
Available online at www.sciencedirect.com

Coordination Chemistry Reviews 252 (2008) 2395–2409

Review

NMR: A good tool to ascertain �-silane or �-borane formulations?

Gilles Alcaraz, Sylviane Sabo-Etienne ∗
Laboratoire de Chimie de Coordination du CNRS, 205 route de Narbonne, 31077 Toulouse Cedex 04, France

Received 19 December 2007; accepted 10 February 2008
Available online 16 February 2008

Contents

1. Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2395
2. �-Silane complexes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2396

2.1. Tautomeric equilibrium in a molybdenum complex . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2397
2.2. Silane manganese complexes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2397
2.3. The ruthenium RuH3(SiR3)L2L′ series . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2398
2.4. Disilane ruthenium complexes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2398
2.5. Secondary Si· · ·H interactions (SISHA) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2399

3. �-Borane compounds . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2399
3.1. Titanium complexes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2401
3.2. Niobium complexes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2403
3.3. Manganese and rhenium complexes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2404
3.4. Nickel complexes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2405
3.5. Ruthenium complexes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2405

4. Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2408
Acknowledgements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2408
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2408

Abstract

NMR has played a major role in the characterization of dihydrogen complexes and a number of polyhydrides have been reformulated as dihydrogen
complexes on the basis of NMR data. If dihydrogen complexes remain the most widely studied class of �-complexes, silane compounds are also
well recognized as an important family of �-complexes and more recently a few �-borane compounds have been isolated. One important problem
is the discrimination between a �-formulation and the corresponding hydrido(silyl) or hydrido(boryl) oxidative addition product. In this review we
will discuss key literature data on silane and borane complexes to illustrate the benefit gained by using multinuclear NMR spectroscopy to better
define the structures and bonding modes. Our goal is also to help the reader to appreciate the limits of the method and to provide valuable insights

into the problem of secondary interactions.
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. Introduction

�-Complexes can be defined as complexes incorporating a

igand in which a �-H E bond (E = H, B, C, Si, etc.) acts as a
wo-electron donor to the metal, resulting in a three-center bond
Fig. 1) [1].

∗ Corresponding author. Tel.: +33 5 61 33 31 77; fax: +33 5 61 55 30 03.
E-mail address: sylviane.sabo@lcc-toulouse.fr (S. Sabo-Etienne).

a
k
[
i
v
s
c

010-8545/$ – see front matter © 2008 Elsevier B.V. All rights reserved.
oi:10.1016/j.ccr.2008.02.006
xidative addition

They can be distinguished from the related class of agos-
ic complexes by the fact that they display no other strong
ntramolecular interaction (“not stabilized by a primary link-
ge such as in intramolecular σ-bond interactions, commonly
nown as agostic interactions” as quoted by Kubas in his book
1]). �-Complexes are very often considered as intermediates

n the process of oxidative addition of H E and its microre-
erse reductive elimination step (Fig. 2). These different bonding
chemes portray a broad aspect of chemistry which is espe-
ially relevant in various catalytic reactions (hydrogenation,

mailto:sylviane.sabo@lcc-toulouse.fr
dx.doi.org/10.1016/j.ccr.2008.02.006
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ig. 1. Classical model of Chatt, Dewar and Duncanson for the �-EH coordi-
ation mode.

ydrosilylation, hydroboration, etc.). It is thus important to
ain knowledge on the activation process of the H E bond
2,3].

After the seminal paper by Kubas et al. in 1984 of the first �-
ihydrogen complex [4], several groups have worked in finding
ood tools to ascertain a �-coordination versus the formation
f the corresponding dihydride [5–10]. It became rapidly appar-
nt that combination of several techniques was needed to really
et a good bonding picture. X-ray structure determination is of
ourse a method of choice but it remains difficult to ascertain
ydrogen location by this technique. Recent years have seen a
remendous progress of DFT calculations and it is now more
nd more common to combine X-ray and DFT data to better
ocate hydrogen atoms [11]. Neutron data are highly desirable
ut it is not easy to grow crystals for such measurements and the
quipment is not of course available in many places [12,13]. It is
lso often difficult to get valuable information from IR data due
o intensity problems and to the presence of other ligands that

ay hide some interesting modes. Indeed, NMR spectroscopy
as played a major role in the establishment of �-coordination,
specially for the dihydrogen family [1,10]. Two methods were
articularly useful for the estimation of the H H distance: par-
ial deuteration of the compound to determine the corresponding
HD coupling constant and T1min measurements. Both data give
ccess to the H H distance thanks to empirical formula. We will
ot detail these aspects that will be covered in the Morris review
ithin this special CCR issue.
We focus our review on the properties of two other impor-

ant classes of �-complexes: �-silane and �-borane complexes.
ihydrogen activation is simple (it was not the case 25 years

go!) as dihydrogen has two identical atoms, whereas in silanes
nd boranes the Si H and B H bonds are polarized and the het-
roatom bears substituents that will affect the �-coordination. It
s thus interesting to combine data on these two families. The

wo heteroatoms 29Si (I = 1/2, 4.7%) and 11B (I = 3/2, 80.2%) can
e monitored by NMR which can offer complementary infor-
ation. This review is intended to analyze the literature where

ig. 2. Process of oxidative addition of H-E and its microreverse reductive
limination step.
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Fig. 3. Ph2SiH2Re2(CO)8 silane �-complex [16].

MR had a significant impact in the understanding of the activa-
ion degree of the H Si and H B bonds. The factors that allow
istinguishing a �-formulation from the corresponding prod-
ct of oxidative addition will be particularly analyzed. The first
ection will summarize some key features in silane chemistry,
hereas in the following section devoted to borane activation,
e will be more comprehensive as this field is much more

ecent.

. �-Silane complexes

There is a close relationship between H Si and H H com-
lexes. However, there is one main difference as a result of the

Si bond asymmetry with an important change in size and elec-
ronegativity between the two atoms. In �-silane complexes, the
ydrogen is close to the metal with M H Si angles near 90◦.
ilicon substituents with various steric and electronic proper-

ies can of course modify the �-interaction. Moreover, silicon
s known for being a hypervalent element. This property leads
o the formation of additional interactions that will also modify
he �-coordination [14,15].

Historically, the paper published by Hoyano et al. should be
ecognized as the first report of a �-complex [16]. As early as
969, the authors on the basis of X-ray, IR, mass spectrum and
MR data described the complex Ph2SiH2Re2(CO)8 shown in
ig. 3 in the following terms: “each silicon–hydrogen bond func-

ions as a two-electron donor to rhenium, effectively taking the
lace of a carbonyl group; the interaction could be described as a
hree-centre, two-electron bond with the two electrons supplied
y the original Si H bond.” The complex was characterized by a
igh-field signal at δ − 9.56. By changing the phenyl substituents
o methyl they observed that the methyl proton resonance
ppeared as a triplet at δ − 1.13 (J = 1.5 Hz) which collapsed to a
inglet upon irradiation of the broad signal at δ − 10.56. In 1969,
MR was still at an early stage of development but it is impres-

ive to see that the authors had already such an accurate bonding
escription.

