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Abstract
Metal boryl complexes have received significant attention in the literature in recent years due to their
role as key intermediates in a number of metal-catalyzed borylation reactions. The ligand scaffold
is known to have a significant impact on the observed reactivity of these metal boryl complexes. A
synthetic strategy to access ruthenium boryl analogues of the Shvo metal–ligand catalysts is
described. Heating a precursor to Shvo’s catalyst (1) with bis(catecholato)diboron at 50 °C provided
ruthenium boryl complex 3 [2,5-Ph2-3,4-Tol2(η5-C4COBcat)Ru(CO)2Bcat] (Bcat =
catecholatoboryl). Addition of bis(catecholato)diboron to complex 1 in the presence of a phenol
results in ruthenium boryl complex5 [2,5-Ph2-3,4-Tol2(η5-C4COH)Ru(CO)2Bcat] at 22 °C in 30%
isolated yield. A single crystal X-ray analysis of complex 5 confirmed the assigned structure. An
improved synthesis of ruthenium boryl complex 5 was developed by the in situ formation of complex
3 [2,5-Ph2-3,4-Tol2(η5-C4COBcat)Ru(CO)2Bcat] followed by addition of the phenol, resulting in a
51% yield.
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Introduction
Metal boryl complexes have received significant attention over the past two decades due to
their known intermediacy in metal-catalyzed reactions that incorporate boron substituents into
organic substrates.1–9 The design of metal boryl complexes with unique ligand frameworks
has led to complexes with previously unknown reactivity. C–H borylation reactions, for
example, utilize iridium, rhodium, rhenium, and ruthenium catalysts in the selective
incorporation of boron substituents into aryl or alkyl organic substrates. 1,10–15 This process
allows for the conversion of inexpensive starting materials into valuable fine chemicals based
on the ability to convert C–B bonds into C–O, C–N, and C–C bonds.16–21

The continued development of metal boryl complexes with unique ligand frameworks has the
potential to provide unexplored reactivity. Metal–ligand bifunctional complexes have led to
highly active catalysts in hydrogenation and conjugate addition reactions in recent years.22,
23 The Shvo and Noyori catalysts have served as prototypes of these metal–ligand bifunctional
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catalysts, which have been shown to have mechanistically unique catalytic cycles.24–27 Our
group is interested in boron-substituted analogues of the Shvo complex with the ultimate goal
of designing metal boryl complexes with unique catalytic activity based on metal–ligand
bifunctional catalysis.28–30 We herein report the synthesis of two ruthenium boryl complexes
[2,5-Ph2-3,4-Tol2(η5-C4COBcat)Ru(CO) 2Bcat] and [2,5-Ph2-3,4-Tol2(η5-C4COH)Ru
(CO)2Bcat] (Bcat = catecholatoboronate) by the activation of bis(catecholato)diboron by a
coordinatively unsaturated precursor to the Shvo catalyst.

Results and Discussion
The synthesis of [2,5-Ph2-3,4-Tol2(η5-C4COBcat)Ru(CO)2Bcat] 3 was achieved by reaction
of bis(catecholato)diboron with ruthenium dimer 1. Previous studies on boron-substituted
analogues of Shvo complexes revealed that the activation of pinacolborane could be achieved
by ruthenium dimer 1 at 50 °C to provide ruthenium hydride 2 in 74% isolated yield.28 Direct
replacement of pinacolborane with bis(catecholato)diboron resulted in the formation of 3 in
70% NMR yield at 50 °C after 6 hours. The structure of 3 was supported by 11B NMR
spectroscopy with a broad resonance at 47.8 ppm (Ru–Bcat) and a sharp resonance at 22.3 ppm
(Cp′OBcat).15,28,31,32 Repeated attempts to isolate 3 were unsuccessful due to the labile nature
of the O–B bond. The greater kinetic stability of the O–B bonds of 2 compared with 3 is
attributed to the known increased stability of pinacolato-substituted boron substituents over
those of the catecholato-substituted.33 Analogous reactions of ruthenium dimer 1 with bis
(pinacolato)diboron (or other diboron reagents), however, were unsuccessful in generating the
desired [2,5-Ph2-3,4-Tol2(η5-C4COBpin)Ru(CO)2Bpin] in appreciable yields. These results
are consistent with the known increased reactivity of B2cat2 over B2pin2 in metal-mediated
reactions.34

