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ABSTRACT: Three ruthenium complexes Λ-[cis-Ru((R,R)-
Me-BPE)2(H)2] Λ-R,R-Ru1H2, Δ-[cis-Ru((S,S)-Me-DuPHOS)2-
(H)2] Δ-S,S-Ru2H2, and Λ-[cis-Ru((R,R)-Me-DuPHOS)2(H)2]
Λ-R,R-Ru2H2 (1 = (Me-BPE)2, 2 = (Me-DuPHOS)2) were
characterized by multinuclear NMR and CD spectroscopy in
solution and by X-ray crystallography. The chiral ligands allow the
full control of stereochemistry and enable mechanistic studies not
otherwise available. Oxidative addition of E−H bonds (E = H, B,
Si, C) was studied by steady state and laser flash photolysis in the
presence of substrates. Steady state photolysis shows formation of
single products with one stereoisomer. Solid state structures and circular dichroism spectra reveal a change in configuration at
ruthenium for some Δ-S,S-Ru2H2/Λ-R,R-Ru2H2 photoproducts from Λ to Δ (or vice versa) while the configuration for Λ-R,R-Ru1H2
products remains unchanged as Λ. The X-ray structure of silyl hydride photoproducts suggests a residual H(1)···Si(1) interaction for
Δ-[cis-Ru((R,R)-Me-DuPHOS)2(Et2SiH)(H)] and Δ-[cis-Ru((R,R)-Me-DuPHOS)2(PhSiH2)(H)] but not for their Ru(R,R-BPE)2
analogues. Molecular structures were also determined for Λ-[cis-Ru((R,R)-Me-BPE)2(Bpin)(H)], Λ-[Ru((S,S)-Me-DuPHOS)2(η

2-
C2H4)], Δ-[Ru((R,R)-Me-DuPHOS)2(η

2-C2H4)], and trans-[Ru((R,R)-Me-DuPHOS)2(C6F5)(H)]. In situ laser photolysis in the
presence of p-H2 generates hyperpolarized NMR spectra because of magnetically inequivalent hydrides; these experiments and low
temperature photolysis with D2 reveal that the loss of hydride ligands is concerted. The reaction intermediates [Ru(DuPHOS)2] and
[Ru(BPE)2] were detected by laser flash photolysis and have spectra consistent with approximate square-planar Ru(0) structures. The
rates of their reactions with H2, D2, HBpin, and PhSiH3 were measured by transient kinetics. Rate constants are significantly faster for
[Ru(BPE)2] than for [Ru(DuPHOS)2] and follow the substrate order H2 > D2 > PhSiH3 > HBpin.

■ INTRODUCTION
Many studies of chemistry at metals with bidentate ligands leave
the configuration (Λ or Δ) at the metal uncontrolled, with the
consequence that there may be two or more isomers present
throughout the study. A recent survey of asymmetric coordination
chemistry for octahedral complexes presents synthetic methods of
controlling the stereochemistry at the metal.1 Synthetic and
helicity control of optically pure complexes is achieved through
use of well designed bridging or chiral ligands.2 Among the many
studies addressing the systematic control of stereochemistry at the
metal, those of von Zelewsky were notable for their link to the
photophysics.3,4 A recent study of chiral nitrogen ligands on
Ru(II), Zn(II), and Fe(II) includes circularly polarized absorption
and emission and time-dependent density functional theory.5

While most of the structural studies concern complexes with
nitrogen ligands, Halpern et al. demonstrated the applicability
to complexes of the type Ru(PP*)(carboxylate)4 (PP* =
R-BINAP).6 Extensive studies by Brunner of optically active
half-sandwich metal complexes include structural studies, circular
dichroism, mechanisms of epimerization, and asymmetric
catalysis.7 Asymmetric synthesis is the dominant application of

chiral ligands, especially with phosphorus donor atoms,8 but
typical synthetic methodology aims to create vacant sites at the
metal, leaving the configuration at the metal unknown. We
recently used dynamic NMR spectroscopy on a chiral mono-
dentate phosphine to reveal the epimerization at the metal in half
sandwich rhodium complexes generated by photoinduced B−H
and H−H activation.9 We showed by means of DFT calculations
that the epimerization occurred by η2-B−H or η2-H−H structures
in the transition states. Pregosin and Albinati have used chiral
bidentate phosphines in association with NMR spectroscopy
to study mechanistic issues, especially ion-pairing.10 In this study,
we report the effect of chiral bidentate phosphines on the photo-
induced oxidative addition at complexes of the type [Ru(PP*)2H2]
(PP* = (R,R)-Me-BPE, (R,R)-Me-DuPHOS, and (S,S)-
Me-DuPHOS, Scheme 1). The use of chiral ligands allows us to
probe the stereochemistry much more thoroughly than with achiral
ligands both in solution (circular dichroism) and in the crystalline
state. We find that the configuration at the metal is determined by
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the ligand configuration and that the kinetics of reaction are
strongly influenced by the steric demands of the ligand.
The steady state and laser flash photochemistry of cis- or trans-

[Ru(PP)2(H)2] (PP = R2PCH2CH2PR2, R = CH3 (dmpe), C2H5

(depe), C6H5 (dppe), C2F5 (dfepe)) type complexes has been
studied intensively in our group.11 By employing inert matrices
and laser flash experiments, we have demonstrated the loss of H2

and formation of a transient [Ru(PP)2] with a square planar
configuration at Ru upon irradiation with broad band UV light.
The intermediates [Ru(PP)2] are exceptionally well suited to
transient absorption investigation, since they exhibit a rich optical
absorption spectrum with several bands spanning the visible
region. The reaction rates measured in the presence of substrates
(H2, CO, Et3SiH, C2H4, HBpin (pin = pinacolate)) are
influenced by the nature of the substituent on the phosphorus
atom and by the substrate, resulting in an increase in reactivity in
the following order: Ru(dfepe)2 < Ru(dppe)2 < Ru(depe)2 <
Ru(dmpe)2. Steady-state solution photochemistry revealed that
the transient reacts with substrates to give addition or oxidative
addition products, but none of the products resulted from
activation of solvent (C6D6, THF, heptane).

11a,d,e We have also
reported the effect of a C1 bridge in place of a C2 bridge

12 and
shown that competing photodissociation of phosphine is favored
in solution over the dissociation of the dihydride ligand for cis-
[Ru(PMe3)4(H)2].

11f The same methodology has also been
applied to Fe(dmpe)2H2 and Os(dmpe)2H2.

11g,h

Laser flash photolysis was also employed on dihydride com-
plexes of tetradentate phosphines [M(PP3)(H)2] (M = Ru, Os;
PP3 = P(CH2CH2PPh2)3). Notably, [Ru(PP3)] undergoes
cyclometalation in the absence of substrate and oxidative addition
with benzene, whereas [Os(PP3)] does not undergo cyclo-
metalation but forms oxidative addition products with alkanes and
with benzene.11i

Related ruthenium carbonyl dihydride complex [Ru(PPh3)3-
(CO)(H)2] and [Ru(etp)(CO)(H)2] (etp = PhP(CH2CH2PPh2)2)
studied by laser flash photolysis revealed reductive elimination of
the hydride ligands,13a,b but when a carbene is incorporated
[Ru(PPh3)2(IEt2Me2)(CO)(H)2] (IEt2Me2 = 1,3-bis(ethyl)-4,5-
dimethylimidazol-2-ylidene), the photochemistry is different.
Further mechanistic information has been obtained by employ-
ing para-hydrogen induced polarization (PHIP) of NMR
spectra.13c Competing loss of ligands also occurs in Ru(0)
complexes such as [Ru(dppe)(PPh3)(CO)2].

13c

For [Ru(PPh3)3(CO)(H)2] and [Ru(PH3)4(H)2] complexes,
DFT studies of photodissociation of H2 showed fast (100 fs)
elimination when the system is constrained to freeze the Ru−H
and H−H distances.14 In another report, DFT calculations
showed that the calculated UV/vis spectra of [Ru(PH3)4]
reproduce the experimental ones with a square planar geometry
around ruthenium. The reactivity of [Ru(PH3)4] was modeled
for addition of H2 and CO and found to be very exothermic in
both cases, with an η1 approach for H2 to the [Ru(PH3)4] at an
early stage of the reaction which changes to η2 at later stages.14

There are just two reports of ruthenium [Ru(PP*)2] (PP* =
(R,R)-Me-BPE, (R,R)-Me-DuPHOS, (S,S)-Me-DuPHOS) hy-
dride complexes with BPE ligands: one is trans-[Ru((R,R)-
Me-BPE)2(PMePh)(H)], while the other one is the coordinatively
unsaturated cationic [Ru((R,R)-Me-BPE)2(H)][(BPh4)]; both
of them are used in catalytic asymmetric alkylation reaction
of secondary phosphines with good enantioselectivity.15 The
complexes were characterized by NMR spectroscopy, but their
crystal structures were not determined. For the DuPHOS
analogues, the literature is not rich either. The neutral cis-
[Ru((R,R)-Me-DuPHOS)2(H)2] Λ-R,R-Ru2H2 complex was
characterized by NMR spectroscopy together with cationic
complexes trans-[Ru((R,R)-Me-DuPHOS)2(η

2-H2)(H)]PF6
and trans-[Ru((R,R)-Me-DuPHOS)2(N2)(H)]PF6, which
were studied by X-ray crystallography.16 Another chiral neutral
dihydride complex bearing a diphosphinite ligand, rac-[Ru-
(Ph2POC6H10OPPh2)2(H)2], has been reported along with its
crystal structure.17

In this study, we aimed to follow up our mechanistic studies
of rhodium complexes with chiral monodentate phosphines with
an investigation of photoinduced oxidative addition at ruthenium
complexes with chiral bidentate phosphines. We chose BPE and
DuPHOS18 because they contain no functionalities other than
alkyl and aryl groups, and they contain the same phospholane
ring, {PhP(2R,5R-Me2C4H6)}, as that used in our previous
studies at Rh.9 We have synthesized the dihydride complexes
Λ-[cis-Ru((R,R)-Me-BPE)2(H)2], Λ-R,R-Ru1H2,Δ-[cis-Ru((S,S)-Me-
DuPHOS)2(H)2], Δ-S,S-Ru2H2, and Λ-[cis-Ru((R,R)-Me-Du-
PHOS)2(H)2], Λ-R,R-Ru2H2, and studied their photoinduced
reactions. The reactions include examples of B−H, Si−H, and
C−H bond activation to [Ru(PP*)2], as well as addition of CO
and C2H4. All complexes reported here are cis complexes unless
otherwise stated. When compared to earlier studies of cis-
[Ru(PP)2H2], we have introduced new probes of stereochemistry
(circular dichroism and crystallographic determination of
configuration) and new probes of mechanism (PHIP and
competition reactions), in addition to conventional NMR studies
and laser flash photolysis used previously. We show that the
ligands control the configuration at the metal and exercise steric
control over substrate attack.

■ RESULTS
Starting Materials. Complexes Λ-[cis-Ru((R,R)-

Me-BPE)2(H)2] Λ-R,R-Ru1H2, Δ-[cis-Ru((S,S)-Me-Du-
PHOS)2(H)2], Δ-S,S-Ru2H2, and Λ-[cis-Ru((R,R)-Me-Du-
PHOS)2(H)2] Λ-R,R-Ru2H2 were synthesized by Grubbs’
method by heating [Ru(COD)Cl2]x, the corresponding chiral
bidentate phosphine, and NaOH in 2-butanol at 80 °C
overnight.19 Isolation and purification afforded Λ-R,R-Ru1H2 as
an off-white powder; Δ-S,S-Ru2H2 and Λ-R,R-Ru2H2 are isolated
as yellow crystalline materials. Since Δ-S,S-Ru2H2 and Λ-R,R-
Ru2H2 are enantiomers, their NMR data are identical. Selected
NMR data are summarized in Table 1, and full data are given in
the Experimental Section.
In both cases, the NMR spectra show that the reaction generates

a single cis dihydride product. The proton NMR spectrum of Λ-
R,R-Ru1H2 exhibits two distinct quartets and two overlapping
doublets of doublets resonances for pairs of equivalent methyl
groups of the chelating phospholane ligand. Their patterns result
from coupling to phosphorus (JPH = 12−16 Hz) and to protons
(JHH ≈ 7 Hz). In 1H{31P} spectra, each of these resonances appears
as a doublet. The quartets probably arise from virtual coupling to
mutually trans P nuclei and approximately equal coupling to an

Scheme 1. Ligand Structures (a) (R,R)-Me-BPE, (b) (R,R)-
Me-DuPHOS, and (c) (S,S)-Me-DuPHOS
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adjacent proton. The hydride region shows a second-order multiplet
pattern at δ −10.7 consistent with C2 symmetry. The coupling
constants were extracted with the help of the experimental values for
cis-JPP, selective

31P decoupling, and simulation with gNMR (Figure
1, upper).20 With an estimated value of trans-JPP = 200 Hz, we

matched the experimental spectrum in the hydride region with
cis-2JPH = 25 Hz and trans-2JPH = 68 Hz (see the Experimental
Section). Complete decoupling from phosphorus reveals a
singlet consistent with two equivalent cis protons. The 31P{1H}
NMR spectrum shows two sets of triplet resonances for two
pairs of equivalent phosphorus atoms with JPP of 17 Hz.
The only report of a neutral ruthenium dihydride bearing a

chiral phospholane concerned the deprotonation of trans-
[Ru(R,R)-Me-DuPHOS)2(η

2-H2)(H)]PF6 with n-BuLi to give
Λ-R,R-Ru2H2.

16 The present results for Δ-S,S-Ru2H2 and Λ-R,R-
Ru2H2 are consistent with the literature and will not be discussed
further, but full data are given in the Experimental Section.
We synthesized both enantiomers of the DuPHOS complexes in

order to elucidate the configuration at the metal center for starting
materials and photoproducts. The absorption and CD spectra of
Λ-R,R-Ru1H2 only show features at very short wavelengths (see
Supporting Information, Figure S1), but the spectra of Δ-S,S-
Ru2H2 and Λ-R,R-Ru2H2 are more informative. The absorption
spectra for Δ-S,S-Ru2H2 and Λ-R,R-Ru2H2 in hexane have a
maximum at 323 nm (ε = 4.6 × 103 dm3 mol−1 cm−1) with a tail to
longer wavelength. The CD spectrum for the R,R isomer displays

five features: 379 nm (Δε = −0.3 dm3 mol−1 cm−1), 336 nm
(Δε = −1.1), 292 nm (Δε = −0.9), 279 nm (Δε = 1.5), and
251 nm (Δε = −10.7). The S,S analogue has the same CD spectra
but of opposite sign, as expected (Figure 2, top). A full table of CD
results is given in the Supporting Information.

Although several X-ray structures are known for ruthenium
coordinated to just one DuPHOS ligand,10,21 there are only two
structures containing two ligands per ruthenium center, trans-
[Ru(R,R)-Me-(DuPHOS)2(η

2-H2)(H)]PF6 and trans-[Ru-
(R,R)-Me-(DuPHOS)2(N2)(H)]PF6, and none for BPE.16

The X-ray structures of Λ-R,R-Ru1H2, Δ-S,S-Ru2H2, and Λ-
R,R-Ru2H2 are described in a dedicated section together with
those of the photoproducts.