We had then to wait until the 1980s to see the development
f �-silane chemistry. In 1982, Corriu and co-workers reported
ne of the first NMR study on manganese complexes including
9Si NMR data and JSi H measurements for a variety of silanes

17]. For example, the complex Cp′Mn(�2-HSiPh3)(CO)2 was
haracterized by a 29Si NMR resonance at δ 18.5, shifted down-
eld by ca. 40 ppm from the parent silane. The JSi H value
f 65 Hz in the complex indicated a significant Si H bond
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nteraction, by comparison to a value of 198 Hz in the par-
nt silane. Schubert’s group brought an important contribution
n a series of stretched group 7 complexes and the main data
n �-silane chemistry were summarized in 1990 by Schubert
18].

Since that time, the same problems remain, and it is still
ifficult to discriminate a �-silane formulation from the corre-
ponding hydrido(silyl) species on the only basis of 29Si and
H NMR chemical shift. This is well evidenced by examin-
ng all the data compiled in the impressive review published
n 1999 by Corey and Braddock-Wilking [19]. Si H reso-
ance of the free silane will generally appear between 4 and
.5 ppm in the 1H NMR spectrum. Addition of a silane to
transition metal complex and formation of a new complex

ncorporating the silicon fragment can thus be monitored by
he disappearance of that signal. Formation of the correspond-
ng hydrido(silyl) or �-silane complex will lead to a resonance
n the negative high-field region, but unfortunately, the over-
ap for these two formulations is important and the values are
ighly influenced by the ligands on the metal and the sub-
tituents on silicon. 29Si NMR is now much easier to record,
hanks in particular to the accessibility of NMR machines at
igher field and to indirect methods such as INEPT or HMBC
equences. However, reports on 29Si NMR data are still limited.

downfield shift from the value of the free silane is gener-
lly observed for transition metal complexes incorporating a
ilicon group. Substituents at Si have an important effect on
he 29Si chemical shifts with an important downfield shift for
lectron-withdrawing groups such as Cl. Recording of the 29Si
hemical shifts is a good tool to discard a silylene formulation,
he 29Si NMR signal appearing at a much lower field (>100 ppm)
19]. However, there is at least one exception found in the
inuclear ruthenium complex Ru2H4(�2:�2:�2:�2-SiH4)(PR3)4
R = iPr, Cy) which displays a very downfield chemical shift
alue of 290 ppm. In fact, the bridging SiH4 ligand is bonded
o two ruthenium atoms through multiple �-Si H interac-
ions as shown by multinuclear NMR, X-ray and DFT studies
20,21].

One can gain a lot of information from coupling constant
alues, but again the data should be analyzed very carefully.
here are very few data on JMSi coupling constants and a rather

arge range is observed for 183W, 103Rh or 195Pt species. The
JSiH values in free silanes are around 200 Hz but extreme val-
es are found from 190 Hz in HSiMe3 to 370.6 Hz in HSiCl3 due
n part to an increase in the s character in the Si H bond. For
omplexes displaying 2JSiH values below 10 Hz, a Si H interac-
ion can be excluded, and a hydrido(silyl) formulation is likely.
imilarly, values higher than 65 Hz are a good criterion to ascer-

ain a �-silane formulation. In between, it is essential to combine
dditional data (IR, X-ray, DFT) to discriminate the two bonding
ituations. The intermediate range has varied over the years as
ore and more examples have been found and have shown that

he interpretation of JSiH values can be quite difficult, especially

or silanes with electron-withdrawing substituents. Fluxional
rocesses are often observed in hydrido(silyl) and �-silane com-
lexes which might also add complexity in the analysis of the
onding nature.

g

t
t

ig. 4. �-SiH4 complex Mo(�2-HSiH3)(CO)(depe)2 (A) in tautomeric equilib-
ium with MoH(SiH3)(CO)(depe)2 (B) [22].

In order to illustrate these NMR features, we have selected
few examples among the three different classes: �-silane,

ydrido(silyl) and ambiguous systems.

.1. Tautomeric equilibrium in a molybdenum complex

In 1995, Kubas et al. reported the first transition
etal �-SiH4 complex Mo(�2-HSiH3)(CO)(depe)2 (A)

depe = Et2PC2H4PEt2) in tautomeric equilibrium with the
orresponding hydridosilyl species MoH(SiH3)(CO)(depe)2
B) (Fig. 4) [22]. The �-SiH4 complex A is characterized by
broad hydride signal at δ − 8.23 displaying a JSiH value of

5 Hz in the 1H{31P} NMR spectrum, whereas the hydridosilyl
somer B presents a hydride quintet at δ − 7.58 with no
isible silicon satellites upon phosphorus decoupling. The
automeric equilibrium is demonstrated by variable temper-
ture 1H and 31P NMR measurements. The X-ray structure
f Mo(�2-HSiH3)(CO)(iBu2PC2H4PiBu2)2 analogous to

was also reported. Unfortunately the hydride could not
e located, but the geometry of the central core MoP4CSi
s very similar to that in the related compound Mo(�2-
SiH2Ph)(CO)(Et2PC2H4PEt2)2 in which all the hydrogen

toms were located. It is interesting to note that an analogous
-germane complex was also structurally characterized.

.2. Silane manganese complexes

After the paper by Jetz and Graham in 1971 on the syn-
hesis of two manganese complexes CpMn(CO)2{HSiPh3} and
pMn(CO)2{HSiCl3} [23], more information has been gained
n a series of complexes of the type Cp′Mn(CO)2{HSiR3}
with Cp′ = C5H5, C5Me5, C5H4Me and HSiR3 = HSiHPh2,
SiHPh(C10H7), HSiFPh2, HSiPh3, HSiCl3, HSiPh2SiHPh2).
ll the complexes display in the hydride region of the 1H NMR

pectrum one signal close to δ − 11. Silicon satellites could be
easured giving rise to a rather narrow range for the JSi H

alues, 55–65 Hz, whereas the corresponding 29Si NMR res-
nances are spread between δ − 2 to δ + 55 as a result of various
ilicon substituents (see Table 1). Complementary data came
rom PES, IR, X-ray and even neutron structure determination
dSi H = 1.802(5) Å for Cp′Mn(CO)2{HSiPh2F}) leading to a

ood agreement for a �-silane formulation.

However, the structure for the complexes resulting from
he activation of HSiCl3 remained under debate and led to
wo correspondences in 2003 by Nikonov [31] and Licht-
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Table 1
Selected data for CpRMn(CO)2{HSiR3} complexes

Complex δ 1H JSiH δ 29Si Ref.