The oxidative addition of diboron reagents in the presence of an alcohol was expected to
provide [2,5-Ph2-3,4-Tol2(η5-C4COH)Ru(CO)2B(OR)2] complexes directly. Detailed
mechanistic and computational studies by Casey and Cui on the activation of H2 have revealed
a cyclic proton transfer transition state (TS-A, Scheme 2) involving ethanol for this oxidative
addition.35 The activation of diboron reagents in the presence of an alcohol was anticipated to
proceed through an analogous transition state (TS-B). Unlike the activation of H2, where the
exchange of a hydrogen atom is degenerate, activation of a diboron reagent in the presence of
an alcohol was expected to result in the net addition of (RO)2B–H, rather than (RO)2B–B
(OR)2.

Addition of B2cat2 to ruthenium dimer 1 in the presence of 4-methoxyphenol resulted in the
formation of [2,5-Ph2-3,4-Tol2(η5-C4COH)Ru(CO)2Bcat] 5 in 74% NMR spectroscopic yield
after 2 hours at 22 °C (eq 1).36 The reaction required that the alcohol additive did not possess
an α-hydrogen. The presence of an α-hydrogen resulted in dehydrogenation of the alcohol to
the carbonyl and formation of the corresponding ruthenium hydride.24 Upon screening
numerous phenols (electron rich, electron poor, and 2,6-disubstituted) and tert-butyl alcohol,
4-methoxyphenol was found to provide the highest yield of 5. The formation of 5 is believed
to proceed via TS-B (Scheme 2), rather than by initial activation of B2cat2 and protonolysis of
the O–B bond by the phenol, based on the reduced reaction time and temperature as compared
to the addition of B2cat2 in the absence of the phenol (Scheme 1). The increased reaction rate
in the presence of the phenol is consistent with a lower kinetic barrier to diboron activation
than the reaction in the absence of the phenol.37
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(1)

In addition to the formation of complex 5, bridging hydride 6 (Figure 1) was identified by 1H
NMR spectroscopic analysis (10–25% NMR yield).24 The quantity of complex 6 was highly
dependent on both the identity and number of equivalents of the phenol that was used. Initially,
the source of complex 6 was unclear since phenols lack α-hydrogens and therefore cannot act
as a source of H2. The O–H borylation of the phenol by the in situ generated complex 5,
however, could account for the generation of bridging hydride 6.38,39 To test this hypothesis,
isolated complex 5 was treated with 4-methoxyphenol, resulting in 25% conversion into
terminal hydride 4 after 4 h at 22 °C (eq 2). In the presence of ruthenium dimer 1, terminal
hydride 4 is known to readily convert into bridging hydride 6.24,40 The formation of complex
6, therefore, is consistent with competitive reaction rates of the phenol in diboron activation
(via TS-B, Scheme 2) and O–H borylation (eq 2).

(2)

Purification of ruthenium boryl complex 5 by trituration with diethyl ether and pentane resulted
in clean isolation of 5 in 30% yield. Bridging hydride 6 was found to be soluble in a diethyl
ether/pentane mixture, allowing its removal upon successive triturations. The characterization
data obtained for complex 5 confirms the proposed ruthenium boryl structure. Notably,
the 11B NMR spectrum revealed a broad resonance at 47.0 ppm.15,28 The IR spectrum also
showed characteristic CO stretching frequencies at 2025 and 1968 cm-1.