Steady State Photolysis. To our surprise, photolysis in the
presence of Et3SiH did not result in any products. On using a
smaller substrate, Et2SiH2, the reaction proceeds with formation
of hydride products as expected. This selective reactivity can be
associated with the steric bulk of the bidentate phosphine

Table 1. NMR Spectrocopic Data [Solvent C6D6, δ (J/Hz)]
for Dihydrides

Λ-R,R-Ru1H2 Δ-S,S-Ru2H2 Λ-R,R-Ru2H2

1H hydride −10.7 m −10.0 m
31P{1H} 101.5 t, JPP 17 103.3 t, JPP 20

96.8 t, JPP 17 100.1 t, JPP 20

Figure 1. Hydride region of 500 MHz 1H NMR with simulated
spectrum (down) and experimental spectrum (up) in C6D6 at 300 K:
top, Λ-R,R-Ru1H2; bottom, Λ-R,R-Ru1(Et2SiH)(H). Full coupling
constants are presented in the Experimental Section.

Figure 2. CD (full lines) and UV (dotted lines) spectra: top,Δ-S,S-Ru2H2
(red) and Λ-R,R-Ru2H2 (blue); middle, Λ-S,S-Ru2(Et2SiH)(H) (red) and
Δ-R,R-Ru2(Et2SiH)(H) (blue) all in hexane; bottom,Λ-S,S-Ru2(η2-C2H4)
(red) and Δ-R,R-Ru2(η2-C2H4) (blue) in toluene.
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ligands, which blocks access to the metal center. Thus,
photochemical reaction of Λ-R,R-Ru1H2, Δ-S,S-Ru2H2, and
Λ-R,R-Ru2H2 complexes is possible only with careful choice of
the substrates. There is no thermal reaction at room
temperature between these ruthenium dihydrides and any of
the substrates discussed below other than C6F5Br.
With this in mind, we carried out detailed studies of the

irradiation of the dihydride complexes in the presence of two
small silanes Et2SiH2 and PhSiH3 (Scheme 2). Irradiation of

Λ-R,R-Ru1H2 in C6D6 solution and Et2SiH2 at room temper-
ature resulted in the appearance of a new hydride signal in the
1H NMR spectrum at δ −10.0 as a multiplet due to the
coupling to four inequivalent phosphorus atoms (Figure 1,
lower). On decoupling from phosphorus, the spectrum shows a
singlet for the hydride ligand assigned to the Λ-R,R-
Ru1(Et2SiH)(H) product. The proton attached to silicon
atom shows a broad resonance at δ 3.9, but the 1H{31P} NMR
spectrum reveals a broad triplet (JHH ≈ 4 Hz).
The 31P{1H} NMR spectrum supports the formation of a cis

product, displaying four resonances in an AXMQ pattern. The
resonances of the mutually trans phosphorus atoms (PA and PX)
are coupled to one another and further split by the other 31P
nuclei (δA 104.9 doublet of pseudotriplets J = 224, 25 Hz, δX 82.1
doublet of pseudotriplets J = 224, 21 Hz). The remaining two
resonances (δ 90.5 and 88.0) appear as pseudoquartets due to the
approximate equal coupling to three inequivalent phosphorus
atoms.
A 1H−29Si HMQC NMR correlation, with no proton

decoupling, linked the SiH at δ 3.9 peak to a 29Si resonance
at δ 23.4 which is shifted downfield compared to the free silane
(δ −22.9). The coupling constant JSiH for the silyl hydride (140 Hz)
is reduced relative to that of the free silane (184 Hz). The
silicon−phosphorus splitting is observed as a passive coupling
(JPSi 139 Hz) in the silicon dimension with 1H decoupling. The
value of JSiH for the hydride was determined as 8 Hz by
1H−29Si{31P} correlation.
Photolysis of Λ-R,R-Ru2H2 in the presence of diethylsilane

proceeds in a similar manner; NMR data suggest as major
product the silyl hydride, Δ-R,R-Ru2(Et2SiH)(H). The reaction
of Δ-S,S-Ru2H2 with Et2SiH2 revealed the formation of the silyl
hydride product with the same NMR data. The CD spectra of
the two enantiomers (Figure 2, middle) show that the first two
Cotton effect bands at 385 nm (−37.2 mdeg) at 328 nm (+22.0
mdeg) for Δ-R,R-Ru2(Et2SiH)(H) are more intense and have
opposite signs compared to the CD of starting dihydrides,
which suggests a change in configuration at ruthenium.
The photoreaction in C6D6 in the presence of phenyl silane

occurs with clean conversion to the silyl hydride Λ-R,R-
Ru1(PhSiH2)(H), suggested by similar characteristic NMR data.
The metal hydride signal has an almost identical pattern to that

from the diethylsilane reaction, and the diastereotopic hydro-
gens bonded to silicon are well separated, with one appearing as
a pseudodoublet of quartets at δ 4.8 and the other one as a
multiplet at δ 4.5 (coupling to one another and to 31P). They
correlate in the 1H−29Si HMQC spectrum with a 29Si
resonance at δ −18.1 with JSiH 146 Hz and JPSi 163 Hz.22

The value of JSiH for the metal hydride was determined as 8 Hz
by 1H−29Si{31P} correlation. The pattern of the hydride signal
for Δ-R,R-Ru2(PhSiH2)(H) is almost identical to that observed
for Δ-R,R-Ru2(Et2SiH)(H). The hydrogens bonded to the
silicon atom are less separated, with each one appearing as multiplets.
The 1H−29Si HMQC NMR spectrum of Δ-R,R-Ru2(PhSiH2)(H)
correlated the SiH2 protons to a

29Si resonance at δ −23.9 (compare
free silane at δ −60) and shows coupling constants JSiH = 147 Hz
(free silane JSiH 200 Hz) and JPSi = 159 Hz (Figure 3). The

31P NMR spectrum of Δ-R,R-Ru2(PhSiH2)(H) is similar to
that of Λ-R,R-Ru1(PhSiH2)(H) except that the resonances for
the mutually trans phosphorus nuclei lie much closer to one
another and exhibit features of an AB quartet with each
component split into apparent triplets. The crystal structure
was determined for each of the silyl hydride products (see
crystallographic section).
When Λ-R,R-Ru1H2 is photolyzed in the presence of a

prochiral silane, MePhSiH2, the proton NMR spectrum shows
formation of two hydrides as multiplets, two resonances for the
ortho-phenyl protons, and two distinct resonances for the SiH
protons, all of which are simplified by 31P decoupling. The
31P{1H} NMR spectra display two sets of four resonances in an
AXMQ pattern. All of these pairs of resonances are present in a
ratio of ca. 2:1. They are assigned to Λ-R,R-Ru1(MePhSiRH)-
(H) and Λ-R,R-Ru1(MePhSiSH)(H), where SiR and SiS

represent the chirality at silicon (we cannot identify the
dominant isomer). Analogous experiments carried out with Λ-
R,R-Ru2H2 yielded similar results, but the resonances for the
two isomers were closer together in the 1H spectra and the
ratio of isomers was ca. 1:1.
Another substrate which is small enough to react with these

complexes is C2H4. The
31P{1H} NMR spectrum recorded after

photolysis (30 min) of Λ-R,R-Ru1H2 in C6D6 with 1 atm of
ethene shows two sets of triplets at δ 96.6 and 84.4 (JPP = 26 Hz)

Scheme 2. Photochemical Reactions of Λ-R,R-Ru1H2, Δ-S,S-
Ru2H2, and Λ-R,R-Ru2H2

Figure 3. 2D 1H−29Si HMQC spectrum showing the alkyl region of
Δ-R,R-Ru2(PhSiH2)(H) in C6D6 at 300 K with the 1H spectrum
shown on the x-axis. Note that the 1D 1H spectrum projected onto the
x-axis shows the resonances of the 28Si isotopomer whereas the 2D
spectrum shows the resonances of the 29Si isotopomer.
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as major product resonances assigned to the ethene complex, Λ-
R,R-Ru1(η2-C2H4), together with two further triplets δ 89.3 and
80.3 (JPP = 28 Hz) belonging to the vinyl hydride complex trans-
R,R-Ru1(C2H3)(H) and traces of cis vinyl hydride. The vinyl
hydride complexes are stable at room temperature under an
ethene atmosphere. On prolonged photolysis, the only product
formed is Λ-R,R-Ru1(η2-C2H4). The

1H NMR spectrum shows
formation of ethane (C2H6) and trans-R,R-Ru1(C2H3)(H) as the
conspicuous products together with traces of cis-R,R-Ru1(C2H3)-
(H) and starting material. The protons of the coordinated ethene
in Λ-R,R-Ru1(η2-C2H4) overlap with those of the BPE ligand. In
the hydride region, a quintet δ −12.2 (JPH = 22 Hz) signals the
trans vinyl hydride isomer. The resonances corresponding to the
vinyl group appear as complex multiplets. However, in the
1H{31P} NMR spectrum, they are simplified and appear at δ 5.6
(RuCHaCHbHc, JHaHc = 20 Hz, JHcHb = 6 Hz), 6.7 (RuCHa-
CHbHc, JHaHb = 13 Hz, JHbHc = 6 Hz), and 8.3 (RuCHaCHbHc,
JHaHc = 20 Hz, JHaHb = 13 Hz), indicating a vinyl group similar to
that of reported achiral analogues.11a−c,23

In contrast, photolysis of a C6D6 solution of Λ-R,R-Ru2H2 in
the presence of an ethene atmosphere forms exclusively the η2-
C2H4 complex Δ-R,R-Ru2(η2-C2H4). The 31P{1H} NMR
spectrum displays a A2X2 spin system with two sets of triplet
resonances at δ 95.0 and 69.8 (JPP = 30 Hz). When the solvent
used for photolysis was changed to hexane, orange crystals
precipitated and were analyzed by X-ray crystallography (see
below). The same experiments were performed for Δ-S,S-
Ru2H2 but only the CD spectra would differentiate between
the isomeric [Ru(η2-C2H4)] products (Figure 2, bottom). The
first two Cotton effect bands for the R,R isomer at 399 nm
(Δε = −3.7 dm3 mol−1 cm−1) and 323 nm (Δε = 1.9) are broad,
are very intense, and have opposite sign to the starting materials.
In similar experiments, the photochemical reactions of the

ruthenium dihydrides were studied in the presence of CO. The
BPE analogue generated the pentacoordinate Ru(0)(CO)
complex together with some byproduct and release of some
free diphosphine. The 31P{1H} NMR spectrum for the Λ-R,R-
Ru1(CO) at room temperature shows two broad resonances
which sharpen at 280 K into two sets of triplets δ 104.5 and
88.0 with JPP = 31 Hz. The DuPHOS dihydrides Λ-R,R-Ru2H2
and Δ-S,S-Ru2H2 react with CO cleanly to form bright red
complexes Λ-R,R-Ru2(CO) and Δ-S,S-Ru2(CO) characterized
by two sharp phosphorus resonances (δ 92.0 and 78.6 t, JPP =
35 Hz) at room temperature. Thus, Λ-R,R-Ru2(CO) and Δ-S,S-
Ru2(CO) are rigid while Λ-R,R-Ru1(CO) is fluxional. The UV
spectra of Λ-R,R-Ru2(CO) and Δ-S,S-Ru2(CO) have broad
maxima at 475 nm, and the signs of the CD bands between 300
and 400 nm are opposite to those of the ethene products (see the
Supporting Information).
Interest in catalytic borylation of alkanes and arenes

persuaded us to use HBpin as substrate.24 Photolysis conducted
in NMR tubes in hexane or C6D6 at room temperature in the
presence of either Λ-R,R-Ru1H2 or Λ-R,R-Ru2H2 produces
new hydrides assigned to oxidative addition products, Λ-R,R-
Ru1(Bpin)(H) and Λ-R,R-Ru2(Bpin)(H) supported by the
following spectroscopic data. In both cases, the hydride region
of the 1H NMR spectra shows a multiplet which simplifies to a
singlet on decoupling from phosphorus. The 31P{1H} NMR
spectra (Figure S6 of the Supporting Information) display four
resonances characteristic of an AXMQ pattern, with the signal
for phosphorus trans to boron atom being broad. The mutually
trans phosphorus atoms appear as doublets of triplets split with
JPP 237 and 16 Hz, and the signal for the phosphorus trans to

hydride ligand is an apparent quartet with JPP 16 and 18 Hz
(values for Λ-R,R-Ru1H2). The

11B NMR spectrum reveals a
broad signal around δ 50 characteristic of a metal boryl
complex.25 A 1H−13C HMQC correlation of Λ-R,R-Ru1(Bpin)-
(H) shows that the methyl resonance at δ 1.1 correlates to the
quaternary carbon δ 79.3 within the Bpin moiety. The
spectroscopic evidence is similar to that for the cis boryl hydrides,
[Ru(depe)2(Bpin)(H)] and [Ru(dmpe)2(Bpin)(H)], previously
reported.11d The conclusions are confirmed by the crystal
structure of Λ-R,R-Ru1(Bpin)(H).
We also intended to study an aromatic C−H bond activation

reaction. In order to maximize the bond strength of the Ru−C
bond of the product,26 we selected pentafluorobenzene as a
substrate, but only Λ-R,R-Ru2H2 reacted with it photochemi-
cally in C6D6 solution and the NMR data indicate formation of
trans-R,R-Ru2(C6F5)(H). The hydride region of the 1H spectrum
shows a broad multiplet at δ −13.1 without a large trans JPH
coupling, which simplifies to a triplet with JHF of 13 Hz on
decoupling from 31P. The 31P{1H} NMR spectrum shows two
very close resonances (δ 86.0 and 84.4 m) because the two pairs
of mutually trans phosphorus nuclei are not equivalent to one
another. They appear as multiplets with a small coupling to each
other and to fluorine. The resonances corresponding to the
coordinated C6F5 group in the 19F NMR spectrum are well
separated, δ −85.4, −164.5, −165.5, and show an upfield shift
compared to the free ligand. The crystal structure was also
determined.
The photoreactions of Λ-R,R-Ru1H2 and Λ-R,R-Ru2H2 with

CH2Cl2 and with C6F5Br provided evidence for formation of
trans-R,R-Ru1(Cl)(H), cis-R,R-Ru2(Cl)(H), trans-R,R-Ru2-
(Cl)(H), cis-R,R-Ru1(Br)(H), trans-R,R-Ru1(Br)(H), cis-R,R-
Ru2(Br)(H), and trans-R,R-Ru2(Br)(H). The results are
presented in the Supporting Information.