MeCpMn(CO)2{HSiHPh2} −11.5 63.5 13.5 [24–27]
Cp*Mn(CO)2{HSiHPh2} −11.2 65.4 18.2 [24,26]
MeCpMn(CO)2{HSiHPhC10H7} −1.23 69 7.5 [17]
MeCpMn(CO)2{HSiPh3} −11.44 64.7 18.5 [17,23]
MeCpMn(CO)2{HSiPh2SiHPh2} −10.71 57 −2.62 [28]
MeCpMn(CO)2{HSiPh2F} −11.0 [24,29]
CpMn(CO)2{HSiCl3} −9.70 [23]
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eCpMn(CO)2{HSiCl3} 54.8 54.9 [24,30]

p = C5H5; MeCp = C5H4Me; Cp* = C5Me5.

nberger [32]. Recently, Scherer et al. reinvestigated these
ystems [33]. On the basis of charge density analysis and T1
easurements to estimate M H distances, they concluded on
similar (�2-HSiR3) bonding mode within the three com-

lexes MeCpMn(CO)2{HSiHPh2}, MeCpMn(CO)2{HSiFPh2}
nd MeCpMn(CO)2{HSiCl3}. Certainly, the introduction of
ore electronegative substituents pushes the activation to a more

ronounced asymmetric oxidative addition stage. The results are
good illustration of an activation process through a continuum
nd for which the borders are difficult to delineate.

.3. The ruthenium RuH3(SiR3)L2L′ series

A series of ruthenium complexes of general formula
uH3(SiR3)L2L′ can be isolated from the reactions of dihy-
ride complexes with a variety of monosilanes HSiR3 (R = alkyl,
ryl, alkoxy or halogen) [34–42]. They all display similar NMR
eatures, no matter what the other ligands L and L′ around the
etal center are, with one hydride resonance at all temperatures.
nalysis of JSi H coupling constant values was quite difficult in
iew of the different substituents leading to some controversy
n the formulation of this family of complexes [14,15]. Recent
rogress made on theoretical calculations of NMR parameters
hould offer, in the future, complementary information to X-ray
nd DFT data [32].

.4. Disilane ruthenium complexes
The coordination of disilanes to the bis(dihydrogen) complex
uH2(H2)2(PCy3)2 led to the synthesis of a series of complexes
f general formula [RuH2{(�2-HSiMe2)2X}(PCy3)2] (Fig. 5)
43]. X-ray structures were obtained in particular for X = C6H4,

ig. 5. SISHA interactions between hydrides and silicon atoms in disilane com-
lexes [RuH2{(�2-HSiMe2)2X}(PCy3)2.
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ig. 6. 1H NMR spectra at various temperatures of [RuH2{(�2-
SiMe2)2(C6H4)}(PCy3)2].

CH2)2 and OSiMe2O [44]. The measurements at low tem-
erature allowed a very good location of the hydrogen atoms,
scertained by DFT calculations [44]. They display the same
verall structure, a distorted octahedral with two cis phosphines
nd the disilane ligand bonded to the ruthenium through two
-Si H bonds (ca. 1.8 Å) in a trans position. The cis position
f these bulky phosphines was quite unexpected and analysis
f all the data (X-ray, NMR, IR and DFT) led us to conclude
o the importance of secondary interactions between the silicon
toms and the classical hydrides, named SISHA interactions
see Section 2.5) [14,15,45]. These secondary interactions were
n particular characterized by Si· · ·H distances around 2.2 Å,

uch shorter than the sum of the van der Waals radii (3.4 Å for
ydrogen and silicon).

These three complexes display similar NMR data. The single
ine in the range 45–51 ppm in the 31P{1H} NMR spectrum is in
greement with two equivalent phosphines. At room tempera-
ure, the 1H NMR signal of the starting disilane close to δ + 5 had
isappeared, and two signals of equal intensity were observed
n the hydride region of the spectrum: one triplet near δ − 8
ssigned to the �-Si H and an AA′XX′ resonance near δ − 12
or the two classical hydrides. Similarly to what is observed for
ihydrogen complexes, a reduced JHP value was observed within
he triplet in agreement with a �-formulation. Coalescence was
chieved at temperatures higher than 333 K leading to a broad
esonance near δ − 10 (Fig. 6).

These exchange processes are characterized by a barrier
lose to 65 kJ mol−1. Deuterium incorporation was equally
bserved on the two hydride sites in agreement with a rather
asy exchange process between the two types of hydrogens.
he absence of any dihydrogen ligand in all of the new

omplexes was confirmed by T1 measurements giving T1min
alues higher than 140 ms for the two signals. The 29Si{31P}
NEPT spectra showed a doublet with JSiH values in the range
5–82 Hz, representing a significant reduction from the values
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The close relationship between H Si and H H complexes
ig. 7. [1H, 31P] HMQC spectrum of [RuH2{(�2-HSiPh2)2O}(PCy3)2] at 183 K
howing the two isomers Ia and Ib.

or the free disilanes (179–204 Hz) as a result of �-coordination
nd stretching of the Si H bonds. In this series of disilane
omplexes, the JSi P values were found close to 8 Hz. Such
mall values are typical for �-silane complexes. Higher values
an be observed in the case of agostic complexes (37 Hz for
he �-agostic complex Cp*Ru{C(HSiMe2) CPh2}(PR3) [46]),
hereas important variations depending on the P M Si angle

re observed for silyl complexes (164 Hz in a tetrasilyl palladium
omplex with a P Pd Si angle of 175.5(1)◦ [47]).

When a short spacer bridges the two silicon atoms
uch as in the case of disiloxane (X = O) or disilazane
X = NH), the corresponding ruthenium complexes [RuH2{(�2-
SiR2)2X}(PCy3)2] display different NMR, X-ray as well as
FT data [44,45,48]. As a result of a steric constraint, the com-
ounds are now characterized by a cis disposition of the two
�2-H Si) ligands. The disiloxane and disilazane complexes dis-
lay similar NMR spectra. We will only comment the data for the
isiloxane complex [RuH2{(�2-HSiPh2)2O}(PCy3)2] which is
he only one displaying an equilibrium between two isomers as
hown by multinuclear NMR experiments. At room temperature
ne broad signal in the hydride 1H NMR region is observed at
− 8.79. A first decoalescence at 273 K led to a broad singlet at
− 7.77 and a broad triplet at δ − 9.57 (J = 45 Hz) followed by
HP
second decoalescence at 213 K leading finally to the observa-

ion of five broad signals between δ − 7 and δ − 10 in a 1:1:1:1:2
atio. The 31P NMR spectrum showed one signal at δ 45 at room

c
s
c
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emperature which transformed into a singlet at δ 42.4 and an AB
attern at δ 44.9 and δ 43.1 with JPP of 28 Hz. All the data were
onsistent with the formation of two isomers as identified in
articular by [1H, 31P] HMQC and EXSY experiments (Fig. 7).
he symmetrical isomer Ia corresponds to a trans arrangement
f the phosphines whereas in the asymmetrical isomer Ib, the
hosphines adopt a cis disposition and all the hydrogen atoms
round the ruthenium are inequivalent [45]. In the case of the
nalogous disiloxane and disilazane complexes with methyl
ubstituents on silicon, [RuH2{(�2-HSiMe2)2X}(PCy3)2], the
ymmetrical isomer a was not observed. The structure of
RuH2{(�2-HSiMe2)2NH}(PCy3)2] was confirmed by X-ray
iffraction. It is noteworthy that the choice of the functional
or DFT calculations was crucial. Indeed, a major discrepancy
ith X-ray data was observed when using B3LYP instead of
3PW91 [48].

