'"H} NMR resonances ob-
served at 91.2 (d, *Jpp = 25 Hz) and 86.5 (d, *Jpp = 25 Hz) ppm.
Coalescence of these resonances is observed upon warming, such

Figure 6. Crystallographically determined structure of 7- CsHg shown
with 50% ellipsoids. H atoms and selected cyclohexyl C atoms, as well as
the C¢Hg solvate, have been omitted for clarity. Selected interatomic
distances (A) and angles (deg): Ru—Si 2.3276(6), O—C2 1.249(3),
C2—C3 1453(4), C2—C7 1438(3), C3—C4 1.405(4), C4—Cs
1.405(3), C5—C6 1.408(3), C6—C7 1.392(3), Ru—C2 2.582(2),
Ru—C3 2279(2), Ru—C4 2217(2), Ru—CS 2257(2), Ru—C6
2.320(2), Ru—C7 2.418(2), P1—Ru—P2 94.214(18), P1—Ru—Si
79.30(2), and P2—Ru—Si 82.985(19).

that a single *'P NMR resonance (94.8 ppm) is observed for the
complex at 363 K.

Complexes 2 and 3 were also observed to react quantitatively
(*'P NMR) with 1 equiv of PhOH to form the new 18-electron
17°-oxocyclohexadienyl complex 7 (Scheme 2). The solid state
structure of 7 (Figure 6) confirms the pentadienyl nature of the
7°-C4HsO ligand, as indicated by the short C—C bond distances
within the pentadienyl ring (1.392(3)—1.408(3) A) relative to
the C—C bonds to C2 (C2—C3 1.453(4) A, C2—C7 1.438(3)
A). The O—C2 distance of 1.249(3) A is consistent with double
bond character and is comparable to analogous distances pre-
viously reported for 77°-oxocyclohexadienyl complexes (e.g,
1.256(4) A for Cp*Ru(7°-2,6-Bu,CsH;0)'® and 1.277 A for
Ru(H)(PPh;),(17-C¢HsO) -MeOH)."” The phenyl ring is
slightly folded such that the ipso carbon C2 is bent away from
the Ru center, as indicated by examination of the least-squares
planes. The ipso carbon and O atoms lie 0.191(3) and 0.419(4)
A, respectively, out of the plane defined by the pentadienyl
carbon atoms (C3—C7). The angle between the pentadienyl
plane and that defined by C2, C3, C7, and O is 11.84(9)°, which
confirms the puckering of the C4HO ligand. In solution, the
protons of the 7°-C6HsO ring are observed at 5.62, 5.14, and 3.98
ppm; the upfield shift of these protons is comparable to that pre-
viously reported for related 77°-oxocyclohexadienyl complexes." b12
The formation of this 18-electron 7-type phenol complex parallels
the chemistry observed for the Cp*Ru fragment, where 77-com-
plexation of phenol and most phenol derivatives, including per-
fluorinated phenols, is thermodynamically preferred and is observed
almost exclusively.'*"

Our current efforts are aimed at exploring the bond activation
chemistry of (R-PSiP)RuX complexes, such as those described
herein, in an effort to evaluate how such coordinatively and
electronically unsaturated complexes might be exploited in reac-
tivity applications. In an initial survey of E—H (E = main group
element) bond activation chemistry, complexes 2 and 3 were
found to readily undergo multiple E—H bond activation steps
upon treatment with 1 equiv of HyB - NHj to form quantitatively
the bis(0-B—H) complex (Cy-PSiP)RuH(77%:17°-H,BNH,) (8),
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Figure 7. Crystallographically determined structure of 8 shown with
50% ellipsoids; selected H atoms have been omitted for clarity. Selected
interatomic distances (A) and angles (deg): Ru—Si2.3276(14), Ru- - - B
2.031(6), B—N 1.359(8), P1—Ru—P2 155.22(5), and Ru—B—N
173.3(5).

with concomitant formation of either HO'Bu or HN(SiMe;),,
respectively (Scheme 2). Complex 8, which represents a rare
example of a bis(0-B—H) aminoborane complex,"* was readily
isolated in 81% yield and has been characterized both in solution
and in the solid state (Figure 7). Only one previous example of a
crystallographically characterized bis(0-B—H) complex of
H,BNH, has been recently reported by Alcaraz, Sabo-Etienne,
and co-workers."* The substituted amine-boranes H;B-NHMe,
and H;B-NH,'Bu reacted in a similar manner (Scheme 2) to
form the related bis(0-B—H) complexes (Cy-PSiP)RuH (7°:57>-
H,BNMe,) (9, Figure S1 in the SI) and (Cy-PSiP)RuH(77>:;’-
H,BNH'Bu) (10). Each of the complexes 8—10 feature two
distinctive upfield shifted "H NMR resonances corresponding
to the Ru—H—B protons that are observed as broad singlets
—3.36 and —7.50 ppm for 8, —3.29 and —7.49 ppm for 9,
and —3.34 and —7.56 ppm for 10 (benzene-dg). In addition, the
'"H NMR spectrum of each complex features a resonance corre-
sponding to the terminal Ru—H ligand (—12.62 ppm for 8, —13.07
ppm for 9, and —12.66 ppm for 10). The "'B{'H} NMR spectra of
8—10 feature a broad signal at ca. 40 ppm, which is charactenstlc ofa
three-coordinate boron atom and is comparable to the ''B NMR
shift of 46 ppm reported for RuH,(1°:17°-H,BNH,)(PCy;),.'*
The X-ray structures of 8 and 9 indicate that in each case the
Ru center adopts a pseudo-octahedral coordination environ-
ment featuring trans-disposed phosphino groups. The Ru- +
-B distances of 2.031(6) and 2.021(2) A are shorter than the
sum of the covalent radii for Ru and B (2.09 A)'*** but are
somewhat longer than the Ru---B distance of 1.956(2) A
reported for RuH,(17%7 —H2BNH2) (PCys),.'* The coordi-
nated aminoborane ligand in both 8 and 9 features a short
B—N distance (1.359(8) A for 8 and 1.386(3) A for 9; cf. 1.58(2)
A for HyB+NH, ') that is consistent with appreciable 7r-bonding
character. Notably such bis(0-B—H) complexes represent possible
intermediates in the metal-mediated dehydrogenation of amine-
boranes, including ammonia-borane, which has attracted significant
attention as a hydrogen storage material.'*'®!” In this context, the
formation of 8—10 from either 2 or 3 confirms that such four-
coordinate, formally 14-electron (R-PSiP)RuX complexes are capable
of promoting multiple bond activation steps in a manner that may be
synthetically useful in the transformation of main group substrates.