Solid-State Structures. Single crystals of Λ-R,R-Ru1H2,
Δ-S,S-Ru2H2, Λ-R,R-Ru2H2, Λ-R,R-Ru1(Et2SiH)(H), Δ-R,R-
Ru2(Et2SiH)(H), Λ-R,R-Ru1(PhSiH2)(H), Δ-R,R-Ru2(PhSiH2)-
(H), Λ-R,R-Ru1(Bpin)(H), Δ-R,R-Ru2(η2-C2H4), Λ-S,S-Ru2(η2-
C2H4), trans-R,R-Ru2(C6F5)(H), trans-R,R-Ru1(Br)(H), and
trans-R,R-Ru1(Cl)2 were grown by slow evaporation of hexane
solutions (dichloromethane solution for trans-R,R-Ru1(Cl)2) and
were analyzed by X-ray diffraction.
The numbering scheme of the phosphorus atoms for all the

structures follows the following rules: P(2)P(3) are mutually trans,
P(1) trans to heavy atom, and P(4) trans to hydride. The two
chelate rings are specified as P(1)P(2) and P(3)P(4). All the
structures of hydrides display an octahedral (or distorted
octahedral) geometry around the stereogenic ruthenium center,
and the hydrides were located for all the structures by difference
maps. The molecular structures of the dihydrides Λ-R,R-Ru1H2,
Δ-S,S-Ru2H2, and Λ-R,R-Ru2H2 (Figure 4 and Supporting
Information) showed that the complexes adopt a distorted
octahedral geometry around ruthenium, with the hydride
ligands occupying cis positions and the methyl groups of the
phospholane rings bending toward them. The distortion of the
structures from an ideal octahedron is a steric effect associated
with the bulk of the phospholane ligand. To a reasonable
approximation, the overall structure retains the C2 symmetry
element of the metal center and ligands.
The structure of Λ-R,R-Ru1H2 is complicated by disorder of

the phospholane ring containing P(3) and the carbon atoms
bonded to it. They were modeled over two positions in a 50:50
ratio, restrained to be approximately isotropic, and constrained
to have the same ADP; the Ru−P(3) and Ru−P(3b) distances
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were restrained to be equal. The mutually trans Ru−P bonds are
far from collinear, with an angle P(2)−Ru(1)−P(3) of 154.33(4)°,
and the cis angle between phosphorus atoms on different ligands
P(1)−Ru-P(4) is 111.40(2)° (Table 2). These angles are smaller
than those for the dppe (161.5, 106.9°)27 and the phosphinite
analogues (158.3, 97.17°).17 The structure of Λ-R,R-Ru2H2

reveals that the hydride ligands are less sterically hindered than
those for Λ-R,R-Ru1H2 due to the rigid benzene backbone. The
geometry around ruthenium is closer to octahedral than that for
Λ-R,R-Ru1H2 with P(2)−Ru(1)−P(3) 160.74(4)° and P(1)−
Ru−P(4) 104.28(2)°. The benzene rings are arranged opposite to
each other with a 79° angle between their planes. The tendency
for the methyl groups to embrace the hydride ligands may be
measured by the angle C(13)···Ru(1)···C(19) of 68.75(6)°. The
corresponding angle for Λ-R,R-Ru1H2 C(14)···Ru(1)···C(15) is
smaller at 55.69(9)°. These angles highlight the steric hindrance
controlling the access to the metal center for large substrates (see
photolysis section), although the rigidity of the skeletons also
needs to be taken into account (see Supporting Information for

the molecular structure of Δ-S,S-Ru2H2 and space filling models).
The molecular structure of Λ-R,R-Ru1(Et2SiH)(H) shows that

the Λ configuration around ruthenium is retained (Figure 5)
and the surrounding geometry is closer to octahedral than that
of the starting material (Table 2). The hydride crystallized with
two independent molecules in the asymmetric unit. In one of
them, the carbon atoms of the phospholane ring containing
P(1) are disordered; they have been modeled over two
positions in an 84:16 ratio. The Ru(1)−Si(1) bond length of
2.4496(7) Å is in agreement with that found in [Ru-
(PMe3)4(SiR3)(H)].

28 The distance between the silicon atom
and the hydride ligand of 2.74(3) Å indicates that there is no
residual interaction.29 The hydrogen atom bonded to silicon
(Si(1)−H(1a) = 1.53(3) Å) points away from the metal center.
For Δ-R,R-Ru2(Et2SiH)(H) there are some differences. The
absolute configuration is Δ, opposite to that of starting material
Λ-R,R-Ru2(H)2, and the angles around ruthenium are very
different: P(1)−Ru(1)−Si(1) and P(4)−Ru(1)−Si(1) are
159.55(2)° and 89.69(2)° in Λ-R,R-Ru1(Et2SiH)(H) but
144.31(5)° and 116.08(4)° in Δ-R,R-Ru2(Et2SiH)(H),
respectively. Associated with this change, is a reduction in the
hydride−silicon distance H(1)···Si(1) to 2.04(5) Å for Δ-R,R-
Ru2(Et2SiH)(H), indicating a residual interaction.
The molecular structures of Λ-R,R-Ru1(PhSiH2)(H) and Δ-

R,R-Ru2(PhSiH2)(H) (Figure 5, Table 2) resemble those of
the silyl hydride analogues discussed above. The configuration
is retained for Λ-R,R-Ru1(PhSiH2)(H) but not for Δ-R,R-
Ru2(PhSiH2)(H). Again, the rigid benzene backbone makes
the access of phenyl silane to the ruthenium center difficult,
resulting in less complete oxidative cleavage of the Si−H bond.
This feature is reflected in the angles P(1)−Ru(1)−Si(1)
(146.61(2)°) and P(4)−Ru(1)−Si(1) (111.57(2)°) and the
H(1)···Si(1) separation of 2.20(4) Å compared to those in
Λ-R,R-Ru1(PhSiH2)(H) of 164.14(3)°, 87.12(2)°, and 2.79(3)
Å, respectively.
The molecular structure of Λ-R,R-Ru1(Bpin)(H) (Figure 5)

shows that the geometry around ruthenium is a distorted
octahedron and the configuration is retained as Λ. The hydride
ligand was located at 1.56(2) Å from Ru(1) (Table 3). A search

Figure 4. Molecular structures of Λ-R,R-Ru1H2 (left) and Λ-R,R-
Ru2H2 (right) (50% thermal ellipsoids), all hydrogen atoms omitted
for clarity except for H(1) and H(2). Note that one phosphine ring in
Λ-R,R-Ru1H2 is disordered (see text); one form is shown.

Table 2. Selected Bond Lengths (Å) and Angles (deg) for Λ-R,R-Ru1H2, Δ-S,S-Ru2H2, Λ-R,R-Ru2H2, and Their Photoproducts
with Silanes

bonds/angles
Λ-R,R-
Ru1H2

Δ-S,S-
Ru1H2

Λ-R,R-
Ru2H2

Λ-R,R-
Ru1(Et2SiH)(H)

Λ-R,R-
Ru1(PhSiH2)(H)

Δ-R,R-
Ru2(Et2SiH)(H)

Δ-R,R-
Ru2(PhSiH2)(H)

Ru−P(1) 2.3201(6) 2.3050(12) 2.2997(6) 2.3600(6) 2.3447(6) 2.3378(12) 2.3285(5)
Ru−P(2) 2.2817(6) 2.2698(11) 2.2685(7) 2.3383(6) 2.3077(6) 2.3157(11) 2.3103(6)
Ru−P(3) 2.2612(12) 2.2703(11) 2.2697(7) 2.3014(6) 2.2999(6) 2.3082(11) 2.3043(5)
Ru−P(3b)a 2.2934(12)
Ru−P(4) 2.3135(6) 2.3201(14) 2.3138(7) 2.3420(6) 2.3511(6) 2.3634(11) 2.3604(5)
Ru−H(1) 1.47(4) 1.53(5) 1.53(4) 1.47(3) 1.63(3) 1.50 (5) 1.52(3)
Ru−H(2) 1.61(3) 1.63(5) 1.60(4)
Ru−Si 2.4496(7) 2.4240(7) 2.4608(13) 2.4064(6)
Si···H(1) 2.74(3) 2.79(3) 2.04(5) 2.20(4)
P(1)−Ru−P(2) 85.84(2) 85.87(4) 85.97(2) 83.33(2) 82.76(2) 81.37(4) 81.82(2)
P(1)−Ru−P(3) 108.34(6) 107.52(4) 107.52(2) 96.15(2) 99.63(2) 95.10(4) 96.10(2)
P(1)−Ru−P(4) 111.40(2) 104.44(4) 104.28(2) 110.73(2) 107.36(2) 99.45(4) 101.79(2)
P(2)−Ru−P(3) 154.33(4) 160.74(4) 160.74(2) 172.20(2) 169.92(2) 173.63(4) 174.46(2)
P(1)−Ru−Si 159.55(2) 164.14(3) 144.32(5) 146.61(2)
P(4)−Ru−Si 89.69(2) 87.12(2) 116.08(4) 111.57(2)
P(1)−Ru−H(2) 163.1(10) 170.9(16) 167.5(12)
P(4)−Ru−H(1) 163.6(13) 161(3) 162.7(16) 171.1(11) 168.0(10) 171.2(17) 171.7(9)
aSee text.
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of the CCDC (1st September 2011) revealed no crystal structure
with a [RuP4B(O2R)] fragment, but three for ruthenium boryl
(boronate ester) hydrides. They are described as σ-borane-
(dihydroborate) for [Ru(PCy3)2((μ-H)2Bpin)(σ-HBpin)(H)] and
σ-boranes for [Ru(PCy3)2(η

2-HBpin)(η2-H2)(H)2] and [Ru-
(PCy3)2(η

2-HBcat)(η2-H2)(H)2].
30 The crystallographic data for

Λ-R,R-Ru1(Bpin)(H) provide a Ru−B bond distance of 2.117(2)
Å (compare sum of the covalent radii of Ru and B: 2.13 Å), that is
similar to that in the σ-borane complexes. The angle between the
[O,O] centroid, B, and Ru (174.4°) lies between the corre-
sponding angles of the σ-borane (171.5°) and that of the dihy-
dridoborate (177.1°). The B(1)···H(1) separation of 2.29(2) Å and
the Ru−H distance indicates a classical boryl hydride, unlike the

σ-boranes, which have B−H distances of 1.2−1.3 Å. The angle
between the two planes, one defined by [OOBRu] and the other
by Ru−P(1)−P(4), is 70.27°.
For Δ-R,R-Ru2(η2-C2H4), the ethene is bonded almost

symmetrically in the equatorial site of a trigonal bipyramid
(Figure S13 of the Supporting Information, Table 3) with Ru−C
bond lengths of 2.188(2) Å and 2.195(2) Å. The angle between
the two planes, one defined by metallacyclopropane ring Ru−
C(37)−C(38) and the other by Ru−P(1)−P(4), is 15.84°. The
Ru−P bond lengths are almost equal, ranging from 2.3084(6) to
2.3189(6) Å, while the ethene bond C(37)−C(38) is 1.423(3) Å,
comparable to that in [Ru(PMe3)4(C2H4)].

31 The molecular

Figure 5. Molecular structures of Λ-R,R-Ru1(Et2SiH)(H), top left; Δ-R,R-Ru2(Et2SiH)(H), top middle; Λ-R,R-Ru1(Bpin)(H), top right; Λ-R,R-
Ru1(PhSiH2)(H), bottom left; Δ-R,R-Ru2(PhSiH2)(H), bottom middle; trans-R,R-Ru2(C6F5)(H), bottom right (50% thermal ellipsoids); all
hydrogen atoms omitted for clarity except for H(1), H(1a), and H(1b). One phosphine ring in Λ-R,R-Ru1(Et2SiH)(H) is disordered (see text); one
form is shown.

Table 3. Selected Bond Lengths (Å) and Angles (deg) for Λ-R,R-Ru1(Bpin)(H), Λ-S,S-Ru2(η2-C2H4), Δ-R,R-Ru2(η2-C2H4),
trans-R,R-Ru2(C6F5)(H), trans-R,R-Ru1(Br)(H), and trans-R,R-Ru1(Cl)2

bonds/angles Λ-R,R-Ru1(Bpin)(H) Λ-S,S-Ru2(η2-C2H4) Δ-R,R-Ru2(η2-C2H4) trans-R,R-Ru2(C6F5)(H) trans-R,R-Ru1(Br)(H) trans-R,R-Ru1(Cl)2

Ru−P(1) 2.3511(5) 2.3107(5) 2.3128(6) 2.3351(6) 2.3383(14) 2.3668(6)
Ru−P(2) 2.3187(4) 2.3166(4) 2.3084(6) 2.3314(6) 2.3108(13) 2.3656(7)
Ru−P(3) 2.2899(4) 2.3084(4) 2.3189(6) 2.3242(6) 2.3181(13) 2.3645(7)
Ru−P(4) 2.3256(4) 2.3126(4) 2.3116(6) 2.3398(6) 2.3192(14) 2.3780(7)
Ru−H(1) 1.56(2) - - 1.68(2) 1.47(4) -
Ru−E 2.117(2) 2.1872(16) 2.195(2) 2.229(2) 2.6675(9) 2.4309(6)
(B/C/Cl/Br) 2.1941(17) 2.188(2) 2.4353(6)
P(1)−Ru−P(2) 83.73(2) 81.157(14) 81.03(2) 83.65(2) 83.17(4) 83.09(2)
P(1)−Ru−P(3) 98.80(1) 95.792(15) 96.28(2) 95.66(2) 97.86(5) 101.40(2)
P(1)−Ru−P(4) 111.95(2) 103.661(15) 103.64(2) 175.96(2) 175.16(5) 175.52(2)
P(2)−Ru−P(3) 170.18(2) 175.396(16) 175.43(2) 161.71(2) 170.66(5) 175.25(2)
P(1)−Ru−E 157.02(6) 145.82(5) 146.42(6) 91.93(6) 88.32(4) 91.17(2)
P(4)−Ru−E 90.40(6) 146.48(5) 145.81(6) 92.11(6) 96.15(4) 94.61(2)
P(4)−Ru−H(1) 163.7(8) 88.6(8) 84.0(17)
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structure of Λ-S,S-Ru2(η2-C2H4) is given in the Supporting
Information (Figure S13).
There are only two crystal structures in CCDC containing

the fragment [RuP2(C6F5)H]: one of them being the achiral
analogue trans-[Ru(dmpe)2(C6F5)(H)],

32 while the other one
is a cis carbene complex [Ru(dppp)(ICy)(CO)(C6F5)(H)]

33

(ICy = 1,3-dicyclohexylimidazol-2-ylidene). The molecular
structure of trans-R,R-Ru2(C6F5)(H) is shown in Figure 5
(and the space filling model is shown in the Supporting
Information). The Ru−C bond length (2.229(2) Å) lies in
between those reported for the other structures. The C6F5
plane almost bisects the C−C bonds of the C6H4 units of the
DuPHOS ligands. The angle between the plane defined by the
C6F5 group and the Ru−H bond vector is 6.39°. The RuP4
skeleton is significantly distorted from planarity, with a
torsional angle of 18.4° between the planes Ru−P(1)−P(2)
and Ru−P(3)−P(4). The hydride was located at 1.68(2) Å
from Ru, compared to a Ru−H distance of 1.59(5) Å found in
the dmpe complex.
The molecular structures of trans-R,R-Ru1(Br)(H) and trans-

R,R-Ru1(Cl)2 are reported in the Supporting Information.