.5. Secondary Si· · ·H interactions (SISHA)

The only case for which it was possible to identify a
econdary Interaction between Silicon and Hydrogen Atoms
SISHA) by NMR was on the complexes RuH(�2-HSiR3){(�3-
6H8)PCy2}(PCy3) (SiR3 = SiEt3, SiMe2Et and SiMe2Cl)

42,49]. We have in this series two different phosphines and
here is no hydride exchange.

In RuH(�2-HSiMe2Cl){(�3-C6H8)PCy2}(PCy3) for exam-
le, the two hydrides resonate at δ − 9.06 (t) and δ − 11.98 (dd)
nd an AB pattern (δ 83.9 and δ 68.8, JPP = 18.6 Hz) is observed
n the 31P{1H} spectrum. A 1D HMQC 29Si–1H{31P} experi-

ent shows two doublets in the high-field region with JSiH values
f 37.3 and 24.1 Hz (Fig. 8). The coupling of the two differ-
nt hydrides with silicon is noticeably different (�JSiH = 13 Hz)
ut surprisingly almost no change was recorded for the two
nalogous complexes with HSiEt3 or HSiMe2Et. A rather sig-
ificant change on the Si H bond activation was expected at
east between HSiMe2Cl and HSiMe2Et because of the chloride
ubstituent. Again, we see here that a direct interpretation of the
SiH value for the description of the bonding mode of the silane
hould be used with caution.

. �-Borane compounds

B H activation is well known and largely dominated by
he use of borohydride compounds (predominantly BH4

−) and
orane-Lewis base adducts. We have excluded here the chem-
stry of boryl, borylene and borane-Lewis base complexes
50–57]. The chemistry of true �-B H complexes started in
996 when Hartwig et al. found an elegant entry by using neu-
ral trivalent boranes [58]. The authors described the complexes
p2Ti(�2-HBcat)2 and Cp2Ti(�2-HBcat-4-Me)2 as the �-B H
omplexation of two catecholborane molecules to a 14-electron
p2Ti fragment. Until today, a limited number of M-(�-B H)
omplexes (M = Ti, Nb, Mn, Re, Ni and Ru) have been reported.
an also be extended to H B complexes. As in the case of
ilanes, the nature of the boron substituents is important. They
an modify the Lewis acid properties of the borane and in partic-
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ig. 8. RuH(�2-HSiMe2Cl){(�3-C6H8)PCy2}(PCy3). Top: X-ray crystal struc-
ure. Down: (a) 1H NMR spectrum and (b) 1D HMQC 29Si–1H{31P} NMR
pectrum in the hydride region showing the different coupling constants.

lar favour a �-borane over a hydrido(boryl) formulation. The
resence of an empty p orbital on boron represents an additional
ontribution to the classical model of Chatt, Dewar and Duncan-
on (Fig. 9). As in silane chemistry, it remains difficult to assign
correct formulation on the only basis of 11B and 1H NMR.
ig. 10 shows the various structures that can be adopted when

borane is added to a metal hydride fragment. Representative

xamples will be described in the following sections.
Most of the �-B H complexes involve the complexation

f catecholborane (HBcat) or pinacolborane (HBpin) that are

c

i
b

ig. 9. Additional contribution of the empty p orbital on boron to the classical
odel of Chatt, Dewar and Duncanson in a �-BH complex.

onomeric species in solution. In these cases, downfield shifts
>40 ppm) are observed by 11B NMR between the starting
orane and the metal complex as a result of borane incorpo-
ation. The case of �-dialkylborane complexes is less obvious.
he 11B NMR resonances are rather located downfield with a
hemical shift depending on the nature of the metal. The val-
es are not directly comparable with the chemical shifts of the
orresponding free dialkylboranes. Most of them are dimeric
pecies and display chemical shifts around 20–30 ppm. When
onomeric, the 11B NMR resonances of free dialkylboranes

re expected to be much more deshielded [59]. Dimesitylborane
as characterized as a dimer by neutron and X-ray diffraction.

n solution, equilibrium with the monomer form was evidenced
y the two broad 11B NMR signals at δ 25.9 (dimer) and δ

3.3 (monomer) [60]. A similar trend is generally observed in
smaller magnitude for the 11B NMR signals of metal–boryl

omplexes. They are located downfield of those of free boranes
hereas borohydrides are located upfield.
The B H bond of free monomeric or dimeric boranes

s generally characterized by a positive chemical shift 1H
MR signal, appearing as a poorly resolved quartet due

o the quadrupolar boron atom. Sharpening of the signal is
bserved upon boron decoupling. When incorporated into a
etal complex, the signal of the �-B H remains broad but it

s strongly shielded. The hydrogen atom shows a hydridic char-
cter and displays a negative chemical shift (−5.4 < δ < −17.1).
owever, the assignment of a bonding mode by a simple

nalysis of the chemical shift values is impossible as simi-
ar ranges are observed for hydrido(boryl) and borohydride

omplexes.

Analysis of coupling constant values brings normally useful
nformation but unfortunately, data are extremely limited in �-
orane chemistry. The �-B H resonance signal is generally too
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Fig. 10. Possible coordination mode

road to allow JBH measurements due to the coupling with the
uadrupolar 11B atom [61–63]. 1H NMR with 11B decoupling
eads to a sharper signal but the coupling information is lost. This
rend is shared by most of the reported �-B H complexes and
y borohydride complexes. It becomes debatable in the case of
ydrido(boryl) complexes. The presence and the magnitude of a
otential secondary interaction between a hydride and the boron
f a boryl complex can also be responsible of the broadening of
he hydride signal in 1H NMR.

In the following sections, we will exhaustively present
ey NMR features of all the �-B H complexes so far
eported. Whenever possible, we will compare them with some
ydrido(boryl) or borohydride species for a better understanding
f the �-coordination mode.

.1. Titanium complexes

In 1996, Hartwig et al. reported the first transition metal
-BH complexes Cp2Ti(�2-HBcat)2 (A1) and Cp2Ti(�2-HBcat-

-Me)2 (A4) followed by a series of analogous Ti complexes
ncorporating substituted catecholboranes [58,64] (Fig. 11).
hey have been fully characterized by X-ray, infrared, mult-

nuclear NMR spectroscopy and their structure has been

ig. 11. �-BH titanocene complexes incorporating substituted catecholboranes
A, B and C).

o
t
t
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t
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m
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oranes to a metal hydride fragment.

ationalized by theoretical calculations. In the case of A1, the
-ray analysis showed a Ti H distance of 1.25(3) Å and a Ti B
istance of 2.335(5) Å, longer than that of metallocene boryl
omplexes [65,66]. All the data are consistent with the presence
f a d2 Ti(II) center.