Computational Studies. The experimental work was com-
plemented by DFT (TPSS/SDD+TZVP)"® studies of the struc-
tural and electronic features of the four-coordinate complexes 2,
3, and 5. The DFT optimized structures in the singlet state were
in excellent agreement with X-ray diffraction data (cf. Figure S2
in the SI)."™ DFT confirmed the slightly distorted trigonal
pyramidal geometry of the four-coordinate complexes 2, 3, and
5 featuring fac-i>-(Cy-PSiP)Ru" ligation, whereby the alterna-
tive mer-k°-pincer—Ru" coordination mode that is preferably
adopted in a nonplanar cis-divacant octahedral geometry at Ru i is
higher in energy by 28.8 (2), 34.2 (3), and 32 0 (5) keal mol "
respectively. The ability to establish Ru"—X 7 1nteractlons
efﬁcxently is a crucial factor that favors the fac-i> over the mer-
x> ligation mode. Taking complex 2 as an example, optlmlzed
Ru—O distances of 1.91 and 1.98 A for fac- 1% and mer-K forms,
respectively, are indeed suggestive of stronger Ru"'—O 7 inter-
actions in the former. The stability of the diamagnetic, four-
coordinate, formally 14-electron (Cy-PSiP)RuX complexes re-
ported herein cannot be attributed to a triplet spin state*® but
rather appears to be a consequence of the highly electron
releasing Cy-PSiP ligand set that supports spin pairing. Given
the strong donor ability of the silyl group, it comes as no surprise
that for 2, 3, and § a triplet spin state, which also favors a fac-
K> (PSlP)Ru ligation, is higher in energy by more than 24 kcal

mol 1'% The strong metal d,,_,, character of the HOMO,
together with a smaller metal d,, component that is involved in
some Ru—X 7 bonding, is not particularly well suited to
accommodate an agostic interaction at the vacant axial coordina-
tion site, while the LUMO exhibits Ru—X sz* character featuring
a strong metal d,, component (cf. Figure SS in the SI). Hence,
agostic C—H interactions are not essential for stabilizing the
singlet ground state. The rather weak C—H agostic interaction in
S, which is estimated for (Cy-PSlP)RuNH(Z MeC6H4) (5*) to
amount to 2.3 kcal mol ™!, confirms this aspect.'

In an attempt to put these findings into a broader perspective,
analogues of 2, 3, and § that have the silyl group replaced by
either C(sp )—Me (2c—5c), phosphido (2p—S5p), or amido
(2n—5n) donor groups were also studied computationally.
According to the above rationale, key features of the modified
compounds are expected to correlate with the electron-donating
ability of the pincer’s central donor. In agreement with chemical
reasoning, the assessed NBO charge distribution reveals the
following order of descending donating ability: '8> pSip > PPP
> PCP > PNP. With regard to the strength of the C—H agostic
interaction in §* DFT shows that it directly correlates with the
degree of electron deficiency at Ru and hence increases in the
following order (given in kcal mol ): §* (2.3) < §*p (3.8) < §*c
(4.4) < 5*n (7.3). The nature of the central donor group also has
a profound influence on the gap in stability between fac-k>- and
mer-1>-(Cy-PXP)Ru" forms, which follows a regular trend as
exemplified for complex S (given in kcal mol™ N:'5(32.0) > 5p
(25.3) > 5¢ (17.5) > 5n (10.8). Of particular importance is the
marked dependency revealed by DFT between the charge
density at Ru and the size of the gap between the singlet and
triplet spin states. The AE(S—T) gap decreases regularly for the
silylamido complex from 24.2 (3) to 23.6 (3p), 22.7 (3c), and to
20.5 keal mol™" (3n), thereby reinforcing the pivotal role of a
strongly donating central donor group for the stablhzatlon of the
singlet state of the four-coordinate 14-electron Ru'" complexes
reported herein.

To acquire a more detailed view of the E—H bond activa-
tion steps involved in the formation of (Cy-PSiP)-supported
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Scheme 3. Plausible Paths for E—H (E = B, N) Bond Activation of Ammonia-Borane (AB) by a Four-Coordinate, Formally
14-Electron (R-PSiP)RuX Complex (X = N(SiMe;),)

3*AB

TS[11’-8’]

(fac-K-pincer—Ru'™)

TS[3*-AB-11"HX] 11’

89
(mer-K’-pincer—Ru™)

Figure 8. Selected metric parameters (A) of the optimized structures of key stationary points for consecutive N—H and B—H bond activation of
ammonia-borane (AB) by the four-coordinate (Me-PSiP)RuN(SiMe;), complex 3’ (cf. route A in Scheme 3).

bis(0-B—H) aminoborane Ru complexes, two plausible routes
have been explored computationally for the reaction of (Me-
PSiP)RuN(SiMe3), (3'), in which the PCy, donor groups have
been replaced by PMe,, with H3B+NH; (Scheme 3). One path-
way (route A) entails an initial N—H bond activation of
ammonia-borane (AB) in 3’ AB to cleave the Ru—X bond proto-
nolytically, thereby giving rise to adduct 11’-HX. This inter-
mediate is likely to release HX to furnish 11’, which subsequently
undergoes oxidative addition of the borane at the Ru"" center to
generate the bis(0-B—H) aminoborane complex 8. Oxidative

addition of a B—H bond commencing from 3’ AB, followed by
Ru—X bond protonolysis via ammonia N—H bond activation,
represents an alternate route B (Scheme 3).