■ MECHANISTIC STUDIES
Competition Reactions. Competition experiments were

used to determine the kinetic selectivity for different oxidative
addition reactions. They were run in NMR tubes in C6D6 in the
presence of 10 equiv of each substrate and followed by NMR
spectra measured every 30 min. The product ratios were
determined from the integrals of the hydride resonances in the
1H{31P} spectra. Λ-R,R-Ru1H2 and Λ-R,R-Ru2H2 were photo-
lyzed in the presence of either HBpin and Et2SiH2 or HBpin and
PhSiH3. For the reactions with Et2SiH2 and HBpin, the results
show that both complexes have a preference of 4 to 1 for
activation of the B−H bond. When using HBpin and the smaller
silane PhSiH3, the selectivity changed dramatically in favor of Si−
H bond cleavage in a 9 to 1 ratio for both complexes. This
indicates an order of kinetic selection of PhSiH3 > HBpin >
Et2SiH2. To check that one silane reacts faster than the other,
another experiment was performed with both silanes. The
selectivity for the smaller substrate is confirmed: both complexes
show reaction with PhSiH3 but virtually no reaction with Et2SiH2.
Control experiments were run with a sample of Λ-R,R-
Ru1(Et2SiH)(H) in the presence of either HBpin or PhSiH3 and
a sample of Δ-R,R-Ru2(PhSiH2)(H) in the presence of HBpin or
Et2SiH2 in C6D6 solutions. No thermal reaction was observed after
48 h, but photochemical exchange did occur (30 min photolysis),
clearly demonstrated by the reduction of one hydride resonance and
growth of the other. The formation of free diethylsilane or
phenylsilane could also be observed. For the latter example, a trace
of Λ-R,R-Ru2H2 formation was observed. The product distribution
in the control experiments is consistent with that in the competition
experiments.
Photochemical Reactions of Λ-R,R-Ru2H2 with D2 and

p-H2. In order to elucidate if the H2 elimination mechanism is
concerted, we have studied the photochemical reactivity of Λ-R,R-
Ru2H2, under a D2 atmosphere and under p-H2.
Deuterium gas (5 bar) was added to a dilute cyclopentane

solution of Λ-R,R-Ru2H2 in an NMR tube. No exchange was
observed in the absence of photolysis. Cyclopentane was chosen
because it freezes at a very low temperature and has a singlet
proton resonance that is well suited to solvent suppression. The
sample was irradiated in situ at 355 nm with a Nd:YAG laser at
low temperature.34 The reaction was followed by 2H NMR and by

1H NMR spectroscopy; the 1H NMR spectra were recorded with
solvent suppression at 600 MHz. The 1H NMR spectrum before
photolysis showed the hydride multiplet at δ −10.0, a trace of HD
detected by its signal at δ 4.7 with JHD 42 Hz, and a trace of H2
(δ 4.8 s) (present as impurities in the D2). The initial

2H NMR
spectrum exhibited a resonance for D2 at δ 4.7 and a resonance at
δ 1.6 for deuterated solvent present in natural abundance. After
photolysis (7 min) at 180 K, the 1H NMR signal for H2 grows
considerably, while the signal for HD is unchanged (standardized
on aromatic protons). The hydride resonance is reduced in
intensity slightly (from 2.0 to 1.86), and the 2H NMR spectrum
shows a small signal at δ −10.0 in the deuteride region. The
sample was warmed to 210 K and irradiated for a further 7 min.
The trends observed previously were continued: growth of H2
(from 0.1 to 0.18), depletion of the hydride resonance (from 1.86
to 1.82), and growth of the deuteride resonance. The deuteride
signal appears as a broad singlet, as expected considering that the
largest coupling JPDtrans is ca. 11 Hz. In addition, the signal of D2
decreases relative to the 2H signal of the solvent. There is no
change in the amount of HD. These measurements are consistent
with concerted elimination of H2 and oxidative addition of D2 to
form Λ-R,R-Ru2D2 (eq 1).

+ ⎯→⎯ +[Ru(DuPHOS) ]H D [Ru(DuPHOS) ]D H
h

2 2 2
v

2 2 2
(eq 1)

Another similar experiment was conducted with photolysis
at 273 K. After 5 min of irradiation, the 1H NMR spectrum
showed marked growth in the signals of H2 and of HD and a
decrease in the hydride resonance. The 2H NMR spectrum
shows growth of the deuteride resonance. The sample was
warmed to 295 K, and the spectra were recorded. The 1H NMR
spectrum showed HD and a trace of the hydride resonance but
no H2. The

2H NMR spectrum showed D2, the deuteride
resonance, and HD at δ 4.4 with a coupling constant JHD of
42.8 Hz. In contrast to the low temperature experiments, the
photolysis of the sample at 273 K displays H/D scrambling in
the 1H NMR spectrum (see Discussion section).
In addition to the experiments with D2, p-H2 assisted 1H

NMR studies were carried out. A solution of Λ-R,R-Ru2H2 in
benzene-d6 was placed in an NMR tube. The resulting solution
was degassed, and the tube was filled with p-H2 (3 bar). After
irradiation of the sample for 10 s in situ at 355 nm at 295 K, the
1H NMR spectrum displays a PHIP-enhanced hydride
resonance at δ −10.0 for the hydride and for free H2 at δ 4.4
(Figure 6). An OPSY experiment35 was measured afterward
under the same conditions, but after 30 s of photolysis. In this
type of experiment, only the resonance of H2 and the enhanced
resonances are observed. The OPSY spectrum exhibits just two
resonances, one for H2 at δ 4.4 and another one at −10.0
corresponding to hydrides (Figure 6). The magnetization was
transferred to phosphorus, allowing us to record a 31P{1H}
NMR spectrum with PHIP-enhancement.36 This spectrum
exhibited a prominent phosphorus resonance at δ 100.1 that is
assigned to the phosphorus trans to hydride and a weaker
resonance for the remaining phosphorus nuclei (see the
Supporting Information). There is slight enhancement of the
resonance of the phosphorus cis to hydride at δ 103.0. The
PHIP enhancement observed in these experiments provides
direct evidence that photochemical elimination and readdition
of H2 is concerted (see Discussion).

Laser Flash Photolysis. The transient photochemistry of Λ-
R,R-Ru1H2 and Λ-R,R-Ru2H2 was investigated on nanosecond
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and microsecond time scales in order to determine the UV/vis
spectra of the reaction intermediates of the type [Ru(PP)2] and to

determine the rates of reaction of the intermediates with hydrogen
and with the substrates used in the steady state reactions.
Reactions were initiated with a XeCl laser (308 nm, 10 ns pulse
width), and spectra were recorded point-by-point in cyclohexane
solution at 295 K.
The spectra of the transient species formed from Λ-R,R-Ru1H2

and Λ-R,R-Ru2H2 were recorded under a hydrogen atmosphere
(1 atm) in order to ensure the complete reversibility of the
reaction. The transient spectra derived from both the dihydride
complexes exhibit at least three absorption maxima between 400
and 800 nm and resemble those recorded previously for other
complexes of the type [Ru(PP)2].

11 The decay kinetics of the
transients were measured at each of the maxima, confirming that
they were indistinguishable and that they rose within the
instrument response time. They are assigned to a single
intermediate in each case, [Ru(BPE)2] and [Ru(DuPHOS)2],
respectively. The most intense lies at 500 nm for [Ru(BPE)2]
and 560 nm for [Ru(DuPHOS)2]; there is a long wavelength
feature at 740 nm for [Ru(BPE)2] and at 700 nm for
[Ru(DuPHOS)2] (Figure 7a, b).
Laser flash photolysis of Λ-R,R-Ru1H2 and Λ-R,R-Ru2H2

under argon results in the formation of the transient species,
which decay with pseudo-first-order kinetics over a time scale of
hundreds of microseconds (1.1 × 104 s−1) for Λ-R,R-Ru1H2 or
even milliseconds (2.6 × 103 s−1) for Λ-R,R-Ru2H2. However,
after laser flash photolysis of Λ-R,R-Ru1H2 and Λ-R,R-Ru2H2
under a hydrogen atmosphere, the transient absorbance returns to
the baseline, restoring the initial absorbance, indicating back
reaction with H2. The transients decay with pseudo-first-order
kinetics (Figure 7c, d) on a time scale of ca. 40 μs (Λ-R,R-Ru1H2)
and ca. 100 μs (Λ-R,R-Ru2H2). Complexes Λ-R,R-Ru1H2 and
Λ-R,R-Ru2H2 have also been tested under higher pressures of
hydrogen (from 1 to 5 bar), and both of the resulting transients

Figure 7. Left: transient UV/vis spectra measured point-by-point at 295 K in cyclohexane on laser flash photolysis under 1 atm H2 (308 nm) of: (a) Λ-R,R-
Ru1H2 and (b) Λ-R,R-Ru2H2. Right: transient decay after photolysis of (c) Λ-R,R-Ru1H2 recorded at 500 nm and (d) Λ-R,R-Ru2H2 followed at 560 nm.
The red lines show the fit to first-order kinetics. The differences between the observed and the fitted decays are shown under the transient decays.

Figure 6. Above: 1H NMR spectrum of Λ-R,R-Ru2H2 in C6D6 obtained
at 295 K during photolysis under a p-H2 atmosphere. Below: OPSY
experiment recorded under the same conditions (details of the hydride
resonances are shown in the inset).
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showed a linear dependence plot of kobs versus p(H2) (Figure 8).
The second-order rate constants, k2, for the regeneration of
the precursor in the presence of hydrogen were determined to be
(1.8 ± 0.1) × 107 dm3 mol−1 s−1 for [Ru(BPE)2] and (5.6 ± 0.4) ×
106 dm3 mol−1 s−1 for [Ru(DuPHOS)2]. The solubility of H2 was
taken as 4.7 × 10−3 mol dm−3 atm−1.37 The kinetic isotopic effects
were investigated, under different deuterium pressures (from 1 to
5 bar, Figure 8, Table 4). The KIEs are small for both intermediates

but slightly greater for [Ru(DuPHOS)2] (1.6 ± 0.1) than for
complex [Ru(BPE)2] (1.2 ± 0.1).38 The second-order rate constant
for reaction of [Ru(DuPHOS)2] with H2 was also determined in

benzene as solvent and was found to be insignificantly different
from the value measured in cyclohexane. The spectra and reactivity
of [Ru(PP*)2] toward hydrogen are consistent with prompt
photoelimination of H2 and thermal regeneration of [Ru-
(PP*)2(H)2] at room temperature under H2 (Scheme 3).

Laser flash photolysis in the presence of HBpin of Λ-R,R-
Ru1H2 and Λ-R,R-Ru2H2 resulted in rapid quenching of the
transient for both Λ-R,R-Ru1H2 and Λ-R,R-Ru2H2. The
formation and the decay of the transients were followed at
the absorption maximum under Ar with a range of borane
concentrations (see Supporting Information). The measured
absorbance differences always return to the baseline after several
microseconds, indicating that the transient complex is completely
consumed, leading to Ru(II) product. Plots of kobs against
[HBpin] were linear and gave second-order rate constants for
Λ-R,R-Ru1H2 of (9.90± 0.6) × 104 dm3 mol−1 s−1 and (1.05± 0.5) ×
104 dm3 mol−1 s−1 for Λ-R,R-Ru2H2. Analogous measurements with
PhSiH3 showed that the transient is quenched 10 times faster than in
the presence of HBpin (Table 4). A rate constant k2 of (3.06 ±
0.6) × 103 was determined for the reaction of [Ru(DuPHOS)2] in
the presence of pentafluorobenzene. The corresponding measure-
ment was not possible for [Ru(BPE)2], since no reaction occurs.
The effect of ethene (1 atm) on the transient kinetics was

investigated for Λ-R,R-Ru2H2. The transient decayed with
pseudo-first-order kinetics back to the baseline. Similar results
were obtained with a cyclohexane solution of Λ-R,R-Ru2H2
under 1 atm of CO. The values are not very different from
those obtained under an Ar atmosphere, and the characteristic
residual absorbance of Ru(0) complexes was not observed,
suggesting that these substrates are poor quenchers for
[Ru(DuPHOS)2].

■ DISCUSSION

Synthesis and Photochemistry. The synthesis and photo-
chemistry of Λ-[cis-Ru((R,R)-Me-BPE)2(H)2] Λ-R,R-Ru1H2, Δ-
[cis-Ru((S,S)-Me-DuPHOS)2(H)2] Δ-S,S-Ru2H2, and Λ-[cis-Ru-
((R,R)-Me-DuPHOS)2(H)2] Λ-R,R-Ru2H2 follow the pattern
established for other complexes of the type [Ru(PP)2(H)2],

11 but
they are more selective with respect to substrate, and the reactions
yield a single ruthenium epimer. The photochemical reactions are
summarized in Schemes 2 and 4. In this study, we have used circular

dichroism, competition studies, and p-H2 induced polarization
(PHIP) in addition to the NMR and laser flash methods used in
our previous studies, and we have obtained far more extensive
crystallographic characterization.

Figure 8. Plots of pseudo-first-order rate constants for the decay of the
transients obtained upon laser flash photolysis (308 nm) of complexes
Λ-R,R-Ru1H2 and Λ-R,R-Ru2H2 in cyclohexane vs the pressure of
quenching gas (H2 and D2). The lines through the points show the
best fits, and the colored lines show the 95% confidence limits.

Table 4. Second-Order Rate Constants and Kinetic Isotope
Effects for Reactions of Transient Species at 295 K in
Cyclohexane

k2, dm
3 mol−1 s−1

quencher Λ-R,R-Ru1H2 Λ-R,R-Ru2H2

H2 (1.8 ± 0.1) × 107 (5.6 ± 0.4) × 106

D2 (1.52 ± 0.07) × 107 (3.37 ± 0.05) × 106

kH2
/kD2

1.2 ± 0.1 1.6 ± 0.1

PhSiH3 (5.9 ± 0.4) × 105 (1.10 ± 0.9) × 105

HBpin (9.90 ± 0.6) × 104 (1.05 ± 0.5) × 104

C6F5H (3.06 ± 0.6) × 103

Scheme 3. Photodissociation of H2 and Regeneration of the
Starting Material upon Laser Flash Photolysis

Scheme 4. Configuration at the Ru Center upon Photolysis
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Stereochemistry in Solution and Crystalline State. In
all our experiments, we employed chiral phosphines. The ruthenium
atom in these bis chelate complexes provides a further stereogenic
center in addition to the two stereogenic carbon atoms on each
diphosphine. The NMR spectra of Λ-R,R-Ru1H2, Δ-S,S-Ru2H2,
and Λ-R,R-Ru2H2 each show a single hydride resonance attributed
to a C2 symmetric cis-dihydride as the exclusive species.
The 31P{1H} NMR spectra also point to a single stereoisomer
of the dihydrides. The DuPHOS complexes Δ-S,S-Ru2H2 and Λ-
R,R-Ru2H2 show identical NMR spectra but opposite circular
dichroism, as expected for mirror image complexes. The CD spectra
are far richer than the UV absorption spectra, with five CD maxima
but only one clear absorption maximum between 250 and 400 nm
for Δ-S,S-Ru2H2 and Λ-R,R-Ru2H2. The assignment of these
spectra is beyond the scope of this paper, but our measurements
establish that the transitions involve the metal centers, since the CD
spectra are quite distinct from those of the free ligands R,R-
DuPHOS and S,S-DuPHOS (the S,S ligand shows broad bands
with a positive Cotton effect with maxima at 320 and 245 nm and
one negative Cotton effect at 263 nm−see the Supporting
Information).39 Thus, the solution spectra point to the dominance
of a single isomer with high optical purity at metal and ligand (no
other isomer within limits of NMR detection). The crystal
structures of the dihydride complexes identify the configurations
at ruthenium.
The complexes react photochemically with a primary silane

(PhSiH3), a secondary silane (Et2SiH2), and a borane (HBpin) to
give cis oxidative addition products. The crystal structures indicate
that the methyl groups of the phosphine ligands prevent reactions
with tertiary silanes by steric hindrance. Each of the products is
formed as a single isomer, as is evident from the CD and NMR
spectra. Intriguingly, the BPE silyl hydride complexes retain the
configuration of their dihydride precursors, whereas the DuPHOS
silyl hydride complexes show the opposite configuration at
ruthenium (Scheme 4). Since the reactions proceed via square
planar [Ru(PP*)2], the mechanism provides an opportunity for
such a change of configuration (see below). The crystal structures
of the DuPHOS complexes show P−Ru−Si angles further from
the ideal octahedral angles and much closer contacts between
silicon and the hydride than the BPE complexes, consistent with
residual Si···H interactions for the DuPHOS complexes.
The photochemical reactions using the prochiral silane

(MePhSiH2) show formation of two diastereoisomers at Si with
a 2:1 ratio for BPE but 1:1 for DuPHOS. Elution of Λ-R,R-
Ru1(SiMePhH)(H) through an alumina column with toluene
and hexane as eluents gives different ratios of the products,
indicating some separation (ratio is always measured in C6D6).
The overall ratio of the isomers is preserved. These
observations indicate that there is no exchange between
isomers.
The BPE boryl hydride again retains the configuration at Ru.