Complexes A1–7 exhibit similar spectroscopic characteris-
ics: (i) a broad 11B NMR signal between 45 and 46.3 ppm

oderately deshielded with respect to the starting catecholb-
ranes, and (ii) broad 1H NMR hydride resonances between
5.85 and −5.37 ppm which sharpen upon boron decoupling.
hey are strongly shielded compared to the B H resonances
f the parent catecholboranes (see Table 2). The two hydride
esonances due to the different orientations of the substituted
atechol ligand are not resolved except in the case of complex
7 containing two bulky tert-butyl groups per catechol [64].

nterestingly, A3 is a highly active catalyst for the hydroboration
f vinylarenes [67].

Compounds B1–3 (Fig. 11) were obtained from A by a redis-
ribution reaction with Cp2Ti(PMe3)2 or directly by exchange of
ne catecholborane ligand with PMe3 [64,68]. It is noteworthy
hat �-complex chemistry is largely dominated by substitu-
ion reactions [1]. Kinetic studies conducted with A indicated

zero order dependence in both borane and PMe3 concen-
rations. The mechanism involves an initial dissociation step
f the catecholborane ligand followed by a rapid association
f the phosphine. The measured rate constants suggest that
ore electron-withdrawing substituents on the catechol moi-

ty decrease the rate of substitution [64]. The X-ray analysis in
he case of B2 showed as in A1 a Ti H B angle of 100◦. The

easured Ti B distance of 2.267(6) Å in B2 is too long for a
etallocene–boryl complex but is slightly shorter than that in
1. A same trend is observed for the Ti H bond with a length
f 1.61(5) Å (1.74(4) Å in A1). On the contrary, the B H bond

ength of 1.35(5) Å is slightly longer than that in A1 (1.25(3) Å)
nd the angle between the midpoint of the B H bond, Ti and P
s 89.3◦, thus larger than in A1 (81◦). This angle is still in the
ange of L M L angles measured in d2 Cp2ML2 compounds.
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hese data are in agreement with a more advanced oxidative
ddition process in B2 compared to A1 as a result of the pres-
nce of PMe3, a more basic ligand leading to a more efficient
ack-donation process to the borane.

The 31P{1H} NMR spectra of B1–3 consist in sharp singlets
round δ 29 and no information is gained with respect to the
oordination mode of the borane. The 11B NMR data testify the
orane incorporation in the complex. The borohydride coordi-
ation mode can be excluded as such a mode would exhibit a
esonance located upfield to those of the free boranes. The spec-
ra of compounds B1–3 contain a single resonance around δ 64
ocated downfield of those of the free catecholboranes and of
he parent complexes A1–3 (see Table 2).

The most relevant information is obtained from the 1H NMR
nalysis. The spectra of complexes B1–3 display a broad signal
t ca. δ − 9.5 located upfield of those of the free catecholbo-
anes and parent complexes A1–3. In 1H NMR, the analysis of
he coupling constant values and their comparison with those of
hosphine containing hydrido(boryl) complexes are quite infor-
ative. For example, in the case of the hydrido(boryl) complexes
p*IrH(Bcat)(PMe3) [69] and RhHCl(Bcat)(PiPr3)2 [13,70] the
ydride displays a sharp doublet with a 2JPH coupling constant
f 29 Hz and 14 Hz, respectively. Their 11B NMR spectra show
signal moderately deshielded (δ 35.98 (�δ + 6) and δ 37.7

�δ + 8), respectively) compared to the resonance of free cate-
holborane but upfield of compounds B1–3 (−29 < �δ < −26).
n B1–3, the broad hydride signal in 1H NMR sharpens upon 11B
ecoupling and the absence of any measurable JPH coupling con-
tant excludes a hydrido(boryl) coordination mode and reveals
he B H connectivity in agreement with a �-borane coordina-
ion. Overall, the 11B and 1H NMR data for B1–3 illustrate the
odification of the metal–ligand electron density transfer with

espect to complexes A1–3.
Compound C (Fig. 11) was also prepared in 39% isolated

ield from A3 by substitution reaction of one H B(cat-4-
Bu) ligand at −5 ◦C in toluene in the presence of a slight
xcess of phenylsilane. C was identified as an unusual mixed
�-borane)(�-silane) complex [64]. The 11B NMR spectrum
xhibits a signal at δ 37 slightly downfield of free H B(cat-
-tBu) (�δ + 7.7) but upfield of that of A3 (�δ − 9) and
3 (�δ − 27 ppm) implying a significant contribution of the

ilyl(dihydroborate) form Cp2Ti(SiH2Ph)[(�-H)2Bcat(4-tBu)]
o the overall structure. The hydride signals in C are not aver-
ged in the 1H NMR at −30 ◦C and the spectrum displays
wo hydride broad signals at δ − 6.79 and δ − 4.99 that sharpen
pon 11B decoupling. They were respectively assigned to �-
i H and �-B H. The head-to-tail-disposition of the �-silane
nd the �-borane is demonstrated by NOESY experiment. At
80 ◦C, a NOE interaction between the �-B H and the �-Si H

s observed as well as between the �-Si H and the two unco-
rdinated hydrogen atoms of the phenylsilane, but not between
he �-B H and the two uncoordinated hydrogen atoms of the
henylsilane. The 2H NMR spectrum of Cp2Ti(HBcat)(PhSiH3)

t −30 ◦C indicated that H/D exchange between the B H
nd the three Si H bonds took place on the laboratory time
cale. This corroborates the substantial borohydride character
f C since metallocene borohydride complexes are known to
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Fig. 12. Possible coordination modes of niobium complexes incorporating disubstituted boranes (D).
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ig. 13. 1H and 1H{11B} for intermediate Cp2NbH(�2-HBcat) (left) at −20 ◦C
f the American Chemical Society, Copyright 2007)

ndergo hydrogen exchange processes with low activation bar-
iers [71]. It is worth noting that a borohydride(silyl) isomer
as optimized as the lowest minimum at the B3LYP/DFT level

72].