The four-coordinate (Me-PSiP)RuN(SiMe;), compound 3’
readily binds H3B - NHj to form the adduct 3’ - AB that features a
weakly associated AB unit (d(Ru—N) = 2.772 A) bound in an
17”-B—H fashion (Figure 8). Wiberg bond indices in 3’ support
this view (Figure 9). Ammonia-borane association at the Ru""
center does not involve a significant barrier'* and is found to be
somewhat uphill at the AH surface (AH = 2.7 kcal mol " relative
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Figure 9. Wiberg bond indices for Ru and B centers in the compounds shown in Scheme 3 (X = N(SiMe;), ).
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Figure 10. Free energies (kcal mol ') associated with the most accessible pathway for protonolytic Ru" —N(amido) bond cleavage by ammonia-borane
N—H activation in 3+ AB (X = N(Sil\/[e3)2).19b

PMes
H, H
= MeSi—Ru—|
>
PMe, NH2
NH; 8
TS[11'-8] (-45.9 fac-°) (-46 2 mer-x°)
(—40.5)

Figure 11. Free energies (kcal mol ") associated with the most accessible pathway for B—H oxidative addition of the H;B—NH, fragment in 1.

TS[3AB-121]
(33.1)

Figure 12. Frebe energies (kcal mol ") associated with the most accessible pathway for B—H oxidative addition of ammonia-borane in 3’ - AB (with X =
N(SiMe;),)."

featuring the concomitant N(ammonia)—H bond rupture and
N(amido)—H bond formation together with strengthened/
weakened B(borane)—N(ammonia) and Ru—N(amido)
bonds, respectively. Because the increase in strength for
several bonds overcompensates for partially attenuated

to {3’ + AB}) and even more so when free energies are
considered (Figure 10).

Focusing on route A (Figure 10), protonolytic Ru—N(amido)
bond cleavage via N—H bond activation proceeds while traversing a
metathesis-type transition state (TS) structure TS[3- AB—11" - HX]
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bonds in TS[3'- AB—11"-HX], it comes as no surprise that the
TS is low in free energy and only 2.0 kcal mol ' above {3’ + AB}.
The initially formed intermediate 11’ - HX is stabilized thereafter
through HN(SiMe;), release. The kinetically facile ammonia-
borane N—H activation is moreover driven by a thermodynamic
force of substantial magnitude (AG = 41.6 kcal mol ") and can thus
be expected to furnish 11’ instantaneously in an irreversible fashion
(Figure 10).

Given the substantial energy gap between 11’-HX and 11/,
borane oxidative addition at the Ru' center preferably proceeds
from 11/, whereas a pathway commencing from 11’ - HX via key
structures having the HN(SiMes), molecule weakly associated is
found to be less favorable. Borane B—H bond oxidative addition
is moderately exergonic and has a rather small activation barrier
to overcome in the process of traversing TS[11’—8'] (Figure 11).
Although all the key species involved along the most accessible
pathway for consecutive N—H and B—H bond activation adopt a
fac-1>-(Me-PSiP)Ru" ligation, fac-x> and mer-k> forms of 8’ are
energetically close, with the latter being somewhat more stable.

The alternate route that initiates through borane oxidative
addition to the Ru' center in 3'-AB has a prohibitively high
barrier of 33.1 kcal mol ' to overcome (Figure 12) and is thus at
odds with the observed smooth activation of ammonia-borane by
3. Our computational examination thus uncovered that ammo-
nia-borane activation by (R-PSiP)RuX complexes likely proceeds
in a stepwise fashion via ammonia N—H activation and subse-
quent borane B—H bond oxidative addition steps (route A in
Scheme 3). The assessed moderate activation barriers together
with the strong driving force for the overall transformation are
consonant with the observed multiple, facile E—H bond activa-
tion steps. Notably, we were unable to locate a TS structure for
N—H and B—H activation taking place simultaneously, suggest-
ing that a concerted pathway of this type is not favorable in this
system.20

B SUMMARY AND CONCLUSIONS

In summary, unprecedented diamagnetic, four-coordinate,
formally 14-electron (Cy-PSiP)RuX (X = amido, alkoxo) com-
plexes that do not require agostic stabilization and that adopt a
highly unusual trigonal pyramidal coordination geometry have
been prepared and characterized by use of NMR spectroscopic,
X-ray crystallographic, and DFT methods. Computational stud-
ies confirm the key role of the strongly o-donating silyl group of
the Cy-PSiP ligand in enforcing the unusual trigonal pyramidal
coordination geometry. Unlike previously reported square planar
examples of four-coordinate Ru'"" complexes, the stability of the
diamagnetic, four-coordinate, (Cy-PSiP)RuX complexes reported
herein cannot be attributed to a triplet spin state but rather
appears to be a consequence of the highly electron releasing Cy-
PSiP ligand set. These results substantiate a new strategy for the
synthesis of low-coordinate Ru species, whereby the use of a
strongly o-donating silyl ligand set helps to enforce coordinative
unsaturation at the metal center.

Whereas silyl ligation serves to afford stability to the unusual
trigonal pyramidal (Cy-PSiP)RuX complexes featured herein,
these low-coordinate species are still capable of reacting with
substrate E—H bonds. In exploring the reactivity of 2 and 3 as
representative examples of trigonal pyramidal (Cy-PSiP)RuX
species, we have found that these serve as precursors for the
synthesis of a Ru dinuclear hydroxo complex as well as an 7°-
oxocyclohexadienyl complex. Complexes 2 and 3 also undergo

N—H/B—H bond activation reactions upon treatment with
amine-borane reagents, including ammonia-borane, to form
unusual bis(0-B—H) complexes of the type (Cy-PSiP)RuH-
(7*n*-H,BNRR') (R, R’ = H, alkyl). The mechanism of the
activation of ammonia-borane by such low-coordinate (R-
PSiP)RuX species was studied computationally and was deter-
mined to proceed most favorably in a stepwise fashion via
intramolecular deprotonation of ammonia and subsequent bor-
ane B—H bond oxidative addition. These studies confirm that
such four-coordinate, formally 14-electron (R-PSiP)RuX com-
plexes are capable of promoting multiple bond activation steps in
amanner that may be synthetically useful in the transformation of
main group substrates. Work is currently underway to exploit this
reactivity in substrate activation and functionalization.