While we have not succeeded in crystallizing the DuPHOS
boryl hydride, the CD spectra suggest that this complex retains
the configuration at Ru (see the Supporting Information).
Unlike the boryl hydride complexes of rhodium with a chiral
monodentate phosphine,9 there is no evidence for any dynamic
rearrangement at the metal.
We have succeeded with two C−H activation reactions: Λ-R,R-

Ru1H2 reacts with ethene to form cis and trans isomers of the vinyl
hydride R,R-Ru1(C2H3)(H). The reaction of Λ-R,R-Ru2H2 with
pentafluorobenzene yields trans-R,R-Ru2(C6F5)(H). Although it is
reasonable to surmise that cis-R,R-Ru2(C6F5)(H) is formed
initially, we have not observed it. The reasons for the complete

absence of R,R-Ru2(C2H3)(H) and R,R-Ru1(C6F5)(H) are not
known.
The photoreaction of Λ-R,R-Ru2H2 with ethene yields Δ-

R,R-Ru2(η2-C2H4) exclusively. As is typical for Ru(0)
complexes, this complex is red, with a prominent long
wavelength absorption. Notably, the corresponding CD spectra
show a very conspicuous broad band at the same wavelength.
This band may be assigned to a metal-to-ligand charge-transfer
transition. The signs of the CD transitions above 350 nm are
opposite to those of the starting dihydrides and the same as
those of the silyl hydride analogues.
The reactions with CO yield the expected Ru(0) carbonyls. The

31P NMR spectra of Λ-R,R-Ru1(CO) show evidence for axial−
equatorial exchange at room temperature through line broadening,
whereas those of Λ-R,R-Ru2(CO) show no evidence for exchange.
This observation provides direct evidence that the DuPHOS
complex is more rigid than its BPE counterpart because of the
phenylene ring. The low energy MLCT band of Λ-R,R-Ru2(CO)
revealed by circular dichroism lies to even longer wavelength than
that of Δ-R,R-Ru2(η2-C2H4). The sign of the Cotton effect
suggests that the Λ configuration is not changed compared to that
of the starting dihydride.

Photochemical Mechanism. Three independent lines of
evidence indicate that the primary photochemical step is
reductive elimination of dihydrogen: (a) the observation of the
characteristic multiband UV/vis spectra11 of the 4-coordinate
[Ru(PP*)2] within the instrumental rise time (<20 ns) on laser
flash photolysis of Λ-R,R-Ru1H2, and Λ-R,R-Ru2H2; (b) the
formation of hyperpolarized NMR spectra on photolysis of Λ-
R,R-Ru2H2 under p-H2; (c) the formation of [Ru-
(DuPHOS)2(D)2] + H2 but without HD, on photolysis of Λ-
R,R-Ru2H2 under a D2 atmosphere at low temperature. We
now consider each of these approaches in turn.

Laser Flash Photolysis. Similar multiband spectra for
[Ru(PP)2] have been observed previously for PP = dmpe,
depe, dppe, and dfepe and have been shown to be characteristic
of an approximate square planar geometry. The lowest energy
band was previously assigned to a dz2−pz transition;11 it is
observed at 740 and 700 nm for Λ-R,R-Ru1H2 and Λ-R,R-
Ru2H2, respectively, close to observations on the analogues. At
higher energy, we note that the most intense absorption band
of Λ-R,R-Ru2H2 is red-shifted significantly (560 nm) relative to
the spectra of the other complexes. The crystal structures of the
trans complexes provide models for the structures of [Ru-
(BPE)2] and [Ru(DuPHOS)2]. In trans-R,R-Ru1(Cl2) and
trans-R,R-Ru1(Br)(H), the [Ru(BPE)2] moiety approximates
to D2 symmetry (see Supporting Information) while the
[Ru(DuPHOS)2] moiety of trans-R,R-Ru2(C6F5)(H) shows a
significant twisting of Ru−P(1)−P(2) relative to Ru−P(3)−
P(4) (18.4°). This torsion, which maintains D2 symmetry, may
account for the shift observed in the UV/vis spectrum.

p-Hydrogen Induced Polarization (PHIP). Observation of
PHIP requires overpopulation of the (αβ−βα) nuclear spin
state. Such polarization has been demonstrated for numerous
examples of loss of H2, but the current experiments have some
special features. The two hydrides in most examples are chemically
inequivalent, but here they are chemically equivalent and PHIP is
possible thanks to their magnetic inequivalence.40 Our PHIP
spectra are recorded following in situ laser photolysis under 3 atm
p-H2 at 355 nm, as demonstrated previously.

34 The polarization of
the hydride proton resonance has also been transferred to
phosphorus.36 Since the polarization is generated entirely within
the strong magnetic field, it can be ascribed to the PASADENA
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effect.41 We have also observed some polarization in the resonance
of free hydrogen, as has been reported previously when H2 adds
reversibly to a metal.42 These experiments provide a rigorous
demonstration of concerted reductive elimination and readdition
of hydrogen.43 Notice that the PHIP experiments are much more
sensitive than the D2 exchange experiments and require shorter
photolysis times.
Exchange with D2. In situ laser photolysis of Λ-R,R-Ru2H2

in the presence of D2 at very low temperature (180 K) provides
straightforward evidence supporting exchange of [Ru-
(DuPHOS)2(H)2] with D2 and release of H2 with negligible
formation of HD. The equivalent reaction at 273 K, on the
other hand, shows substantial formation of HD, indicating
that an additional exchange process is occurring. Since no 2H
resonances were observed for exchange into the phosphine, we
suggest that the phosphine chelate ring opens reversibly under
these conditions, and dihydrogen coordinates to form [Ru(κ1-
DuPHOS)(DuPHOS)(H)2(η

2-D2)]. Such (dihydrogen)-
dihydride complexes typically undergo rapid exchange between
dihydrogen and hydride ligands;44 chelate ring closing will then
expel HD. This is the only evidence that we have obtained
indicating a process competing with photochemical reductive
elimination from the dihydride complexes.
Kinetics. The reactivity of the intermediates [Ru(BPE)2]

and [Ru(DuPHOS)2] has been explored by transient kinetics.
The second-order rate constant for back reaction of [Ru-
(BPE)2] with H2 ((1.8 ± 0.1) × 107 dm3 mol−1 s−1) is similar
to that for [Ru(dppe)2] but substantially smaller than those for
[Ru(dmpe)2] and [Ru(depe)2]. The rate constant for reaction
of [Ru(DuPHOS)2] with H2 is three times smaller than that for
reaction with [Ru(BPE)2]. The kinetic isotope effects (KIEs)
for these reactions are 1.18 ± 0.08 and 1.63 ± 0.12,
respectively. These reactions have very small barriers that are
almost certainly created by steric hindrance, and the KIE is
correspondingly small.
The rate constants for reaction of the three oxidative addition

substrates with [Ru(BPE)2] span a factor of 200 and follow the
order H2 > PhSiH3 > HBpin. The corresponding rate constants
for reaction of [Ru(DuPHOS)2] are between three and nine times
smaller, but they follow the same order (Figure 9, Table 4).

Notably, this order still applies if a statistical correction is applied
for the number of hydrogen atoms available for activation. The
rate constant for reaction of [Ru(DuPHOS)2] with C6F5H was
even smaller than that for other substrates (1800 times smaller

than that for reaction with H2). The reaction rate with Et2SiH2 was
too slow to determine by these methods.
The reason that the reactions of [Ru(BPE)2] and [Ru-

(DuPHOS)2] are slower than those of [Ru(dmpe)2] and
[Ru(depe)2] almost certainly lies with the blocking action of the
methyl substituents on the phospholane rings (see Figure 4 and
the Supporting Information). The evidence of the crystal
structures of Λ-R,R-Ru1H2 and Λ-R,R-Ru2H2 indicates that the
steric constraints are greater for Λ-R,R-Ru1H2, but it is
[Ru(DuPHOS)2] that reacts more slowly, probably because the
C6H4 link is more rigid than the CH2CH2 link between the
phosphorus atoms.
In addition to transient kinetic measurements, we performed

competition reactions in which we followed the photoreaction
of Λ-R,R-Ru1H2 or Λ-R,R-Ru2H2 in the presence of two sub-
strates. These tests demonstrated that the selectivity PhSiH3 >
HBpin > Et2SiH2 can be observed in steady state photochemical
experiments, just as in transient spectroscopy. However,
exchange between substrates also occurs on photolysis of
Λ-R,R-Ru1(Et2SiH)(H) in the presence of HBpin or PhSiH3,
indicating that the product distribution represents a photo-
stationary state.

Mechanism of Epimerization at Ruthenium. The
observation of a Λ structure for Λ-R,R-Ru2H2 but a Δ
structure for Δ-R,R-Ru2(E)(H) (E = Et2SiH, PhSiH2) shows
that R,R-DuPHOS can bind to the ruthenium center in either
configuration. Moreover, the formation of Δ-[cis-R,R-Ru2(E)-
(H)] rather than the trans isomer indicates that these are
kinetic not thermodynamic products. The mechanism by which
[Ru(DuPHOS)2] selects a particular configuration may depend
on the twist in its structure.45

■ CONCLUSIONS
We have reported the synthesis and photochemistry of C2-
symmetric Λ-[cis-Ru((R,R)-Me-BPE)2(H)2] Λ-R,R-Ru1H2, Δ-[cis-
Ru((S,S)-Me-DuPHOS)2(H)2] Δ-S,S-Ru2H2, and Λ-[cis-Ru-
((R,R)-Me-DuPHOS)2(H)2] Λ-R,R-Ru2H2. Photolysis causes
reductive elimination of H2 followed by oxidative addition of
H−H, Si−H, B−H, and C−H bonds. The oxidative addition
reactions require sterically small substrates such as PhSiH3, C2H4,
or HBpin. The chiral ligands control the configuration of the
stereogenic ruthenium center both in solution as demonstrated by
NMR and CD spectroscopy and in the crystalline state such that
only a single configuration is formed. However, the particular
configuration depends on the nature of the substituent E in cis-
[Ru(PP*)2(E)(H)] and/or on the mechanism of epimerization at
the ruthenium center. All the complexes are stereochemically rigid
at room temperature. The CD spectra prove valuable in
demonstrating that the complexes are essentially single isomers
and in observing several transitions that are typically obscured by
overlap within UV/vis absorption spectra. The crystal structures of
Δ-R,R-Ru2(Et2SiH)(H) and Δ-R,R-Ru2(PhSiH2)(H) show re-
sidual Si···Hhydride interactions that are absent from their BPE
analogues.
The PHIP experiments and the deuterium exchange methods

prove a very valuable addition to laser flash photolysis in
establishing that the reductive elimination and the readdition of
dihydrogen are concerted. The rate constant for reaction of
[Ru(DuPHOS)2] with H2 is slow relative to that for related
complexes. Both [Ru(BPE)2] and [Ru(DuPHOS)2] exhibit a
kinetic selectivity of H2 > PhSiH3 > HBpin > Et2SiH2, as shown by
a combination of transient kinetics and steady state photochemical
competition reactions. The photochemical reactions with

Figure 9. Plot of log10 k2 versus the different quenchers for Λ-R,R-
Ru1H2 (stipple) and Λ-R,R-Ru2H2 (hatched), where k2 is the second-
order rate constant.
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pentafluorobenzene and with ethene constitute the only two C−H
activation reactions observed and are distinct from the B−H and
Si−H activation reactions. Pentafluorobenzene reacts only with Λ-
R,R-Ru2H2 and yields a product with a trans configuration. The
reaction with ethene yields a simple π-complex with Λ-R,R-Ru2H2
but a mixture of three products with Λ-R,R-Ru1H2, the π-complex,
and both the cis and trans vinyl hydride complexes. The molecular
structure of the [Ru(DuPHOS)2] complex with a trans configura-
tion shows a significant twist of the RuP4 skeleton away from
square planar, but the trans-[Ru(BPE)2] complexes have skeletons
close to the ideal D2 symmetry. We postulate that the twist in the
DuPHOS structures acts as the selector that controls the Ru
configuration in reaction with substrates.