.2. Niobium complexes

In 1994, niobium complexes incorporating catecholborane or
-BBN (9-borabicyclo[3-3-1]nonane) were reported by Hartwig
nd De Gala [65]. Addition of the borane to Cp2NbH3 was
erformed at 55 ◦C in the case of catecholborane and at 20 ◦C
n the case of 9-BBN. As shown in Fig. 12, the complexity
esults once more in the large number of possible coordina-
ion modes: hydrido-�-B-H (D), endo-dihydrido(boryl) (D1),
xo-dihydrido(boryl) (D2) or borohydride (D3). On the basis
f X-ray and NMR data the authors proposed a formulation
1 in the case of catecholborane and D3 in the case of 9-BBN.
he complex Cp2NbH2(Bcat) displays a broad signal at δ − 8.68
nd a 11B NMR signal at δ 59. Isotopic labelling experiments
evealed large perturbations by 1H, 2H and 11B data. The large
erturbations are in favour of a rapid equilibrium between struc-

ures D1 and D3. The X-ray structure performed at −120 ◦C is
n good agreement with a Nb(V) boryl formulation (structure

1) as evidenced in particular by the very long B H distances
1.69(5) Å).

s
t
c
c

xo-Cp2TaH2(Bcat) (right) at 20 ◦C. (Reprinted from Ref. [74] with permission

A few years later, in 1997, a detailed study was performed by
mith and co-workers on the reactivity of Cp*2MH(CH2 CHR)
M = Nb, Ta; R = H, Me) with substituted catecholborane
eagents [73]. M(V) structures appear to be dominant in this
hemistry, however, the complex Cp*2Nb(H2Bcat-3-tBu) is
etter formulated as a Nb(III) complex with a borohydride coor-
ination on the basis of X-ray data. The authors also observed
arge chemical shift perturbations upon isotopic labelling and
t appears that the phenomenon is rather complex and might
nvolve several equilibria. Finally in 1999, they found that
pon reaction at −20 ◦C of endo/exo-Cp2NbH(CH2 CHMe)
ith 1 equiv. of catecholborane, a new species was pro-
uced and identified as a niobium �-catecholborane complex
p2NbH(�2-HBcat) D [74]. At −20 ◦C, the 11B NMR spec-

rum of intermediate D exhibits a signal at δ + 59, thus downfield
f free catecholborane (�δ = +30). The 1H NMR displays a
et of two hydride resonances: a sharp signal at δ − 4.40 and
broad signal at δ − 6.00 that sharpens upon 11B decoupling

Fig. 13). For symmetry reasons, these data exclude the struc-
ure D1 displaying, as observed by Hartwig [65], one single
ydride resonance at δ − 8.68 in the 1H NMR spectrum. For
imilar reasons, the borohydride coordination mode D3 that

hould additionally exhibit a more shielded resonance signal in
he 11B NMR was also discarded. The spectroscopic data were
ompared to that of exo-Cp2TaH2(Bcat) that presents the same
oordination mode than in D2 [66]. In the 11B NMR, the exo-
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Fig. 14. Manganese and rhenium �-borane complexes E and F.

p2TaH2(Bcat) exhibits a signal at δ 64.7 located downfield
f catecholborane (�δ + 34.7). In the 1H NMR, the spectrum
hows a temperature-independent sharp doublet at δ − 4.20 with
2JHH coupling constant of 5.6 Hz and a broad signal at δ − 5.17

hat sharpens into a well-resolved doublet upon 11B decoupling
Fig. 13). In the case of complex D, it was not possible to mea-
ure any 2JHH from − 60 to 20 ◦C excluding the D2 coordination
ode. The �-B H coordination mode in D was also revealed

y isotopic labelling from endo/exo-Cp2NbH(CH2 CHMe) and
atB-D. The experiment resulted in the exclusive deuterium
ncorporation at δ − 6.21 in the 2H NMR spectrum gradually
ollowed by a statistical redistribution between the positions
orresponding to the two hydride resonances.

.3. Manganese and rhenium complexes

Isolation of manganese and rhenium �-BH complexes rep-
esents a milestone in the field of �-borane coordination
hemistry. In 2000, Hartwig and co-worker showed that �-
orane complexes were not restricted to early transition metals
nd moreover, for the first time, dialkylboranes were incorpo-
ated as �-ligands in the coordination sphere of the metal [75].

anganese complexes E1–4 were obtained by salt extrusion
sing K[(MeCp)Mn(CO)2H] and the corresponding halogenob-
ranes XBR2 (X = Cl, Br; BR2 = Bpin, Bcat, BMe2, BCy2)
Fig. 14). In the case of Bpin and Bcat complexes, another
oute involving photolysis of (MeCp)Mn(CO)3 in the pres-
nce of pinacolborane or catecholborane was also possible, but
he corresponding complexes were obtained in lower yields.
henium complex F resulted from the alcoholysis of cis-

p*Re(CO)2(Bpin)2 (Fig. 14). Complexes E and F were fully
haracterized by infrared, multinuclear NMR spectroscopy and
heir structure was rationalized by theoretical calculations. An
-ray structure was obtained in the case of �-borane manganese

r
c
(

able 3
R and NMR data on manganese and rhenium complexes

νM H B (cm−1) νs CO, νas CO (cm−1)

1 1606 1995, 1937

2 1603 1983, 1921

3 1592 1975, 1910

4 1597 1967, 1901

1603 1981, 1924
emistry Reviews 252 (2008) 2395–2409

omplexes of catecholborane (E1), pinacolborane (E2) and dicy-
lohexylborane (E4).

The infrared vibrations observed between 1592 and
606 cm−1 for E and at 1603 cm−1 for F were attributed
o the Mn H B vibrator that is likely to be predominantly

H in character. The B H stretches are generally esti-
ated to lie even lower in frequencies and of course much

ower than in free monomeric boranes (νcatBH = 2660 cm−1,
pinBH = 2580 cm−1 and calculated νMe2BH = 2491 cm−1). The
R-stretching frequencies of the carbonyl ligands are informa-
ive of the metal–borane synergetic electron transfer in E. The

easured νCO stretching values suggest that dialkylboranes are
tronger �-donating and weaker �-accepting ligands than pina-
olborane and catecholborane, respectively (see Table 3).

The values of the M B distances in complexes E1, E2 and
4 are 2.083(2), 2.149(2) and 2.187(3) Å and are slightly longer

han those in related iron boryl complexes CpFe(CO)2(Bcat)
1.959(6) Å) and CpFe(CO)2(BPh2) (2.034(3) Å) [76]. They all
ontained extremely small H Mn B angles of 38.2◦, 37.2◦ and
3.2◦ and the Mn H bond distances of 1.57, 1.53 and 1.49 Å,
espectively are very close to that of K[(MeCp)Mn(CO)2H]
1.54–1.56 Å) indicating a strong M H interaction [77]. The

H bond lengths of these complexes are, respectively 1.29,
.31 and 1.24 Å. They are slightly longer than those calculated
or B H distances in the free boranes (1.184 Å in catecholb-
rane, 1.190 Å in pinacolborane and 1.204 Å in Me2BH) and
ompatible with complexes involving a �-B H bond [78].

For manganese compounds E1–4, the 11B NMR clearly illus-
rates the nature of the borane incorporated in the complex. The

1 and E2 spectra exhibit a signal at δ 46 and δ 45, respectively,
ownfield of free catecholborane (�δ + 17) and free pinacolbo-
ane (�δ + 17.6 ppm). Similar spectroscopic data are observed
ith the rhenium �-pinacolborane complex F (�δ + 17). In the

ase of E3 and E4, the 11B NMR chemical shifts at δ + 101
nd δ + 104 are also in agreement with the incorporation of
dialkylborane in the complex. In the 1H NMR spectrum,

omplexes E1–4 and F exhibit a shielded hydride broad signal
etween δ − 17.06 and δ − 11.06 that sharpens upon 11B decou-
ling (Fig. 15). In the case of E1 and E2, a direct JBH coupling
onstant of 98 Hz and 88 Hz, respectively could be estimated for
he first time. These values obtained by high temperature 11B
MR experiments represent roughly half the value measured in

he parent borane and ascertain a �-borane formulation.