Although the spectroscopic data was consistent with the assigned structure of 5, interactions
between the metal-bound boron substituent and the ligand-bound hydrogen were considered.
The presence of a α-borane complex was ruled out based on the 1H NMR chemical shifts.
Known α-borane complexes have broad resonances (due to interactions with boron) of the
boron-bound hydrogen and have similar chemical shifts to typical metal hydrides (−5 to −10
ppm),41,42 which is in stark contrast to the observed sharp singlet at +6.45 ppm. A transient
α-borane complex was also ruled out based on the known regiochemistry of dialkoxyboranes
with the coordinatively unsaturated complex derived from dimer 1 (Scheme 1), which provides
the corresponding ruthenium hydride (such as 2, Scheme 1).

The regiochemistry of boron addition and the nature of the interactions between boron and
hydrogen in complex 5 were probed in the solid state using X-ray crystallography. X-ray quality
crystals were grown from CH2Cl2 and pentane at −30 °C. The crystal structure confirms the
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identity of 5 and revealed two unusual conformational features in the solid state arising from
hydrogen bonding of the Cp′OH to an oxygen atom on the boryl group. First, the plane of the
catecholatoboryl substituent is turned toward the hydroxycyclopentadienyl ligand in spite of
the steric congestion imposed by the tetraaryl-substituted cyclopentadienyl ligand (19.9°
torsion angle for Cp′ centroid–Ru–B–O(2)).43-45 Second, the hydroxy substituent on the
cyclopentadienyl ligand and catecholatoboryl substituent are nearly eclipsed. X-ray crystal
structures of the Shvo type complexes were found to have the metal–hydride bond rotated
nearly anti to the hydroxy substituent of the cyclopentadienyl ligand in the solid state.46–48

Although the synthesis of complex 5 was achieved in the presence of 4-methoxyphenol, the
isolated yields were difficult to obtain reproducibly. This resulted in the evaluation of other
approaches to generate the ruthenium boryl complex. The labile nature of the O–B bond in 3
prompted attempts to selectively protonolyze the O–B bond in the presence of the Ru–B bond.
A solution to the irreproducible yields was established with the initial formation of complex
3 (Scheme 3), followed by addition of 4-methoxyphenol, providing 5 as the major product (eq
3). Again, the addition of the phenol resulted in formation of bridging hydride 6, but complex
5 was formed more cleanly using this protocol, ultimately providing complex 5 in 51% isolated
yield. Notably, this optimized protocol resulted in readily reproducible yields of 5.

(3)

Preliminary studies of the reactivity of 5 have been limited by the thermal instability of the
complex. Heating 5 in benzene-d6 to 80 °C results in decomposition to the corresponding
hydride, [2,5-Ph2-3,4-Tol2(η5-C4COBcat)Ru(CO)2H] 7 (eq 4). In addition to complex 7,
bridging hydride 8 was observed (Scheme 3). Both of these complexes can be synthesized by
treatment of ruthenium dimer 1 with catecholborane. The addition of 2 equivalents of
catecholborane to ruthenium dimer 1 results in the predominant formation of bridging hydride
8 in 30 minutes at 22 °C (~10% terminal hydride 7 observed by 1H NMR spectroscopy). The
generation of terminal hydride 7 could also be facilitated by heating 8 to 50 °C with a slight
excess catB–H (3 equivalents). Unfortunately, only up to 75% conversion to 7 was possible
under these conditions and higher temperatures led to decomposition of 7 and 8. The two
complexes were readily distinguishable by 1H NMR spectroscopy based on the characteristic
hydride resonances (7: δ = −9.3 ppm; 8: δ = −18.3 ppm), which are consistent with the
analogous complexes from activation of dihydrogen (terminal hydride: δ = −9.8 ppm; bridging
hydride 6: δ = −18.2 ppm).24 Again, the labile nature of the O–Bcat bond precluded the isolation
of complexes 7 or 8.