■ EXPERIMENTAL SECTION
General Procedures. All operations were performed under a

nitrogen or argon atmosphere, either on a high-vacuum line (10−4

mbar), on standard Schlenk (10−2 mbar) lines, or in a glovebox.
Solvents for general use (hexane, cyclohexane, THF, benzene, toluene)
were of AR grade, dried by distillation over sodium, and stored under
Ar in ampules fitted with a Young’s PTFE stopcock. Deuterated
solvents were dried by stirring over potassium and distilled under high
vacuum into small ampules with a potassium mirror. (R,R)-Me-BPE,
(R,R)-Me-DuPHOS, (S,S)-Me-DuPHOS, HBpin, and 2-butanol were
obtained from Aldrich. The chiral phosphines are described as of
“Kanata purity”. [RuCl2(COD)]x was synthesized according to the
literature procedure.46

Photochemical reactions at room temperature were performed in pyrex
NMR tubes fitted with Young’s PTFE stopcocks by using a Philips 125 W
medium-pressure mercury vapor lamp with a water filter (5 cm).
Microanalyses were carried out by Elemental Microanalysis Ltd.
NMR Spectroscopy. All standard NMR spectra were recorded on

AMX500 spectrometers, unless otherwise stated, in tubes fitted with
Young’s PTFE stopcocks. All 1H and 13C chemical shifts are reported
in ppm (δ) relative to tetramethylsilane and referenced using the
chemical shifts of residual protio solvent resonances (benzene, δ 7.16).
The 31P{1H} NMR spectra were referenced to external H3PO4,

11B
NMR spectra to external BF3·Et2O,

19F spectra to external CFCl3, and
29Si spectra to external TMS. 2D NMR spectra were recorded with a
standard HMQC pulse program varying the values of cnst2 from 2 to
200 Hz.
In-Situ Photolysis. We described our set up for in situ laser

photolysis within an NMR spectrometer in recent papers.34 Laser
photolysis was carried out with a pulsed Nd:YAG laser (Continuum
Surelite II) fitted with a frequency tripling crystal. Operating conditions
were typically 10 Hz repetition rate, flash lamp voltage 1.49 kV, Q-switch
delay increased from the standard to 320 μs, yielding a laser power of
85 mW when operating at 355 nm. A very dilute sample of [Ru-
(CO)2(Ph2PCH2CH2PPh2)(PPh3)] in C6D6 was used for laser alignment,
with para-hydrogen amplification in real time. NMR spectra were
recorded on a Bruker Avance wide-bore 600 MHz spectrometer. For
PHIP experiments, hydrogen enriched in the para spin state was prepared
by cooling H2 to 35 K over activated charcoal using the system described
previously.47

Laser Flash Photolysis. Samples were prepared exclusively in the
glovebox. They were loaded into a quartz cuvette (10 mm path-
length) fitted with a Young’s PTFE stopcock, a degassing bulb, and a
greaseless Young’s connection. The complex (ca. 2−3 mg) was
dissolved in cyclohexane (5 mL) in an argon-filled glovebox with a
concentration selected to have an absorbance at the laser wavelength
(308 nm) between 0.6 and 0.85. Liquid quenchers were added with a
microliter syringe to the solution containing the complexes. The
solution was then degassed by freeze−pump−thaw cycle (3 times) on
a high-vacuum Schlenk line before being backfilled with the
appropriate gas. The gaseous quencher (or argon) was admitted up
to 1 atm pressure on the high vacuum Schlenk line. For high pressure
work the window edges of the cuvette were flamed to secure the seal
and the Young’s connection was replaced by a glass-to-metal seal and a

Swagelok fitting. The gas was admitted on a high pressure line and the
pressure measured with an MKS Baratron capacitance manometer.
The cell was held in a metal container for safety. A single sample was
used for each run with increasing gas pressure. The results were
consistent with a corresponding run with decreasing gas pressure. The
variable pressure measurements were performed on two different
samples each for H2 and D2 and were carried out side-by-side on the
same day. The gases were of Research grade: deuterium 99.96 atom %
D, Isotec; hydrogen N5.5, BOC; argon N5.5, BOC.

The apparatus consists of an excimer laser (MPB Technologies Inc.,
MSX-250) operating at 308 nm (XeCl) as the exciting source, coupled
to an Applied Photophysics laser kinetic spectrometer with a Xe arc
lamp (XM-300-5 HS made by ORC) as a white light source. The laser
pulse (ca. 11 ns) is focused into a beam of ca. 1-mm diameter and
directed through the sample together with the monitoring beam in a
collinear arrangement by means of a quartz beam splitter. Light falling
on the photomultiplier detector is sampled by a Tektronix TDS 520
oscilloscope and transferred to a computer for data analysis and
storage. Transient decays are usually analyzed as 15 shot averages. The
computer is used to fire the laser, and the oscilloscope is triggered by
diverting part of the laser beam and focusing onto a photodiode.
Transient spectra are obtained by the point-by-point method and
correspond to difference spectra after particular fixed times following
the laser flash. The samples were maintained at 295 K.

Mass Spectra. EI mass spectra and the LIFDI mass spectra were
measured on a Waters Micromass GCT Premier orthogonal time-
of-flight instrument set to one scan per second with resolution power of
6000 fwhm and equipped with a LIFDI probe from LINDEN GmbH.
The design is very similar to that described by Gross et al.48 Toluene
was used for tuning the instrument. The polyethylene glycol probe was
kept at ambient temperature with the emitter potential at 12 kV.
Activated tungsten wire LIFDI emitters (13 μm tungsten from LINDEN)
were ramped manually up to 100 mA for the emitter heating current
during the experiment.

UV/Vis Absorption and Circular Dichroism. CD spectra were
run on a Jasco J-810 spectropolarimeter at room temperature (20 °C)
from 550 to 215 nm with a speed of 200 nm/min in a 1 cm cuvette
fitted with a Young’s PTFE stopcock. The same solutions were used
for UV/vis spectroscopy (UV/vis ChemStation Agilent 8453).
Samples derived from Δ-S,S-Ru2H2 and Λ-R,R-Ru2H2 were diluted
to match their UV absorbances. The CD and UV/vis spectra were
recorded on the same day for each sample. The contribution of the
solvent was subtracted and data analyzed with Microcal Origin 6.1.
Values of Δε were calculated using the equation Δε = θ/(32982 × c × l),
where θ is ellipticity in mdeg, c is the concentration in mol dm−3, and l is
the path length in cm.49 UV/vis and CD data are listed in the Supporting
Information.

X-ray Crystallography. Crystallographic parameters are summar-
ized in Tables 5 and 6. Diffraction data for Λ-R,R-Ru1H2, Λ-R,R-
Ru2H2, Λ-R,R-Ru1(Et2SiH)(H), and Δ-R,R-Ru2(η2-C2H4) were
collected at 110 K on a Bruker Smart Apex diffractometer with
Mo Kα radiation (λ = 0.71073 Å) using a SMART CCD camera.
Diffractometer control, data collection, and initial unit cell
determination was performed using SMART (v5.625 Bruker-AXS).
Frame integration and unit-cell refinement was carried out with
SAINT+ (v6.22, Bruker AXS). Absorption corrections were applied
using SADABS (v2.03, Sheldrick). The structures were solved by
either Patterson or direct methods using SHELXS-97 (Sheldrick,
1997) and refined by full-matrix least-squares using SHELXL-97
(Sheldrick, 1997).50 Diffraction data for Δ-S,S-Ru2H2, Δ-R,R-Ru2-
(Et2SiH)(H), Λ-R,R-Ru1(PhSiH2)(H), Δ-R,R-Ru2(PhSiH2)(H), Λ-
R,R-Ru1(Bpin)(H), Λ-S,S-Ru2(η2-C2H4), trans-R,R-Ru2(C6F5)(H),
trans-R,R-Ru1(Cl)2, and trans-R,R-Ru1(Br)(H) were collected at
110 K on an Agilent SuperNova diffractometer with Mo Kα radiation
(λ = 0.71073 Å). Data collection, unit cell determination, and frame
integration were carried out with “CrysalisPro”. Absorption corrections
were applied using crystal face-indexing and the ABSPACK absorption
correction software within CrysalisPro. Structures were solved and
refined using Olex251 implementing SHELX algorithms. Structures
were solved by either Patterson or direct methods using SHELXS-97
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and refined by full-matrix least-squares using SHELXL-97.50 All non-
hydrogen atoms were refined anisotropically. Carbon-bound hydrogen
atoms were placed at calculated positions and refined using a “riding

model”. Hydrogen atoms bound to ruthenium, silicon, and also for

coordinated ethene were found by difference map and refined.

Table 5. Crystallographic Data for Λ-R,R-Ru1H2, Δ-S,S-Ru2H2, Λ-R,R-Ru2H2, Λ-R,R-Ru1(Et2SiH)(H), Λ-R,R-
Ru1(PhSiH2)(H), Δ-R,R-Ru2(Et2SiH)(H), and Δ-R,R-Ru2(PhSiH2)(H)

Λ-R,R-Ru1H2

Δ-S,S-
Ru2H2·hexane

Λ-R,R-
Ru2H2·hexane

Λ-R,R-
Ru1(Et2SiH)(H)

Λ-R,R-
Ru1(PhSiH2)(H)

Δ-R,R-
Ru2(Et2SiH)(H)

Δ-R,R-
Ru2(PhSiH2)(H)

formula C28H58P4Ru C42H72P4Ru C42H72P4Ru C32H68P4RuSi C34H64P4RuSi C40H68P4RuSi C42H64P4RuSi
formula weight 619.69 801.95 801.95 705.90 725.89 801.98 821.97
T/K 110(2) 110(2) 110(2) 110(2) 110(2) 110(2) 110(2)
crystal system trigonal orthorhombic orthorhombic monoclinic orthorhombic monoclinic monoclinic
space group P32 P212121 P212121 P21 P212121 P21 P21
a (Å) 10.5462(3) 10.4162(13) 10.4095(13 10.7597(6) 10.8954(6) 11.2756(4) 11.6044(3)
b (Å) 10.5462(3) 14.9533(9) 14.9482(19) 17.1350(10) 18.2414(9) 17.8651(5) 16.5646(2)
c (Å) 24.2854(16) 26.769(11) 26.671(3) 20.2240(11) 18.2696(9) 11.2779(5) 12.0137(3)
α (deg) 90 90 90 90 90 90 90
β (deg) 90 90 90 105.1160(10) 90 116.017(5) 118.031(3)
γ (deg) 120 90 90 90 90 90 90
V/Å3 2339.20(18) 4169.4(18) 4150.1(9) 3599.6(4) 3631.0(3) 2041.59(13) 2038.40(8)
Z 3 4 4 4 4 2 2
ρcalc (mg/m

3) 1.320 1.278 1.284 1.303 1.328 1.305 1.339
F(000) 990 1712 1712 1512 1544 852 868
reflns collected 35612 14373 42415 41336 20656 6280 18668
ind reflns 9030 8493 10321 20034 8153 5671 11806
data/restraints/
parameters

9030/28/376 8493/1/442 10321/0/442 20034/17/737 8153/0/379 5671/1/433 11806/1/453

GooF on F2 1.056 1.093 1.155 1.034 1.049 1.055 1.015
R1 [I > 2σ(I)] 0.0268 0.0452 0.0276 0.0309 0.0275 0.0307 0.0273
wR2 (all data) wR2 = 0.0595 wR2 = 0.1090 wR2 = 0.0675 wR2 = 0.0673 wR2 = 0.0578 wR2 = 0.0805 wR2 = 0.0600
max. diff peak and hole (e
Å−3)

0.813, −0.707 1.054, − 0.752 0.972, −0.334 1.076, −0.407 0.383, −0.267 0.710, −0.531 0.391, −0.275

absolute structure (Flack) −0.012(17) 0.01(3) −0.005(18) −0.034(12) −0.025(18) −0.04(3) −0.047(13)
CCDC no. 853298 853300 853299 853301 853302 853303 853304

Table 6. Crystallographic Data for Λ-R,R-Ru1(Bpin)(H), Λ-S,S-Ru2(η2-C2H4), Δ-R,R-Ru2(η2-C2H4), trans-R,R-Ru2(C6F5)(H),
trans-R,R-Ru1(Br)(H), and trans-R,R-Ru1(Cl)2

Λ-R,R-Ru1(Bpin)
(H)

Λ-S,S-Ru2(η2-
C2H4)

Δ-R,R-Ru2(η2-
C2H4)

trans-R,R-Ru2(C6F5)
(H)

trans-R,R-Ru1(Br)
(H)

trans-R,R-
Ru1(Cl)2

formula C34H69BO2P4Ru C38H60P4Ru C38H60P4Ru C42H57F5P4Ru C28H57BrP4Ru C28H56Cl2P4Ru
formula weight 745.65 741.81 741.81 881.83 698.60 688.58
T/K 110(2) 110(2) 110(2) 110(2) 110(2) 110(2)
cryst syst orthorhombic orthorhombic orthorhombic monoclinic triclinic orthorhombic
space group P212121 P212121 P212121 P21 P1 P212121
a (Å) 10.09766(17) 10.2481(3) 10.2545(14) 12.52495(14) 9.666(3) 11.60235(14)
b (Å) 18.0979(3) 17.7037(5) 17.707(2) 12.65101(13) 11.403(2) 13.80119(14)
c (Å) 20.9211(3) 19.8698(5) 19.889(3) 12.52993(13) 15.665(4) 19.8946(2)
α (deg) 90 90 90 90 73.02(2) 90
β (deg) 90 90 90 92.9129(10) 89.56(2) 90
γ (deg) 90 90 90 90 75.84(2) 90
V/Å3 3823.25(10) 3604.96(16) 3611.3(8) 1982.84(4) 1597.4(7) 3185.65(6)
Z 4 4 4 2 2 4
ρcalc (mg/m

3) 1.295 1.367 1.364 1.477 1.452 1.436
F(000) 1592 1568 1568 961 728 1448
reflns collected 31688 33778 49507 14233 13356 16563
ind reflns 10702 11534 8955 8822 9568 8917
data/restraints/parameters 10702/0/395 11534/0/412 8955/0/412 8822/1/481 9568/3/637 8917/0/324
GooF on F2 1.055 1.058 1.049 1.035 1.016 1.014
R1 [I > 2σ(I)] 0.0249 0.0251 0.0242 0.0257 0.0296 0.0317
wR2 (all data) 0.0540 0.0538 0.0562 0.0541 0.0551 0.0576
max. diff peak and hole (e Å−3) 0.530, −0.270 0.541, −0.300 0.641, −0.219 0.410, −0.360 0.565, −0.451 0.477, −0.383
absolute structure (Flack) −0.040(13) −0.034(13) −0.007(15) −0.068(14) −0.001(5) −0.022(19)
CCDC no. 853305 853306 853307 853308 853310 853309
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Syntheses and NMR Experiments. [Ru(PP*)2(H)2]. The
complexes were synthesized by heating with stirring [Ru(COD)Cl2]x,
the corresponding bidentate phosphine, and NaOH in 2-butanol at 80 °C,
in a similar manner to the literature procedure. Instead of 3 h of heating,
the reaction was run overnight.19 In cases where the value of JHH is given
after a multiplet designation, this value was measured from 1H{31P}
spectra and JPH was not determined. The following superscript
abbreviations are used: r denotes ring of the phospholane, b backbone, e

ethylene, Si silane, R and S enantiomers.
Λ-[cis-Ru((R,R)-Me-BPE)2(H)2], Λ-R,R-Ru1H2 (C6D6, 300 K),

1H: δ 2.09 (m, 2H, CH2
r), 1.95 (m, 4H, 2CH2

r and 2CH), 1.87 (m, 2H,
CH2

b), 1.68 (m, 6H, CH), 1.53 (q, JPH = 15.8, JHH = 6.9 Hz, 6H, CH3),
1.44 (m, 2H, CH2

r), 1.38 (m, 2H, CH2
r), 1.23 (m, 2H, CH2

r), 1.16 (dd,
JPH = 12.8, JHH = 7.1 Hz, 6H, CH3), 1.12 (dd, JPH = 16.4, JHH = 7.4 Hz,
6H, CH3), 1.02 (q, JPH = 11.8, JHH = 6.7 Hz, 6H, CH3), 0.8 (m, 3H,
CH2

b), 0.68 (m, 3H, CH2
b), −10.7 (m, Ru−H); 31P{1H}: δ 101.5 (t,

JPP = 17 Hz), 96.8 (t, JPP = 17 Hz); 13C{1H}: δ 39.47 (m, CH), 39.34
(m, CH), 38.15 (m, CH), 33.44, 34.4, 35.02, 35.76 (s, CH2

r), 28.85 (m,
CH2

b), 28.13 (q, JPC = 15 Hz, CH2
b), 21.86 (t, JPC = 5 Hz, CH3), 21.22

(t, JPC = 8 Hz, CH3), 15.54 (s, CH3), 14.12 (s, CH3). gNMR simulation
values for 1H resonance at δ −10.7: trans-JPH = 68 Hz, cis-JPH = −25 and
25 Hz, JHH = 3.5 Hz. 31P{1H}: trans-JPP = 200 Hz, cis-JPP = 17 and
4.7 Hz. Anal. Calcd for C28H58P4Ru (619.69 g·mol