B EXPERIMENTAL SECTION

Experimental Details. All experiments were conducted under
argon in an MBraun glovebox or using standard Schlenk techniques.
Dry, oxygen-free solvents were used unless otherwise indicated. All
nondeuterated solvents were deoxygenated and dried by sparging with
nitrogen and subsequent passage through a double-column solvent
purification system purchased from MBraun Inc. Tetrahydrofuran and
diethyl ether were purified over two activated alumina columns, while
benzene, toluene, and pentane were purified over one activated alumina
column and one column packed with activated Q-S. All purified solvents
were sparged with argon prior to use and stored over 4 A molecular
sieves. Benzene-ds and toluene-dy were degassed via three free-
ze—pump—thaw cycles and stored over 4 A molecular sieves. The
compound [ (p-cymene)RuCl, ], was purchased from Strem and used as
received. The compound (2-Cy,PC¢H,),SiMeH was prepared accord-
ing to literature procedures.”® Triethylamine was distilled from CaH,.
Water was degassed by sparging with argon. All other reagents were
purchased from Aldrich and used without further purification. Unless
otherwise stated, 'H, >C, 3'P, >N, ''B, and *°Si NMR characterization
data were collected at 300 K on a Bruker AV-500 spectrometer operating
at 500.1, 125.8, 202.5, 50.7, 160.5, and 99.4 MHz (respectively) with
chemical shifts reported in parts per million downfield of SiMe, (for 'H,
13C, and *Si), MeNO, (for '*N), BF;6OEt, (for ''B), and 85% H;PO,
in D,0 (for>'P). 'H and "*C NMR chemical shift assignments are based
on data obtained from *C-DEPTQ, 'H—'H COSY, 'H—"*C HSQC,
and 'H—"°C HMBC NMR experiments. >’Si NMR assignments are
based on '"H—>°Si HMBC experiments. "N NMR assignments are
based on 'H—"*N HMQC experiments. In some cases, fewer than
expected unique *C NMR resonances were observed, despite pro-
longed acquisition times. Elemental analyses were performed by Cana-
dian Microanalytical Service Ltd. of Delta, British Columbia, Canada,
Columbia Analytical Services of Tucson, Arizona, and Midwest Micro-
Lab of Indianapolis, Indiana. Infrared spectra were recorded using a
Bruker VECTOR 22 FT-IR spectrometer at a resolution of 4 cm ™.

Computational Details. All calculations based on Kohn—Sham
density functional theory (DFT)*" were performed by means of the
program package TURBOMOLE® using the almost nonempirical
meta-GGA Tao—Perdue—Staroverov—Scuseria (TPSS) functional®®
within the RI-J integral approximation** in conjunction with flexible
basis sets of triple-{ quality. For ruthenium we used the Stuttgart—
Dresden scalar-relativistic effective core potential (SDD, 28 core
electrons)®® in combination with the (7s7p5dif)/[6s4p3dif] (def2-
TZVP) valence basis set.”® All remaining elements were represented by
Ahlrich’s valence triple-§ TZVP basis set”” with polarization functions
on all atoms. The good to excellent performance of the TPSS functional
for a wide range of applications, with transition-metal complexes in
particular, has been demonstrated previously.”® To probe the influence

13629 dx.doi.org/10.1021/ja204935x |J. Am. Chem. Soc. 2011, 133, 13622-13633



Journal of the American Chemical Society

of the DFT Hamiltonian on the singlet—triplet energy gap the hybrid
meta-GGA TPSSh functional (i.e., TPSS with 10% exchange),”*?%**
which was reported to adequately describe spin-state energetics for
transition metal complexes,’® was also employed. The two DFT
methods were shown to be equally capable of adequately describing
spin-state energetics for the herein studied four-coordinate, 14-electron
Ru" complexes. Further details can be found in the Supporting
Information. Analytical frequency calculations were performed to con-
firm that the reported transition states possess exactly one negative
Hessian eigenvalue, while all other stationary points exhibit exclusively
positive eigenvalues. The reaction and activation enthalpies and free
energies (AH, AH' and AG, AG" at 298 K and 1 atm) were evaluated
according to standard textbook procedures®" using computed harmonic
frequencies. Enthalpies were reported as AE + zero point energy
corrections at 0 K + thermal motion corrections at 298 K and Gibbs
free energies were obtained as AG = AH — TAS at 298 K. The analysis
of the bonding situation was performed with the aid of Wiberg bond
orders (WBO)*” that are known to provide a good measure of the
covalent bond order between two interacting atoms. Natural population
analyses (NPA)* were performed with the NBO>* in conjunction with
the MAG-ReSpect®® module. Optimized structures were visualized by
employing the StrukEd program,36 which was also used for the
preparation of 3D molecule drawings.

[(Cy-PSiP)RuCl]; (1). A solution of (2-Cy,PC¢H,),SiMeH (1.4 g,
24 mmol) in ca. S mL of THF was added to a slurry containing
[(p-cymene)RuCl, ], (0.73 g, 1.2 mmol) and PCyj; (0.67 g, 2.4 mmol) in
ca. 10 mL of THF at room temperature. Neat Et;N (0.33 mL, 2.4 mmol)
was added to the reaction mixture via syringe. The resulting orange
solution was heated to 70 °C with stirring for a period of 24 h. The THF
solvent was removed in vacuo, and the resulting residue was triturated
with pentane (3 X 1 mL). The remaining solid was washed with ca.
150 mL of benzene. The benzene washes were combined and filtered
through a medium porosity glass frit. The filtrate was collected, and the
volatile components were subsequently removed in vacuo. The remain-
ing orange residue was washed with cold pentane (3 X 2 mL) and dried
in vacuo to yield spectroscopically pure 1 (1.3 g, 74%) as an orange solid.
"H NMR (333 K, 500 MHz, benzene-dg): 0 7.82 (d, 2 H, Hyrom, J =
7Hz),7.31 (m, 2 H, Hyom), 7.09 (t, 2 H, Hyom J = 7 Hz), 6.93 (4, 2 H,
H.toms J = 7 Hz), 2.68 (br m, 2 H, PCy), 2.61 — 2.45 (br overlapping
resonances, 4 H, PCy), 2.23—0.64 (br overlapping resonances, 41 H
PCy + SiMe; a singlet resonance at 1.56 ppm was assigned to the SiMe
protons by use of a "H—"C HSQC experiment). *C{'H} NMR (333 K,
125.8 MHz, benzene-d): 0 159.5 (m, Cprom), 147.3 (br, Cyrom), 132.0—
131.8 (overlapping resonances, CHom), 129.9 (CH,om), 126.2
(CHyom), 415 (br m, CHg,), 37.6 (br m, CHg,), 31.1 (CH,c), 30.1
(CHZCy)) 29.0—28.4 (overlapping resonances, CHZCy), 27.3 (CHZCy),
27.1 (CHay), 2.6 (SiMe). >'P{'"H} NMR (300 K, 202.5 MHz, benzene-
dg): 0 89.1. °Si NMR (300 K, 99.4 MHz, benzene-dg): & 65.2. Anal.
Caled for CouH,10P4SiRu,Cly: C, 61.18; H, 7.63. Found: C, 61.12; H,
7.57. A single crystal of 1-3.5CgHj suitable for X-ray diffraction analysis
was grown by vapor diffusion of pentane into a benzene solution of 1.