Koren-Selfridge et al. Page 4

Organometallics. Author manuscript; available in PMC 2011 January 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



(4)

Conclusions
The activation of bis(catecholato)diboron by ruthenium dimer 1 was explored as a means to
prepare ruthenium boryl complexes possessing both acidic and Lewis acidic
hydroxycyclopentadienyl ligands. The direct activation of bis(catecholato)diboron by 1 at 50
°C provided the corresponding ruthenium boryl complex (3) with a second boron substituent
bound to oxygen on the hydroxycyclopentadienyl ligand. Conducting the same experiment in
the presence of a phenol resulted in rapid formation of ruthenium boryl complex 5 at 22 °C
(with an O–H bond on the hydroxycyclopentadienyl ligand). The concurrent formation of
bridging hydride 6 decreased the isolated yield. Optimized yield of complex 5 was obtained
by a two-step procedure in which ruthenium boryl complex 3 was first generated, followed by
selective cleavage of the ligand O–B bond to provide 5 in 51% isolated yield. An X-ray crystal
structure of 5 was obtained to confirm the identity of this ruthenium boryl complex.

Experimental Section
General Experimental Information

All materials were manipulated under dry nitrogen in an MBraun Inc. glovebox. NMR spectra
were collected on UNITY-Inova spectrometer at 500 MHz for 1H NMR, 125 MHz for 13C
NMR, and 160 MHz for 11B NMR. 1H NMR spectra are referenced to benzene-d6 at 7.16 ppm.
The 1H NMR data are reported as follows: chemical shift in ppm, multiplicity (s = singlet, d
= doublet, t = triplet, q = quartet, qn = quintet, sep = septet, m = multiplet), coupling constants
(Hz), and integration. 13C NMR spectra are referenced to benzene-d6 at 125.39 ppm. 11B NMR
spectra were referenced to an external BF3•Et2O sample in benzene-d6 (0.0 ppm). Elemental
analyses were performed by Desert Analytics in Tucson, AZ. Elemental analysis data are
reported as follows: empirical formula; calculated percent carbon, calculated percent hydrogen,
calculated percent nitrogen; observed percent carbon, observed percent hydrogen, observed
percent nitrogen. Deuterated solvents and pentane were dried, distilled, and degassed prior to
use. Toluene and diethyl ether were deoxygenated and dried in a solvent purification system
(Innovative Technology, Inc.) by passing through an activated alumina column and an oxygen
scavenging column under nitrogen, followed by degassing by three freeze, pump, thaw cycles.
Bis(catecholato)diboron and 4-methoxyphenol were purchased from Aldrich and used without
further purification. Catecholborane was purchased from Aldrich and distilled under vacuum
prior to use. [2,5-Ph2-3,4-Tol2(η4-C4CO)]Ru(CO)2]2 (1) was synthesized according to the
literature procedure.49
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[2,5-Ph2-3,4-Tol2(η5-C4COBcat)Ru(CO)2Bcat] 3
To a resealable NMR tube containing {[2,5-Ph2-3,4-Tol2(η4-C4CO)Ru(CO)2}2 (1) (0.016 g,
0.014 mmol) and 0.60 mL of benzene- d6 was added bis(catecholato)diboron (0.007 g, 0.029
mmol). The reaction mixture was agitated to disperse the solids and was heated to 50 °C for 6
h. A 1H NMR spectrum of the reaction mixture showed a 70% NMR spectroscopic yield of
3 relative to an internal PhSiMe3 standard. 1H NMR (benzene-d6, 300 MHz) δ 7.72 (m, 4H),
7.25 (d, J = 8.1, 4H), 6.92 (m, 6H), 6.72 (m, 2H), 6.60 (m, 8H), 6.45 (m, 2H), 1.85 (s,
6H). 11B NMR (benzene-d6, 160 MHz) δ 47.8, 22.3.