−1) C, 54.27; H, 9.43.
Found: C, 54.00; H, 9.44. IR (hexane, cm−1): 1835. Mass spectra (EI, m/z):
618 (100%, [M − H2]

+); (LIFDI, m/z): 620 (70%, M+), 618 (100%, [M −
H2]

+), exp 620.2404, calcd for C28H58P4Ru 620.2533, difference−12.5 mDa.
Δ-[cis-Ru((S,S)-Me-DuPHOS)2(H)2], Δ-S,S-Ru2H2, or Λ-[cis-Ru-

((R,R)-Me-DuPHOS)2(H)2], Λ-R,R-Ru2H2 (C6D6, 300 K),
1H: δ 7.64

(d, JHH = 7 Hz, 2H, Ph), 7.52 (d, JHH = 7 Hz, 2H, Ph), 7.11 (d, JHH =
7 Hz, 4H, Ph), 2.62 (m, 4H, CH, CH2), 2.42 (m, 2H, CH), 2.16 (m, 6H,
CH, CH2), 1.85 (m, 6H, CH, CH2), 1.66 (q, 6H, JPH = 17, JHH = 7 Hz,
6H, CH3), 1.56 (m, 4H, CH2), 1.33 (m, 2H, CH2), 1.04 (q, 6H, JPH =
15, JHH = 7 Hz, 6H, CH3), 0.87 (dd, 6H, JPH = 17, JHH = 7 Hz, 6H,
CH3), 0.60 (dd, 6H, JPH = 13, JHH = 7 Hz, 6H, CH3), −10.0 (m, 2H,
Ru−H); 31P{1H}: δ 103.35 (t, JPP = 20 Hz), 100.12 (t, JPP = 20 Hz);
13C{1H}: δ 152.33 (m, Cb), 147.02 (m, Cb), 131.3 (m, JPC = 7 Hz,
CHb), 129.57 (t, JPC = 8 Hz, CHb), 127.66 (s, CHb), 127.24 (s, CHb),
45.77 (m, JPC = 11 Hz, CH), 43.18 (m, JPC = 11 Hz, CH), 40.21 (m,
JPC = 16 Hz, CH), 37.52 (s, CH2), 36.82 (s, CH2), 35.45 (m, CH,
CH2), 35.08 (s, CH2), 26.14 (s, CH2), 21, 94 (m, CH3), 21.78 (s,
CH3), 17.15 (s, CH3), 13.76 (s, CH3). gNMR simulation values for 1H
resonance at δ −10: trans-JPH = 71 Hz, cis-JPH = 25.5 and −19.5 Hz,
JHH = 6.5 Hz. 31P{1H}: trans-JPP = 200 Hz, cis-JPP = 7 and 20 Hz. Anal.
Calcd for C36H58P4Ru (716.25 g·mol−1) C, 60.40; H, 8.17. Found: C,
59.87; H, 8.33. IR (hexane, cm−1): 1845. Mass spectra (EI, m/z):
714 (100%, [M − H2]

+); (LIFDI, m/z): 716 (60%, M+), 714 (100%,
[M − H2]

+), exp 716.2469, calcd for C36H58P4Ru 716.2533, difference
−6.4 mDa.
Λ-[cis-Ru((R,R)-Me-BPE)2(Et2SiH)(H)], Λ-R,R-Ru1(Et2SiH)(H).

An NMR tube was charged with Λ-R,R-Ru1H2 (∼ 5 mg) and a slight
excess of Et2SiH2 in hexane; the solution was degassed and then
irradiated with UV light. The solution remains colorless. The progress
of the reaction was followed by 31P NMR spectroscopy. Reactions
performed in hexane or C6D6 or neat silane produced the same results.
NMR (C6D6, 300 K), 1H: δ 3.99 (br, 1H, HSi), 2.64 (m, JHH = 7 Hz,
1H, CH2

b), 2.42 (m, JHH = 6 Hz, 2H, CH2
r), 2.31 (m, JHH = 7 Hz, 1H,

CH2
r), 2.15 (m, JHH = 7 Hz, 1H, CH), 2.05 (m, JHH = 7 Hz, 3H, CH,

CH2
r), 1.90 (m, JHH = 6 Hz, 5H, CH, CH2

r), 1.73 (m, JHH = 8 Hz, 2H,
CH), 1.62 (m, JHH = 8 Hz, 6H, CH3

Si), 1.43 (m, JHH = 8 Hz, 6H, CH3,
CH2

Si), 1.25 (dd, JHH = 7, JPH = 11 Hz, 3H, CH3), 1.19 (dd, JHH = 7,
JPH = 12 Hz, 3H, CH3), 1.04 (m, JHH = 7 Hz, 4H, CH, CH3), 0.91
(overlapping dd, JHH = 7, JPH = 10 Hz, 9H, 3CH3), 0.67 (m, 6H, CH2

b,
CH2

Si), −10.04 (m, 1H, Ru−H); 31P{1H}: δA 104.9 (ddd, JAX = 224,
JAM = JAQ = 25 Hz), δM 90.52 (pseudoq, JMA = 25, JMQ = JMX = 21 Hz,
PtransH), δQ 88.03 (m, JQA = 25, JQM = JQX = 21 Hz, PtransSi), δX 82.11
(dt, JXA = 224, JXM = JXQ = 21 Hz); 1H−29Si HMQC: δ 23.42 (dd,
JSiH =146 Hz, JSiP =138 Hz),

1H−29Si{31P} HMQC: δ 23.42 d, JSiHhydride =
8 Hz. gNMR simulation values for 1H resonance at δ −10.04: trans-JPH =
65 Hz, cis-JPH = −26, −19.5, and −21 Hz. 31P{1H}: trans-JPP = 224 Hz, cis-
JPP = 21 and 25 Hz.

Λ-[cis-Ru((S,S)-Me-DuPHOS)2(Et2SiH)(H)], Λ-S,S-Ru2(Et2SiH)-
(H) or Δ-[cis-Ru((R,R)-Me-DuPHOS)2(Et2SiH)(H)], Δ-R,R-Ru2-
(Et2SiH)(H). A similar procedure was followed, resulting in a
yellow/orange solution. NMR (C6D6, 300 K), 1H: δ 7.75−6.89 (8H,
Ph), 4.38 (br, 1H, HSi), 2.80 (m, 2H, CH2), 2.61 (m, 2H, CH), 2.41
(m, 2H, CH2), 2.23 (m, 2H, CH2), 2 (m, 1H, CH), 1.79 (t, JHH =
8 Hz, 6H, 2CH3

Si), 1.53 (dd, JPH = 12, JHH = 7 Hz, 6H, 2CH3), 1.49
(m, 4H, CH2

Si), 0.28 (dd, JPH = 12, JHH = 7 Hz, 3H, CH3), 0.22
(dd, JPH = 12, JHH = 7 Hz, 3H, CH3), 0.11 (dd, JPH = 12, JHH = 7 Hz,
3H, CH3), −9.5 (m, 1H, Ru−H); 31P{1H}: δA 102.3 (ddd, JAX = 228,
JAM = JAQ = 19 Hz), δX 98.63 (dt, JXA = 228, JXM = JXQ = 25 Hz), δM
71.34 (q, JMA = JMX = 25, JMQ = 19 Hz, PtransH), δQ 63.38 (m, JQM =
JQX = 25, JQA = 19 Hz, PtransSi);

1H−29Si HMQC: δ 10.8 (dd, JSiH =
141 Hz, JSiP = 132 Hz). Anal. Calcd for C40H68P4RuSi (802.31 g·mol−1)
C, 59.9; H, 8.55. Found: C, 59.04; H, 8.06. Mass spectra (LIFDI,
m/z): 714 (100%, [M−H2]

+), 802 (45%, M+), exp 802.3100, calcd for
C40H68P4RuSi 802.3084, difference 1.6 mDa.

Λ-[cis-Ru((R,R)-Me-BPE)2(PhSiH2)(H)], Λ-R,R-Ru1(PhSiH2)(H).
A similar procedure was followed, resulting in a slight yellow solution.
NMR (C6D6, 300 K),

1H: δ 8.25 (d, JHH = 7 Hz, 2H, PhSi), 7.30 (t, JHH =
7 Hz, 2H, PhSi), 7.21 (t, JHH = 7 Hz, 1H, PhSi), 4.86 (pseudoq, JPH = 20,
JHH = 7 Hz, 1H, HSi), 4.56 (m, JPH = 20, JHH = 7 Hz, 1H, HSi), 2.68 (m,
JHH = 7 Hz, 2H, CH2

b), 2.38 (m, JHH = 7 Hz, 1H, CH2
r), 2.06 (m, 2H,

CH, CH2
r), 1.94 (m, 4H, CH, CH2

r), 1.77 (m, 3H, CH), 1.66 (m, 2H,
CH), 1.54 (dd, JPH = 16, JHH = 7 Hz, 6H, 2CH3), 1.46 (dd, JPH = 12,
JHH = 7 Hz, 3H, CH3), 1.36 (m, 4H, CH, CH2

r), 1.25 (m, 10H, CH,
CH2

b, CH3), 1.09 (dd, JPH = 12, JHH = 7 Hz, 3H, CH3), 0.96, 0.91
(overlapping dd, JPH = 16, JHH = 7 Hz, 9H, 3CH3), 0.85 (dd, JPH = 12,
JHH = 7 Hz, 3H, CH3), −9.91 (m, 1H, Ru−H); 31P{1H}: δA 101.16 (ddd,
JAX = 222, JAM = JAQ = 25 Hz), δM 92.13 (q, JMA = JMX = 25, JMQ = 19 Hz,
PtransH), δQ 85.87 (q, JQA = 20, JQM = JQX = 17 Hz, PtransSi), δX 84.58
(dt, JXA = 223, JXM = JXQ = 20 Hz); 1H−29Si HMQC: δ −18.17
(dd, JSiH =146 Hz, JSiP =163 Hz), 1H−29Si{31P} HMQC: δ −18.17 d,
JSiHhydride = 8 Hz.

Δ -[c i s -Ru((R ,R)-Me-DuPHOS)2(PhSiH2)(H)] , Δ -R ,R -
Ru2(PhSiH2)(H). A similar procedure was followed, resulting in a yellow
solution. NMR (C6D6, 300 K), 1H: δ 8.46 (d, JHH = 7 Hz, 2H, PhSi),
7.39 (t, JHH = 7 Hz, 2H, PhSi), 7.27 (m, 4H, PhSi, Ph), 7.07 (m, 3H,
PhSi, Ph), 6.89 (dd, JHH = 7, 20 Hz, 4H, PhSi, Ph), 5.62 (m, 1H, HSi),
5.47 (br d, JHH = 6 Hz, 1H, HSi), 3.12 (m, JHH = 7 Hz, 1H, CH2),
2.71 (m, JHH = 7 Hz, 1H, CH2), 2.53 (m, JHH = 7 Hz, 2H, CH2), 2.35
(m, JHH = 7 Hz, 1H, CH), 2.2 (m, JHH = 7 Hz, 1H, CH), 2.06 (m, JHH =
7 Hz, 1H, CH), 1.96 (m, JHH = 7 Hz, 2H, CH, CH2), 1.86 (dd, JHH = 7,
JPH = 16 Hz, 3H, CH3), 1.79 (m, JHH = 7 Hz, 2H, CH, CH2), 1.71 (dd,
JHH = 7, JPH = 17 Hz, 3H, CH3), 1.63 (m, JHH = 7 Hz, 3H, 2CH, CH2),
1.56 (dd, JHH = 7, JPH = 16 Hz, 3H, CH3), 1.37 (m, JHH = 7 Hz, 5H,
3CH, 2CH2), 1.19 (dd, JHH = 7, JPH = 17 Hz, 3H, CH3), 0.28 (dd, JHH = 7,
JPH = 12 Hz, 3H, CH3), 0.21 (overlapping dd, 6H, 2CH3), 0.15 (dd, JHH =
7, JPH = 12 Hz, 3H, CH3), −9.11 (m, 1H, Ru−H); 31P{1H}: δA 101.88
(ddd, JAX = 221, JAM = JAQ = 21 Hz), δX 96.12 (dt, JXA = 221, JXM = JXQ =
26 Hz), δM 73.61 (q, JMA = JMX = 25, JMQ = 20 Hz, PtransH), δQ 60.82
(m, JQA = 20, JQM = JQX = 26 Hz, PtransSi);

1H−29Si HMQC: δ −23.91
(dd, JSiH =147 Hz, JSiP =159 Hz). Anal. Calcd for C42H64P4RuSi (822.28
g·mol−1) C, 61.37; H, 7.85. Found: C, 61.83; H, 7.81. Mass spectra
(LIFDI, m/z): 822 (30%, M+), 714 (100%, [M − H2]

+).
Λ-[cis-Ru((R ,R)-Me-BPE)2(MePhSiH)(H)], Λ-R ,R-Ru1-

(MePhSiRH)(H): Λ-R,R-Ru1(MePhSiSH)(H) mixture, ratio 2:1 (the
identification of SiR and SiS is arbitrary). A similar procedure was
followed, resulting in a yellow solution. Selected NMR (C6D6, 300 K),
1H: δR 8.32 (d, JHH = 7 Hz, 1H, PhSi), δS 8.24 (d, JHH = 7 Hz, 2H,
PhSi), 7.3−7.0 (m, PhSi, Ph), δR 5.1 (m, 1H, HSi), δS 4.9 (m, 1H, HSi),
δR −9.6 (m, 1H, Ru−H), δS −9.8 (m, 1H, Ru−H); 31P{1H}: δAR 103.2
(ddd, JAX = 222, JAM = JAQ = 26 Hz), δA

S 103.1 (ddd, JAX = 222, JAM =
JAQ = 26 Hz), δM

S 90.3 (m, JMA = JMX = 26, JMQ = 21 Hz, PtransH), δM
R

89.9 (m, JMA = JMX = 26, JMQ = 21 Hz, PtransH), δQ
R 88.4 (m, JQA = 26,

JQM = JQX = 21 Hz, PtransSi), δQ
S 83.9 (m, JQA = 26, JQM = JQX = 21 Hz,

PtransSi), δX
R 81.1 (dt, JXA = 222, JXM = JXQ = 21 Hz), δX

S 80.7 (dt, JXA =
222, JXM = JXQ = 21 Hz).