(Cy-PSiP)RUO'Bu (2). A slurry of KO'Bu (0.023 g, 0.21 mmol) in
ca. 1 mL of benzene was added to a slurry of 1 (0.15 g, 0.10 mmol) in ca.
3 mL of benzene at room temperature. The reaction mixture was stirred
for 1 h at room temperature over which time a color change from orange
to red was observed. The solution was then filtered through Celite, and
the filtrate was retained. The volatile components of the filtrate solution
were removed in vacuo, and the resulting residue was triturated with
pentane (2 X 1 mL) to yield 2 (0.15 g,97%) as ared solid. "H NMR (500
MHz, benzene-dg): 0 7.88 (d, 2 H, Hyom, J = 7 Hz), 7.44 (m, 2 H,
Haom), 7.14 (m, 2 H, Horom), 7.01 (t, 2 H, Hyrom, J = 7 Hz), 2.52 (brs, 2
H, PCy),2.32 (m, 2 H, PCy), 2.18 (m, 2 H, PCy), 2.04 (br m, 4 H, PCy),
1.95 (m, 2 H, PCy), 1.74—1.15 (overlapping resonances, 40 H, PCy +
O'Bu + SiMe; singlet resonances at 1.50 and 1.33 ppm were assigned to

the O'Bu and SiMe protons, respectively, by use of a 'H—"C HSQC
experiment), 1.04 (br m, 2 H, PCy), 0.62 (br s, 2 H, PCy). *C{'H}
NMR (125.8 MHz, benzene-dg): 0 160.6 (d, C,rom, Jep = 42 Hz), 148.0
(d, Caromy Jep = 48 Hz), 131.7 (d, CH,rom, J = 20 Hz), 129.1 (CH,rom),
127.0 (d, CHyom J = 5 Hz), 1264 (CHyrom), 75.1 (OCMes), 40.2
(d, CHgy, ] = 17 Hz), 37.4 (d, CHgy, ] = 27 Hz), 35.5 (OCMe;), 30.9
(CHZCY), 29.2—27.7 (overlapping resonances, CHZCy), 27.1 (CHZCY),
26.8 (CHacy), 4.9 (SiMe). *'P{'H} NMR (202.5 MHz, benzene-ds): 0
110.5. *°Si NMR (99.4 MHz, benzene-dg): 6 65.5. Anal. Calcd for
C41HesP,OSiRu: C, 64.43; H, 8.44. Found: C, 64.34; H, 8.33. A single
crystal of 2+ C4Hg+0.5CsH;, suitable for X-ray diffraction analysis was
grown by vapor diffusion of pentane into a benzene solution of 2.

(Cy-PSiP)RuN(SiMes), (3). A slurry of NaN(SiMes), (0.027 g,
0.14 mmol) in ca. I mL of benzene was added to a slurry of 1 (0.10 g,
0.07 mmol) in ca. 3 mL of benzene at room temperature. The reaction
mixture was stirred for 30 min at room temperature over which time a
color change from orange to red was observed along with the formation
of a white precipitate. The solution was then filtered through Celite, and
the filtrate was collected. The volatile components of the filtrate solution
were removed in vacuo, to give 3 as a red solid (0.086 g, 70%). "HNMR
(500 MHz, benzene-dg): 0 7.78 (d, 2 H, Hyrom, J = 7 Hz), 7.39 (m, 2 H,
Hirom), 7-11 (apparent t, 2 H, H,yom, J = 6 Hz), 6.99 (apparent t, 2 H,
Hioms J = 7 Hz), 2.33 (m, 2 H, PCy), 2.15 (m, 2 H, PCy), 2.06 (4 H,
PCy), 1.91—0.96 (broad overlapping resonances, 39 H, PCy + SiMe; a
singlet resonance at 1.33 ppm was assigned to the SiMe protons by use of
a 'H—"C HSQC experiment), 0.65 (s, 9 H, NSiMe;), 0.36 (s, 9 H,
NSiMe;). *C{'H} NMR (125.8 MHz, benzene-ds): 6 160.8 (d, Corom,
J = 41 Hz), 147.0 (d, Caromy J = 48 Hz), 131.6 (d, CHvom J = 19 Hz),
129.2 (CHyrom), 127.2 (d, CHuromy J = 4 Hz), 1262 (CH,pom), 41.7
(d, CHg,, ] = 17 Hz), 380 (d, CHc,, ] = 27 Hz), 31.2 (CH,cy), 29.9
(CHacy), 29.3—27.7 (overlapping resonances, CH,¢,), 27.1 (CHacy),
26.7 (CHac,), 8.8 (NSiMe;), 8.3 (NSiMes), 5.0 (SiMe). *'P{'H} NMR
(202.5 MHz, benzene-ds): 0 98.9.2°Si NMR (99.4 MHz, benzene-d): &
56.4 (PSiP), —6.2 (NSiMes). Anal. Caled for Cy3H,3P,NSizRu: C,
60.67; H, 8.64; N, 1.64. Found: C, 60.59; H, 8.36; N, 1.41. A single
crystal of 3 suitable for X-ray diffraction analysis was grown from a
concentrated diethyl ether solution at —30 °C.