It is interesting to compare these data with those

eported by Braunschweig et al. for similar manganese
omplexes with BR2 = BClE(SiMe3)3 (E = Si, Ge) [79]. The
MeCp)Mn(CO)2H[BClE(SiMe3)3] complexes display similar

δ (11B NMR) (�δ) (ppm) δ (1H NMR) (ppm)

+46 (+17) −14.46
+45 (+17.6) −15.66

+101 −17.06
+104 −16.96

+46 (+17) −11.06
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ig. 15. 1H NMR resonance of E1 at 25 ◦C (a) with and (b) without 11B NMR
ecoupling. (Reprinted from Ref. [75] with permission of the American Chem-
cal Society, Copyright 2007)

R data and in particular the CO stretching frequencies at 1978,
913 cm−1 (E = Si) and 1975, 1904 cm−1 (E = Ge) are com-
arable to those registered for E3–4. The X-ray structure of
MeCp)Mn(CO)2H[BClSi(SiMe3)3] shows a Mn B bond dis-
ance of 2.138(16) Å similar to that of E4 (2.187(3) Å) but due
o the quality of the data, no information was available on
arameters involving the hydride. The 11B NMR resonances
re similarly located downfield with a chemical shift of δ 105.2
E = Si) and δ 105.8 (E = Ge). However, boryl iron complexes
MeCp)Fe(CO)2[BClE(SiMe3)3] incorporating the same sub-
tituents at boron display more deshielded resonances (close to
40 ppm). Such a difference of chemical shifts is thus in favour
f a residual H· · ·B interaction in the manganese complexes
eading formally to an increased coordination number at boron.
he presence of a Mn H B bridge in solution is also indicated
y the 1H NMR spectra that exhibited a broad shielded signal
t δ − 15.3 (E = Si) and δ − 15.03 ppm (E = Ge) that sharpened
pon 11B decoupling with a difference of line width of 15 and
Hz, respectively. The estimated coupling constant is in agree-
ent with a hydrido(boryl)manganese formulation exhibiting a

econdary interaction between the hydride and the boron atom
79].

In summary, in the case of E3 and E4 [75], the �-borane for-
ulation cannot be definitively established on the only basis of
MR spectroscopy and complementary data from X-ray analy-

is strengthen a �-borane formulation. Such a formulation was
ecently ascertained by DFT calculations on the correspond-
ng manganese and rhenium complexes, as reported by Pandey
78,80].

.4. Nickel complexes

In 2005, Garcia and co-workers reported the first �-borane
ickel complexes by reaction of [(diphosphine)NiH]2 with a
ixture of triethylborane and Super-Hydride (LiBHEt3) [81].
hree tetrasubstituted diphosphinoethane dRpe ligands (R = iPr,

Bu, Cy) were used. The corresponding complexes (dRpe)Ni(�-
BEt2) (G1–3) were fully characterized by NMR spectroscopy
nd an X-ray structure was obtained in the case of G3 (Fig. 16).
n G3, the metal–B, metal–H and B H distances as well as the
mall H M B angle are similar to those in (MeCp)Mn(CO)2(�-
BCy2) (E4), in agreement with the �-coordination mode of

o
w
i
d

Fig. 16. (dRpe)Ni(�-HBEt2) complexes G.

he diethylborane to the nickel atom. Very recently, the boryl
ickel complex (PNP)Ni(Bcat) was prepared and fully char-
cterized (PNP = N[2-P(CHMe2)2-4-methylphenyl]2) [82]. The
i B distance of 1.909(2) Å is significantly shorter than the
-borane nickel complexes reported so far (see Table 4).

The 11B NMR spectra of G1–3 show a signal between δ + 43
nd δ + 48. These chemical shifts are surprisingly shielded
ompared to those of manganese �-coordinated dialkylboranes
75] but remain moderately downfield of the dimeric (Et2BH)2
δ + 37.72). The 1H NMR spectra of G1–3 display a broad hydride
esonance at ca. δ − 7. On the basis of these NMR data, it was
ifficult to exclude a hydrido(boryl) Ni(II) formulation rather
han a �-diethylborane complexation mode to a Ni(0) center.
urther information given by the 31P NMR was crucial to estab-

ish the most likely diethylborane coordination mode. The 31P
MR spectra of G1–3 display a set of two slightly broadened

symmetric doublets, characteristic of two phosphorus atoms in
different environment (see Table 4). The 2JPP coupling con-

tants are typical of Ni(0) complexes [83,84]. The hydrido(boryl)
oordination mode can therefore be discarded at the benefit of a
-diethylborane complexation.

.5. Ruthenium complexes

The ruthenium �-B H complexes reported in the litera-
ure by Sabo-Etienne et al. are exclusively derived from the
is(dihydrogen) complex RuH2(�2-H2)2(PCy3)2 [85–87]. They
re probably the most intriguing examples in terms of accessi-
ility of various coordination modes. The presence of several
ydrogen atoms in the coordination sphere of the metal makes
hese systems highly dynamic, with additional difficulties in
btaining reliable information in particular by NMR. The unique
roperties of �-complexes and the tendency to be part of highly
ynamic processes have allowed the establishment of the �-
AM mechanism (�-Complex Assisted Metathesis) as recently
ublished by Perutz and Sabo-Etienne [3]. Such a concept is
irectly applicable to the catalytic borylation of alkanes exten-
ively studied by Hartwig et al. [88].

Complex RuH[(�-H)2Bpin](�2-HBpin)(PCy3)2 (I) was

btained in high yield by reaction of RuH2(�2-H2)2(PCy3)2
ith an excess of pinacolborane at room temperature (Fig. 17). It

ncorporates two molecules of pinacolborane differently coor-
inated on the same ruthenium center: one �-borane and one
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Table 4
X-ray and NMR data on nickel complexes

31P NMR δ 1H NMR (ppm) δ 11B NMR (ppm) M B (Å) M H (Å) B H (Å) H M B (◦)

δ (ppm) 2JPP (Hz)

G1 77.5 and 66.4 67.8 −6.96 (b) 45.38
G2 95.9 and 84.1 63.9 −7.5 (b) 48
G3 72.2 and 58.3 77.8 −7.0 (b) 43.32 2.172(6) 1.47(5) 1.23(5) 32.8