Δ-[cis-Ru((R ,R)-Me-DuPHOS)2(MePhSiH)(H)], Δ-R ,R-
Ru2(MePhSiRH)(H): Δ-R,R-Ru2(MePhSiSH)(H) mixture, ratio 1:1
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(the identifications of SiR, SiS, Λ-Ru, and Δ-Ru are arbitrary). A similar
procedure was followed resulting in a yellow solution. Selected NMR
(C6D6, 300 K),

1H: δR 8.31 (d, JHH = 7 Hz, 2H, PhSi), δS 8.23 (d, JHH =
7 Hz, 2H, PhSi), 7.47−6.8 (m, PhSi, Ph), δR 5.6 (m, 1H, HSi), δS 5.5 (m,
1H, HSi), δR −9.13 (m, 1H, Ru−H), δS −9.25 (m, 1H, Ru−H); 31P{1H}:
δA

R 102.3 (ddd, JAX = 225, JAM = JAQ = 33 Hz), δA
S 101.2 (ddd, JAX = 225,

JAM = JAQ = 33 Hz), δX
R 96.6 (dt, JXA = 225, JXM = JXQ = 25 Hz), δX

S 95.2
(dt, JXA = 225, JXM = JXQ = 25 Hz), δM

R 72.9 (q, JMA = JMX = 33, JMQ = 25
Hz, PtransH), δM

S 71.9 (q, JMA = JMX = 33, JMQ = 25 Hz, PtransH), 62.8 δQ
R

(m, JQA = 33, JQM = JQX = 25 Hz, PtransSi), δQ
S 60.0 (m, JQA = 33, JQM =

JQX = 25 Hz, PtransSi).
Λ-[Ru((R,R)-Me-BPE)2(C2H4)], Λ-R,R-Ru1(η2-C2H4), cis- and

trans-[Ru((R,R)-Me-BPE)2(C2H3)(H)], cis-/trans-R,R-Ru1(C2H3)-
(H). An NMR tube was charged with Λ-R,R-Ru1H2 (∼5 mg) and
C6D6, the solution was degassed, and then C2H4 (1 atm) was added.
The solution was irradiated with UV light for 1 h. The products were
not separated. trans-R,R-Ru1(C2H3)(H) NMR (C6D6, 300 K), 1H: δ
8.37 (m, JHH = 20, 13 Hz, 1H, CHe), 6.78 (dd, JHH = 13, 6 Hz, 1H,
CHe), 5.67 (dd, JHH = 20, 6 Hz, 1H, CHe), −12.27 (quin, JPH = 22 Hz,
1H, Ru−H); 31P{1H}: δ 89.31 (t, JPP = 28 Hz), 80.3 (t, JPP = 28 Hz);
cis-R,R-Ru1(C2H3)(H) NMR (C6D6, 300 K),

1H: δ 7.53 (m, JHH = 20,
5 Hz, 1H, CHe), 6.58 (m, JHH = 12, 6 Hz, 1H, CHe), 5.67 (dd, JHH =
20, 6 Hz, 1H, CHe), −8.93 (dq, JPH = 25, 20 Hz, 1H, Ru−H); Λ-R,R-
Ru1(η2-C2H4) NMR (C6D6, 300 K), 1H: δ 2.06 (m, 2H, CH2

r), 1.96
(m, 4H, 2CH2

r and 2CH), 1.85 (m, 2H, CH2
b), 1.65 (m, 3H, CH,

CH2
e), 1.48 (m, JPH = 8, 7.2 Hz, 6H, CH3), 1.32 (m, 2H, CH2

e), 1.22
(m, JPH = 7.3, 7 Hz, 6H, CH3), 1.01 (m, JPH = 7.4, 7 Hz, 6H, CH3);
31P{1H}: δ 96.6 (t, JPP = 26 Hz), 84.4 (t, JPP = 26 Hz).
Λ-[Ru((S,S)-Me-DuPHOS)2(C2H4)], Λ-S,S-Ru2(η2-C2H4) or Δ-[Ru-

((R,R)-Me-DuPHOS)2(C2H4)], Δ-R,R-Ru2(η2-C2H4). The reaction
proceeds in a similar manner to that for R,R-Me-BPE analogue with
formation of the ethylene complex as single product. When the reaction is
performed in hexane solution, the product precipitates as orange crystals.
NMR (C6D6, 300 K),

1H: δ 7.44 (d, JHH = 6 Hz, 2H, Ph), 7.19 (d, JHH =
7 Hz, 2H, Ph), 6.91 (quin, JHH = 5 Hz, 4H, Ph), 2.61 (m, JHH = 7 Hz, 2H,
CH), 2.46 (m, JHH = 7 Hz, 2H, CH), 2.04−1.74 (m, 12H, CH, CH2,
CH2

r), 1.65 (q, JHH = 8, JPH = 7.3 Hz, 6H, CH3), 1.59 (dd, JPH = 7.4, JHH =
7 Hz, 6H, CH3), 1.50 (m, JHH = 4, 12 Hz, 2H, CH2

e), 1.27 (m, JHH = 12, 4
Hz, 2H, CH2

e), 0.30 (2 overlapping dd, JPH = 7.4, JHH = 7 Hz, 12H,
2CH3);

31P{1H}: δ 95.05 (t, JPP = 30 Hz), 69.88 (t, JPP = 30 Hz);
13C{1H}: δ 129.55 (t, JPC = 7 Hz, CHb), 128.57 (t, JPC = 6 Hz, CHb),
127.42, 125.82 (s, CHb), 48.24 (t, JPC = 12 Hz, CH), 43.65 (m, CH),
38.19, 37.37 (s, CH2

r), 35.6 (m, CH), 34.3 (d, JPC = 12 Hz, CH2
e), 27.67

(m, CH), 21.9 (t, JPC = 6 Hz, CH3), 18.99 (t, JPC = 7.4 Hz, CH3), 18.74 (s,
CH3), 13.09 (s, CH3). Anal. Calcd for C38H60P4Ru (741.81 g·mol−1) C,
61.52; H, 8.15. Found: C, 61.14; H, 8.08. Mass spectra (EI, m/z): 714
(100%, [M − C2H4]

+).
Λ-[Ru((R,R)-Me-BPE)2(CO)], Λ-R,R-Ru1(CO). An NMR tube

was charged with Λ-R,R-Ru1H2 (∼5 mg) and hexane; the solution was
degassed, and CO (1 atm) was added. The color of the solution, upon
irradiation with UV light, changed from colorless to slight yellow. The
reaction is very slow compared to that of the DuPHOS analogue. Along
with the formation of Ru(0), release of free phospholane and formation
of minor byproduct is observed. NMR (C6D6, 300 K), 31P{1H}: δ 9.69
(br), 83.67 (br); (tol-d8, 280 K), 31P{1H}: δ 104.52 (t, JPP = 31 Hz),
88.06 (t, JPP = 31 Hz). IR (toluene, cm−1): 1606.
Δ-[Ru((S,S)-Me-DuPHOS)2(CO)], Δ-S,S-Ru2(CO) or Λ-[Ru-

((R,R)-Me-DuPHOS)2(CO)], Λ-R,R-Ru2(CO). An NMR tube was
charged with Λ-R,R-Ru2H2 (∼ 5 mg) and hexane; the solution was
degassed, and CO (1 atm) was added. The color of the solution, upon
irradiation with UV light, changed from slightly yellow to intense red;
the progress of the reaction was followed by 31P NMR spectroscopy.
NMR (C6D6, 300 K), 1H: δ 7.79 (d, JHH = 7 Hz, 2H, Ph), 7.39 (d,
JHH = 7 Hz, 2H, Ph), 7.18 (t, JHH = 7 Hz, 2H, Ph), 7.11 (t, JHH = 7 Hz,
2H, Ph), 2.96 (br m, JHH = 7 Hz, 2H, CH2), 2.63 (br m, JHH = 7 Hz,
2H, CH2), 2.37 (sept, JHH = 7 Hz, 2H, CH), 2.27 (m, JHH = 7 Hz, 2H,
CH), 2.06 (m, JHH = 7 Hz, 6H, CH, CH2), 1.90 (dq, JHH = 7 Hz, 2H,
CH), 1.78 (m, JHH = 7 Hz, 2H, CH2), 1.65 (dd, JPH = 17, JHH = 7 Hz,
6H, 2CH3), 1.50 (m, JHH = 7 Hz, 2H, CH, CH2), 1.25 (overlapping
dd, JPH = 17, JHH = 7 Hz, 12H, 4CH3), 0.47 (dd, JPH = 17, JHH = 7 Hz,

6H, 2CH3);
31P{1H}: δ 92.09 (t, JPP = 35 Hz), 78.63 (t, JPP = 35 Hz);

13C{1H}: δ 184.42 (m, CCO), 151.58 (m, Cb), 147.61 (m, Cb), 132.05 (t,
JPC = 7 Hz, CHb), 128.64 (t, JPC = 8 Hz, CHb), 128.50 (s, CHb), 127.48
(s, CHb), 50.53 (m, JPC = 13 Hz, CH), 48.53 (m, JPC = 6 Hz, CH), 39.71
(s, CH), 38.17 (t, JPC = 16 Hz, CH), 36.59 (s, CH2), 34.64 (s, CH2),
20.17 (t, JPC = 10 Hz, CH3), 18.85 (t, JPC = 5 Hz, CH3), 14.76 (s, CH3),
14.29 (s, CH3). IR (toluene, cm−1): 1872. Anal. Calcd for C37H56OP4Ru
(742.23 g·mol−1) C, 59.91; H, 7.61; O, 2.15. Found: C, 59.76; H, 7.61;
O, 2.90. Mass spectra (LIFDI, m/z): 742 (100%, M+), exp 742.2336,
calcd for C37H56OP4Ru 742.2335, difference 1.1 mDa.

Λ-[cis-Ru((R,R)-Me-BPE)2(Bpin)(H)], Λ-R,R-Ru1(Bpin)(H). An
NMR tube was charged with Λ-R,R-Ru1H2 (∼5 mg) and a slight
excess of HBpin in hexane; the solution was degassed and then
irradiated with UV light. The solution remains colorless. Progress of
the reaction was followed by 31P NMR spectroscopy. NMR (C6D6,
300 K), 1H: δ 2.78 (m, JHH = 7 Hz, 1H, CH2), 2.66 (m, JHH = 7 Hz, 1H,
CH2), 2.46 (m, JHH = 6 Hz, 1H, CH2), 2.16−1.87 (m, 15H, CH, CH2,
CH2

r), 1.65 (m, 3H, CH, CH2, CH2
r), 1.55 (dd, JPH = 7.6, JHH = 7 Hz,

3H, CH3), 1.48 (dd, JPH = 7.8, JHH = 7.6 Hz, 3H, CH3), 1.39 (m, 2H, CH,
CH2, CH2

r), 1.27 (m, 6H, CH3), 1.18 (m, 3H, CH3), 1.16 (s, 6H, BOC−
CH3), 1.15 (s, 6H, BOC−CH3), 1.05 (dd, JPH = 8, JHH = 7.4 Hz, 3H,
CH3), 0.99 (dd, JPH = 8, JHH = 7.4 Hz, 6H, CH3), 0.68 (m, 2H, CH2),
−9.85 (m, 1H, Ru−H); 31P{1H}: δA 110.2 (dt, JAX = 237, JAM = JAQ =
16 Hz), δM 91.56 (q, JMA = 16, JMQ = JMX = 18 Hz, PtransH), δQ 89.12 (br,
PtransB), δX 88.1 (dt, JXA = 237 Hz, JXM = JXQ = 18 Hz). 11B δ 51 br. Mass
spectra (LIFDI, m/z): 618 (100%, [M − H2]

+), 746 (2%, M+), exp
746.3400, calcd for C34H69BO2P4Ru 746.3385, difference 1.5 mDa.

Δ-[cis-Ru((S,S)-Me-DuPHOS)2(Bpin)(H)], Δ-S,S-Ru2(Bpin)(H)
or Λ-[cis-Ru((R,R)-Me-DuPHOS)2(Bpin)(H)], Λ-R,R-Ru2(Bpin)-
(H). A similar procedure was followed resulting in a light yellow
solution. NMR (C6D6, 300 K), 1H: δ 7.75 (dd, JHH = 7.7, JPH = 7 Hz,
1H, Ph), 7.69 (t, JPH = 12, JHH = 7 Hz, 1H, Ph), 7.56 (d, JHH = 7.5 Hz,
1H, Ph), 7.52 (m, JHH = 7 Hz, 1H, Ph), 7.10 (m, JHH = 7 Hz, 3H, Ph),
3.06 (m, JHH = 6.8 Hz, 1H, CH2), 2.96 (m, JHH = 6 Hz, 2H, CH, CH2),
2.76 (m, JHH = 12, 5 Hz, 1H, CH), 2.58−2.51 (m, JHH = 7, 4 Hz, 2H,
CH, CH2), 2.40 (m, 1H, CH), 2.29 (m, 4H, CH, CH2), 2.10−1.77 (m,
8H, CH, CH2), 1.62 (dd, JPH = 18.6, JHH = 7 Hz, 6H, 2CH3), 1.35 (dd,
JHH = 7 Hz, 6H, 2CH3), 1.17 (dd, JPH = 12, JHH = 7 Hz, 3H, CH3),
0.82 (s, 12H, BOC−CH3), 0.64 (dd, JPH = 12, JHH = 7 Hz, 12H, CH3),
−9.33 (m, 1H, Ru−H); 31P{1H}: δA 110.4 (dt, JAX = 239, JAM = JAQ =
14 Hz), δX 93.03 (dt, JXA = 239, JXM = JXQ = 19 Hz), δM 92.2
(m, overlapping with δX, JMA = JMQ = JMX = 19 Hz, PtransH), δQ 82.47
(br, PtransB).

11B δ 48.68 br. Mass Spectra (LIFDI, m/z): 714 (100%,
[M−H2]

+), 842 (10%, M+), exp 842.3400, calcd for C42H69BO2P4Ru
842.3385, difference 1.5 mDa.

trans-[Ru((R,R)-Me-DuPHOS)2(C6F5)(H)], trans-R,R-Ru2(C6F5)-
(H). A similar procedure was followed, resulting in a yellow solution
containing a mixture of trans-R,R-Ru2(Br)(H) (resulting from impurities
in pentafluorobenzene), starting material, and other minor products.
Photolysis in neat C6F5H produced a small amount of precipitate, which
was analyzed by NMR (C6D6, 300 K), 1H: δ 7.66 (d, JHH = 7 Hz, 2H,
Ph), 7.50 (d, JHH = 7 Hz, 2H, Ph), 7.23 (t, JHH = 7 Hz, 2H, Ph), 2.93
(m, 2H, CH, CH2), 2.60 (m, 1H, CH), 2.50 (m, 1H, CH, CH2), 2.19
(m, 2H, CH), 1.93 (m, 5H, CH, CH2), 1.74 (m, 3H, CH, CH2), 1.47
(m, 3H, CH, CH2), 1.27 (q, 6H, JPH = 16, JHH = 7 Hz, 6H, CH3), 1.21
(q, 6H, JPH = 16, JHH = 7 Hz, 6H, CH3), 0.81 (q, 6H, JPH = 16, JHH = 7
Hz, 6H, CH3), 0.64 (q, 6H, JPH = 17, JHH = 7 Hz, 6H, CH3), −13.14 (br
m, 1H, Ru−H); 1H{31P}: δ −13.12 (br t, JFH = 13 Hz, Ru−H); 31P{1H}:
δ 85.98 (br), 84.41 (br); 19F: δ −85.48 (m, 2F), −164.55 (m, 2F),
−165.56 (t, JFH = 13 Hz, 1F). Mass spectra (LIFDI, m/z): 882 (100%,
M+), exp 882.2399, calcd for C42H57F5P4Ru 882.2374, difference 2.5 mDa.
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