(Cy-PSiP)RUNHPh (4). A solution of LINHPh (0.015 g, 0.015 mmol)
in ca. 1 mL of Et,O was added to a slurry of 1 (0.11 g 0.08 mmol) in ca.
S mL of Et,O at room temperature. The reaction mixture was stirred for 1 h
at room temperature over which time a color change from orange to dark
red was observed. The volatile components of the reaction mixture were
removed in vacuo, and the remaining residue was washed with ca. S mL
of benzene. The benzene solution was then filtered through Celite, and
the filtrate solution was retained. The volatile components of the filtrate
solution were removed in vacuo. The resulting dark red residue was
triturated with pentane (3 X 2 mL) to yield 4 (0.11 g, 92%) as a dark red
solid. "HNMR (500 MHz, benzene-dg): 0 7.81 (d, 2 H, Hyrom, ] = 7 Hz),
7.46 (m, 2 H, H,,op), 7.19—7.13 (overlapping resonances, 4 H, H, .o, +
NHPh,ora), 7.02 (t, 2 H, Hyomy J = 7 Hz), 6.93 (d, 2 H, NHPhy 00, ] =
8 Hz), 6.70 (t, 1 H, NHPhy,,, ] = 7 Hz), 6.35 (br s, 1 H, NHPh), 2.54
(m, 2 H, PCy), 2.29—2.08 (overlapping resonances, 6 H, PCy),
1.91-1.06 (overlapping resonances, 34 H, PCy), 1.00 (s, 3 H, SiMe),
0.71 (brs, 2 H, PCy). *C{'"H} NMR (125.8 MHz, benzene-ds):  159.3
(d, Caroms ] = 40 Hz), 157.3 (NHPh, Cyps,), 147.5 (d, Cyrom, J = 47 Hz),
131.7 (d, CHyrom, J = 19 Hz), 130.2 (CHyrom), 128.9 (NHPh, Ciera),
1272 (d, CHypom ] = 4 Hz), 126.7 (CH, o), 117.7 (NHPh, C,,), 117.4
(NHPh, Couiho), 40.5 (d, CHcy, ] = 14 Hz), 38.4 (d, CHc,, ] = 28 Hz),
33.1 (CH,gy), 30.6 (CHagy), 299 (CHayy), 293 (CHacy), 292
(CHsz), 28.5—27.8 (overlapping resonances, CHZCY), 27.1 (CHZCY),
26.8 (CH,,), —0.02 (SiMe). *'P{'H} NMR (202.5 MHz, benzene-de):
0 96.5. °Si NMR (99.4 MHz, benzene-dy): 0 58.7. >N NMR (50.7
MHz, benzene-dg): 0 —220.5. Anal. Calcd for C,3Hg P,NSiRu: C,
65.95; H, 7.85; N, 1.79. Found: C, 65.91; H, 7.48; N, 2.13.
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(Cy-PSiP)RuNH(2,6-Me,CgHs) (5). A slurry of LiNH(2,6-
Me,C¢H3) (0.017 g, 0.14 mmol) in ca. 3 mL of benzene was added to
a slurry of 1 (0.10 g, 0.07 mmol) in ca. S mL of benzene at room tem-
perature. The reaction mixture was stirred for 1 h at room temperature
over which time a color change from orange to dark red was observed
along with the formation of a white precipitate. The solution was then
filtered through Celite, and the filtrate solution was retained. The volatile
components of the filtrate solution were removed in vacuo, and the
resulting residue was triturated with pentane (ca. 1 mL) to yield §
(0.11 g, 96%) as a dark red solid. "H NMR (500 MHz, benzene-de): 6
7.92 (d,2H, Hyrom, J =7 Hz),7.57 (brs, 1 H,NH), 7.49 (m, 2 H, H,om),
7.24—7.18 (overlapping resonances, 4 H, H,om, + 2,6-Me,CgH3), 7.05
(t, 2H, Hyromy J = 7 Hz), 6.86 (t, 1 H, 2,6-Me,CcHs, J = 7 Hz), 2.52 (m, 2
H, PCy), 2.31 (s, 6 H, 2,6-Me,C4H3), 2.21 (m, 2 H, PCy), 1.83 (m, 4 H,
PCy), 1.65—0.70 (overlapping resonances, 37 H, PCy + SiMe; a singlet
resonance at 1.25 ppm was assigned to the SiMe protons by use of a
"H—"3C HSQC experiment), 0.62 (br m, 2 H, PCy). *C{'H} NMR
(125.8 MHz, benzene-d): 0 1584 (Curom), 158.3 (Me,CsHj, Cipso),
148.1 (Cprom), 131.2 (d, CHurom, J = 19 Hz), 128.3 (CH,1om), 127.7 (2,6-
Me,CsHs, CHpneta), 126.6 (d, CHyrom, J = 5 Hz), 125.8 (CH,rom), 122.9
(NCipso), 1162 (2,6-Me,CeH;, CH,,,), 39.7 (d, CHcy, J = 13 Hz), 38.0
(d, CHgy, ] = 25 Hz), 329 (CH,gy), 29.7 (CH,cy), 28.6—26.8
(overlapping resonances, CHZCy), 26.5 (CHZCY), 26.1 (CHZCY), 18.8
(Me,CgHs), —1.7 (SiMe). *'P{'"H} NMR (202.5 MHz, benzene-ds): &
94.2.2°Si NMR (99.4 MHz, benzene-dg): 0 57.2. >N NMR (50.7 MHz,
benzene-dg): O —219.1. Anal. Calcd for C4sHgsP,NSiRu: C, 66.63; H,
8.13; N, 1.76. Found: C, 66.50; H, 7.81; N, 1.68. A single crystal of §
suitable for X-ray diffraction analysis was grown from a concentrated
diethyl ether solution at —30 °C.