[2,5-Ph2-3,4-Tol2(η4-C4OH)]Ru(CO)2Bcat (5)
Method A

A slurry of {[2,5-Ph2-3,4-Tol2(η4-C4CO)Ru(CO)2}2 (1) (0.300 g, 0.263 mmol), bis
(catecholato)diboron (0.126 g, 0.530 mmol), and 4-methoxyphenol (0.066 g, 0.532 mmol) in
11 mL of toluene was stirred for 2 h at 22° C. The solvent was evaporated in vacuo, providing
a yellow solid. Et2O was added to the flask (12 mL) and the solution was stirred in the glove
box for 2 h. Pentane (6 mL) was then added to the solution and the mixture was stirred for 10
min, during which a yellow precipitate formed. The precipitate was filtered and rinsed with
addition pentane (~30 mL) and dried in vacuo to provide 5 as a pale yellow solid (0.110 g,
30%). Crystals suitable for X-ray diffraction were obtained by crystallization in a solution of
CH2Cl2/pentane at −30 °C. 1H NMR (benzene-d6, 500 MHz) δ 7.58 (d, J = 6.5 Hz, 4H), 7.22
(d, J = 8.0 Hz, 4H), 6.93 (m, 6H), 6.76 (dd, J = 5.8, 3.2 Hz, 2H), 6.66 (d, J = 8.0 Hz, 4H), 6.61
(dd, J = 5.5, 3.5 Hz, 2H), 6.45 (s, 1H), 1.88 (s, 6H). 13C NMR (benzene-d6, 125 MHz) δ 201.7,
149.9, 138.0, 133.2, 132.6, 131.0, 129.4, 129.0, 128.9, 128.7, 122.5, 112.1, 107.1, 94.8,
21.3. 11B NMR (C6D6, 160 MHz) δ 47.0. IR (thin film) 3054, 2987, 2025, 1968, 1422 cm−1.
Anal. Calcd for C39H29O5BRu: C, 67.74; H, 4.52. Found: C, 67.64; H, 4.38.

Method B
A slurry of {[2,5-Ph2 -3,4-Tol2(η4-C4CO)Ru(CO)2}2 (1) (0.500 g, 0.438 mmol) and bis
(catecholato)diboron (0.313 g, 1.32 mmol) in 38 mL of toluene was heated to 50 °C for 5 h.
The reaction mixture was removed from heat and 4-methoxyphenol (0.114 g, 0.918 mmol) was
added. After 20 minutes, the solvent was evaporated in vacuo to provide an yellow solid.
Et2O was added to the flask (20 mL) and the solution was stirred in the glove box for 2 h.
Pentane (12 mL) was then added to the solution and the mixture was stirred for 10 min, during
which a yellow precipitate formed. The precipitate was filtered and rinsed with addition pentane
(~40 mL) and dried in vacuo to provide 5 as a pale yellow solid (0.308 g, 51%).

{[2,5-Ph2-3,4-Tol2(η5-C4CO)]2Bcat}Ru2(CO)4(μ-H) (8)
To a resealable NMR tube containing {[2,5-Ph2-3,4-Tol2(η4-C4CO)Ru(CO)2}2 (1) (0.033 g,
0.029 mmol) and 0.60 mL of benzene-d6 was added catecholborane (0.007 mL, 0.066 mmol).
The reaction mixture was agitated to disperse the solid. After 25 min a 1H NMR of the reaction
mixture showed complete conversion to 8 with about 10% 7. 1H NMR (benzene-d6, 300 MHz):
δ 7.25 (d, J = 6.6 Hz, 6H), 7.13 (m, 6H), 6.99 (m, 18H), 6.71 (m, 2H), 6.49 (m, 8H), 1.80 (s,
12H), −18.36 (s, 1H). 11B NMR (benzene-d6, 160 MHz) δ 22.0.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Bridging Hydride 6
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Figure 2.
X-ray crystal structure of 5.
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Scheme 1.
Synthesis of Ruthenium Boryl Complex 3

Koren-Selfridge et al. Page 11

Organometallics. Author manuscript; available in PMC 2011 January 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Scheme 2.
The Proposed Transition State for Diboron Activation Compared to Hydrogen Activation
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Scheme 3.
Independent Synthesis of Ruthenium Hydride 7
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