[(Cy-PSiP)RuOH]I; (6). A solution of 2 (0.21 g, 0.28 mmol) in ca.
3 mL of benzene was treated with degassed H,O (0.005 mL, 0.28
mmol). An immediate color change from red to orange was observed.
The volatile components of the reaction mixture were removed in vacuo,
and the solid was triturated with pentane (2 x 1 mL) to yield 6 (0.19 g,
94%) as an orange solid. "H NMR (500 MHz, benzene-dg): 0 8.02 (brs,
1H, Hyom), 7.72 (brs, 1 H, Hyo), 7.72 (br's, 1 H, H,,op), 7.51 (brs,
1H, Hyom), 7.24 (brs, 2 H, H,...), 7.04 (brs, 2 H, H,,o), 6.94 (brs,
1 H, Hyrom), 322 (brs, 1 H, PCy), 3.03 (brs, 1 H, PCy), 2.79 (brs, 1 H,
PCy), 2.64 (brs, 1 H, PCy), 2.51 (brs, 1 H, PCy), 2.42 (brs, 1 H, PCy),
2.24 (m, 2 H, PCy), 2.09—-0.80 (overlapping resonances, 34 H, PCy +
SiMe; a singlet resonance at 1.52 ppm was assigned to the SiMe protons
by use of a '"H—">C HSQC experiment), 0.65 (br m, 2 H, PCy), 0.37
(brs, 1H,PCy), —0.13 (brs, 1 H, PCy), —0.37 (brs, 1 H, PCy), —0.74
(s, 1 H, OH). *C{'H} NMR (125.8 MHz, benzene-dy): & 160.4 (br,
Carom), 1327 (m, CHarom), 131.1 (m, CH,rom), 129.2 (CHarom), 128.9
(CHyrom), 127.8 (CHyrom), 126.4 (CH,om), 126.3 (CHypom), 41.3 (m,
CHCY), 39.9 (m, CHcy), 36.1 (m, CHCy), 34.8—26.7 (br overlapping
resonances, CH,c,), 3.7 (SiMe). 3P{'"H} NMR (300 K, 202.5 MHz,
benzene-ds): 0 912 (d, 2 P, *Jpp = 25 Hz), 86.5 (d, 2 P, *Jpp = 25 Hz).
3p{'H} NMR (363 K, 202.5 MHz, toluene-dg): 0 94.8 (brs). *Si NMR
(99.4 MHz, benzene-dg): 0 68.7. Anal. Calcd for C,4H;,P,0,Si,Ru,:
C, 62.77; H, 7.97. Found: C, 62.34; H, 8.15. A single crystal of 6- C;Hg
suitable for X-ray diffraction analysis was grown from a concentrated
toluene solution.

(Cy-PSiP)Ru(qs-CsHso) (7). A solution of 2 (0.16 g, 0.21 mmol)
in ca. 3 mL of benzene was treated with a solution of HOPh (0.020 g,
0.21 mmol) in ca. 1 mL of benzene at room temperature resulting in a
color change from red to pale yellow. The volatile components of the
reaction mixture were removed in vacuo, and the resulting residue was
washed with pentane (3 x 1 mL) to yield 7 (0.14 g, 84%) as a white
solid. "H NMR (500 MHz, benzene-ds): 6 7.63 (br m, 2 H, H,,o..), 7.27
(brs, 2 H, Hyrom), 7.08 (br m, 2 H, Haropn), 6.97 (brm, 2 H, H,or), 5.62
(br m, 2 H, Ru-%>-C4Hs0), 5.14 (br d, 2 H, Ru-i*-C4H;0, ] = 5 Hz),
3.98 (apparent t, 1 H, Ru-i>-C¢HsO, ] = 5 Hz), 2.46 (br m, 4 H, PCy),

1.92 (brs, 2 H, PCy), 1.85—0.93 (br overlapping resonances, 37 H,
PCy), 0.89 (s, 3 H, SiMe), 0.62 (br's, 2 H, PCy). *C{'H} NMR (125.8
MHyz, benzene-dg): 6 169.9 (Ru-17°-C4Hs0), 158.7 (d, Corom, J = 44
Hz), 147.2 (d, Cyomy J = 45 Hz), 132.2 (d, CH,om J = 19 Hz), 129.8
(CHarom), 129.0 (CH,om), 126.9 (CHyrom), 99.1 (Ru-17°-C4H50), 83.3
(Ru->-C¢Hs0), 67.6 (Ru-17°-CsHsO), 414 (br, CHc,), 38.9 (br,
CHc,), 324—25.9 (br, CH,¢,), 2.7 (SiMe). *'P{'"H} NMR (300 K,
202.5 MHz, benzene-dg): 0 74.7 (br m). *'P{'H} NMR (363 K, 202.5
MHyz, toluene-dg): 0 71.5 (s). *'P{"H} NMR (213 K, 101.3 MHyg,
toluene-ds): 6 87.7 (br's, 1 P, Cy-PSiP), 66.7 (br s, 1 P, Cy-PSiP). *’Si
NMR (99.4 MHz, benzene-dg): & 57.4. Anal. Calcd for C,3HgoOP5.
SiRu: C, 65.87; H, 7.71. Found: C, 65.85; H, 7.90. A single crystal of
7+CgHg suitable for X-ray diffraction analysis was grown from a
concentrated benzene solution.

(Cy-PSiP)RuH(1?:1-H,BNH,) (8). A solution of HyB - NH; (0.004 g,
0.12 mmol) in ca. 2 mL of benzene was added to a room-temperature
solution of 2 (0.092 g, 0.12 mmol) in ca. 10 mL of benzene. An immediate
color change from red to yellow was observed. The volatile components of
the reaction mixture were removed in vacuo, and the remaining solid was
triturated with hexanes (2 X 1 mL) to yield 8 (0.070 g, 81%) as a yellow solid.
"H NMR (500 MHz, benzene-dg): 0 825 (d, 2 H, Hyony J = 7 Hz), 7.51
(m, 2 H, Hyrom), 7.30 (t, 2 H, Hyoomy J =7 Hz), 7.20 (t, 2 H, Hypomy J = 7 Hz),
244 (br s, 2 H, NH,), 2.36 (m, 4 H, PCy), 1.94—1.17 (overlapping
resonances, 40 H, PCy), 099 (s, 3 H, SiMe), —3.36 (br s, 1 H, RuHB),
—7.50 (brs, 1 H, RuHB), —12.62 (t, 1 H, RuH, *J;3p = 26 Hz). '*C{'H}
NMR (125.8 MHz, benzene-dg): 0 161.6 (apparent t, Cpom, J = 26 Hz),
146.1 (apparent t, Caromy J = 24 Hz), 133.1 (apparent t, CHopomy J = 10 Hz),
129.2 (CH,rom), 129.1 (CH,rom), 126.8 (CH,yorm), 42.1 (apparent t, CHy,
J=8Hz),35.5 (apparent t, CHc,, ] = 13 Hz), 31.0 (CH,c,), 304 (CH,,),
30.0 (CH,cy), 29.0 (CH,y), 28.5—27.7 (overlapping resonances, CHcy),
9.7 (SiMe). *'P{'"H} NMR (202.5 MHz, benzene-dg): 0 90.1. *°Si NMR
(994 MHz, benzene-ds): 0 63.5.'B{"H} NMR (160 MHz, benzene-d):
44.1 (br). >N NMR (50.7 MHz, benzene-dg): 6 —310.1. IR (Nujol, cm ™ *):
v 3499, 3399 (s, N—H,,,); 1964 (m br, Ru—H); 1818 (w br, Ru—H—B);
1588 (5, N—Hyeng)- Anal. Caled for C5yHgoP,NBSiRu: C, 61.65; H, 839 N,
1.94. Found: C, 61.31; H, 8.36; N, 1.69. A single crystal of 8 suitable for X-ray
diffraction analysis was grown from a concentrated Et,O solution at —35 °C.

(Cy-PSiP)RuH(5p%:5*-H,BNMe,) (9). A solution of of 2 (0.074 g,
0.097 mmol) in ca. S mL of benzene was treated with a solution of
H3B-NHMe, (0.006 g, 0.097 mmol) in ca. 2 mL of benzene at room
temperature. An immediate color change from red to yellow was ob-
served. The volatile components of the reaction mixture were removed
in vacuo, and the remaining solid was washed with pentane (2 X 1 mL)
to yield 9 (0.049 g, 67%) as a white solid. "H NMR (300 K, 500 MHz,
benzene-dg): 0 8.26 (d, 2 H, Hyrom, J =7 Hz), 7.53 (m, 2 H, H,,om), 7.31
(apparent t, 2 H, H, o, J = 7 Hz), 7.20 (apparent t, 2 H, H,om, ] = 7 Hz),
2.59 (s, 6 H, NMe,), 2.45—2.30 (overlapping resonances, 4 H, PCy),
1.96—1.04 (overlapping resonances, 40 H, PCy), 0.97 (s, 3 H, SiMe),
—3.29 (brs, 1 H, H,B), —7.49 (brs, 1 H, H,B), —13.07 (t, 1 H, RuH,
*Jup = 25 Hz). *C{"H} NMR (300 K, 125.8 MHz, benzene-dg): 0 161.7
(apparent t, Cyrom, Jop = 26 Hz), 146.2 (apparent t, Corom, Jop = 24 Hz),
133.0 (apparent t, CH,om, J = 10 Hz), 129.1 (CH,10m), 129.0 (CH,1om),
126.8 (CH,om), 42.7 (apparent t, CHgy, J =8 Hz), 40.9 (br s, NMe,),
35.5 (apparent t, CHc,, ] = 13 Hz), 31.3 (CH,¢y), 30.4 (CH,c,), 30.1
(CHacy), 29.1 (CH,gy), 284 (m, CHacy), 28.1 (m, CH,gy), 27.9—27.7
(overlapping resonances, CH,c,), 27.2 (CHac,), 10.5 (SiMe). Sp{'H)
NMR (300 K, 202.5 MHz, benzene-dg): ¢ 91.2. >°Si NMR (300 K, 99.4
MHz, benzene-dy): 0 63.7. ''B NMR (300 K, 160 MHz, benzene-d): O
439 (br). IR (thin film, cm™"): ¥ 1966 (m br, Ru—H); the B—H
stretches could not be unequivocally identified. Anal. Caled for
CaoHgsP,NBSiRu: C, 62.55; H, 8.61; N, 1.87. Found: C, 62.34; H,
8.98; N, 1.68. A single crystal of 9 suitable for X-ray diffraction analysis
was grown from a concentrated Et,O solution at —35 °C.

13631 dx.doi.org/10.1021/ja204935x |J. Am. Chem. Soc. 2011, 133, 13622-13633



Journal of the American Chemical Society

(Cy-PSiP)RuH(5%:57>-H,BNH'Bu) (10). A solution of 2 (0.075 g,
0.098 mmol) in ca. S mL of benzene was treated with a solution of
H;B-NH,Bu (0.009 g, 0.098 mmol) in ca. 2 mL of benzene at room
temperature. An immediate color change from red to yellow was ob-
served. The volatile components of the reaction mixture were removed
in vacuo, and the remaining solid was washed with pentane (2 X 1 mL)
to yield 10 (0.062 g, 82%) as a white solid. "H NMR (500 MHz,
benzene-dg): 0 8.26 (d, 2 H, Hyrom, ] = 7 Hz), 7.53 (m, 2 H, Hyrom), 7.31
(apparent t,2H, Hyrom, J=7 Hz),7.21 (apparent t,2 H, Hyrom, J=7 Hz),
329 (br's, 1 H, NH), 2.33 (br m, 4 H, PCy), 2.06—1.13 (overlapping
resonances, 40 H, PCy), 1.11 (s, 9 H, NCMe;), 0.96 (s, 3 H, SiMe),
—3.34 (brs, 1 H, RuHB), —7.56 (brs, 1 H, RuHB), —12.66 (brs, 1 H,
RuH). *C{'H} NMR (125.8 MHz, benzene-dy): 0 161.6 (apparent t,
Caromy Jop = 25 Hz), 146.5 (apparent t, Cyrom, Jep = 23 Hz), 132.9
(apparent t, CH,;om, J = 10 Hz), 129.0 (CH,om), 128.9 (CH,rom), 126.7
(CH,rom), 50.0 (NCMes), 42.8 (apparent t, CHc,, J =8 Hz), 36.1 (br,
CHgy), 324 (NCMe;), 30.3 (CHacy), 29.9 (CH,cy), 29.0 (CH,cy), 27.8
(CH,cy), 270 (CH,gy), 10.1 (SiMe). *'P{'"H} NMR (202.5 MHz,
benzene-dg): 6 90.2. °Si NMR (99.4 MHz, benzene-dg): & 64.2. "'B{'H}
NMR (160 MHz, benzene-dg): & 42.1 (br). IR (thin film, cm™"): v 3310
(br s, N—H); 1966 (m br, Ru—H); the B—H stretches could not be
unequivocally identified. Anal. Caled for C4;HgP,NBSiRu: C, 63.39; H,
8.82; N, 1.80. Found: C, 63.25; H, 8.80; N, 1.66.
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