E4 – – −16.96 (b) +104 2.187(3) 1.49(2) 1.24(2) 33.2(7)

ne �-c

d
a
e
b
d
a
l
d
(
c
I
c
t
d
�
t
e
f
w
w
e

n
T
r
n
a
O
t
c
1

t
(
m
m
i

o
m
e
T
H
C
a
r
p
hydrides in cis position, one endo-�-B H pinacolborane and
one �-dihydrogen ligand perpendicular to the equatorial plane.
The quality of the X-ray data allowed the location of the dif-
Fig. 17. Ruthenium bora

ihydroborate ligand. I was characterized by NMR spectroscopy
nd X-ray analysis [85,86]. The four coordination sites in the
quatorial plane of the pseudo octahedral complex I are occupied
y one hydride, one exo-�-B H pinacolborane and one dihydri-
opinacolborate ligated to the ruthenium centre by two hydrogen
toms. The Ru B distance in the case of the �-pinacolborane
igand (2.157(5) Å) is slightly shorter than that of the dihydri-
opinacolborate ligand (2.188(5) Å). The �-B H bond distance
1.35(3) Å) is elongated by ca. 16% relative to that of the cal-
ulated B H bond distance of 1.17 Å in a free dialkoxyborane.
t is shorter than the two B H distances of the dihydridopina-
olborate ligand (1.47(3) and 1.58(3) Å). The angle between
he middle of [O,O], B and Ru for the coordinated dihydri-
opinacolborate (177.1◦) is significantly different than for the
-pinacolborane ligand (171.5◦), probably the best criterion for

he discrimination between the two modes [85,86]. The low-
st minimum found by DFT calculations corresponds to the
ormulation with one �-borane and one dihydroborate ligand,
hereas a symmetrical isomer with two dihydroborate ligands
as optimized 16 kJ mol−1 higher in energy on the potential

nergy surface [86].
The 11B NMR spectrum at 293 K shows one single broad sig-

al at δ 37.3 located downfield of free pinacolborane (δ 28.4).
he room temperature 1H NMR spectrum of I in the hydride

egion is featureless. However, at 233 K three well-resolved reso-
ances in a 2:1:1 ratio are observed as a broad singlet at δ − 11.4,
sharp triplet at δ − 8.03 and a broad singlet at δ − 7.13 (Fig. 18).
n the basis of the T1min values (around 100 ms at 300 MHz for

he three signals), the presence of a �-dihydrogen ligand in I
ould be ruled out. The two broad signals that sharpen upon
1B decoupling are attributed to the two bridging hydrogens of
he dihydridoborate (δ − 11.4) and to the �-B H hydrogen atom

δ − 7.13). No coupling constant between 11B and 1H could be
easured. The 2JHP coupling constant value of 25 Hz for the ter-
inal hydride (δ − 8.03) coupled to the two phosphorus atoms

s in agreement with a cis-coupling.
F
m

omplexes I, J, K and L.

Complex RuH2(�2-HBpin)(�2-H2)(PCy3)2 (J) (Fig. 17) was
bserved by reaction of RuH2(�2-H2)2(PCy3)2 with a stoichio-
etric amount of pinacolborane at room temperature or by

xposing complex I under an atmosphere of dihydrogen [86].
he best method for the isolation of J was to react RuH2(�2-
2)2(PCy3)2 with pinB–Bpin under thermal conditions (80 ◦C).
omplex J was characterized by NMR spectroscopy, by X-ray
nalysis at 90 K and the structure was also rationalized by theo-
etical calculations. The four coordination sites in the equatorial
lane of the pseudo octahedral structure are occupied by two
ig. 18. 1H NMR spectra in the hydride region at variable temperatures of a
ixture of I and J.
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Fig. 19. Ortep drawing of RuH2(�2-HBpin)(�2-H2)(PCy3)2 (J).

erent hydrogen atoms and unexpectedly the dihydrogen ligand
as found in a perpendicular plane to the other hydrogen atoms,
situation quite uncommon in polyhydride ruthenium chemistry

Fig. 19). Such a position results from the presence of two �-
igands, �-dihydrogen and �-borane, which need in order to be
tabilized to favour back-donation from the metal. Competition
etween the two �-ligands is avoided by a position in orthogonal
lanes. This was also highlighted by a theoretical analysis. The

H distance of 0.79(3) Å shows that the dihydrogen ligand
s only slightly activated. The Ru B distance of 2.173(2) Å is
lightly longer than that of the �-pinacolborane ligand in com-
lex I. With 1.30(2) Å, the �-B H distance represents a normal
longation for a �-borane complex. The angle between the mid-
le [O,O], B and Ru (170◦) is close to the corresponding angle
171.5◦) in I. The B· · ·H distance of 1.89(2) Å between the boron
tom and the closest hydride is much longer than the B H dis-
ances in the dihydroborate ligand in I (1.47 and 1.58 Å) but is
n favour of a small hydride/boron lateral interaction.

The 11B NMR spectrum at 293 K shows one single broad
ignal at δ 35.8, located slightly downfield of free pinacolbo-
ane and very close to I. The 1H NMR spectrum displays in
he high-field region only one broad signal at δ − 8.83 cor-
esponding to five hydrides in fast exchange (Fig. 18). No
ecoalescence was observed even at 183 K. The T1min value
f 40 ms at 253 K (300 MHz) is in agreement with the pres-
nce of a �-H2 ligand. It is interesting to compare those data
ith other ruthenium complexes incorporating a pinacolboryl

igand. For example, in the case of the hydrido(boryl) complex
uH(Bpin)(C2H4)(PCy3)2 the boron signal displays the same
hemical shift (δ 11B 34.6) whereas the hydride resonates as a
riplet at δ − 5.77 (JP H = 35 Hz) [89].

Complex RuH2(�2-HBcat)(�2-H2)(PCy3)2 (K) (Fig. 17) was

btained in moderate yield by reaction of RuH2(�2-H2)2(PCy3)2
ith a stoichiometric amount of catecholborane at room temper-

ture [86]. It was characterized by NMR spectroscopy, by X-ray
nalysis at 100 K and the structure was rationalized by theoret-

o
o
s
i

Fig. 20. Ortep drawing of RuH2(�2:�2-H2BMes)(PCy3)2 (L).

cal calculations. Comparable structural features with those of
were obtained. The �-B H bond distance of 1.24(2) Å is also

n agreement with a �-catecholborane formulation. The B· · ·H
istance of 1.60 Å between the boron and the closest hydride is
horter than in J and reveals a stronger lateral interaction prob-
bly due to an increased Lewis acidity of the involved borane.
his trend is verified in the case of 9-BBN activation since the
orresponding dihydridorate complex RuH[(�-H)2BBN](�2-
2)(PCy3)2 was exclusively obtained. The 11B NMR spectrum
f K shows a broad signal at δ 35.8 located downfield of free
atecholborane (�δ + 7). In the 1H NMR, the hydrides are all
n fast exchange even at 183 K and a single broad resonance
s obtained at δ − 8.48. The integration is in agreement with
he incorporation of one catecholborane group in the coordi-
ation sphere of the metal. The T1min value of 47 ms at 198 K
300 MHz) indicates like for J the presence of a �-H2 ligand. In
he cases of J and K, the NMR data appeared less conclusive.
heir formulation as �-borane complexes was best ascertained
y X-ray diffraction and DFT analysis.

Complex RuH2(�2:�2-H2BMes)(PCy3)2 (L) is the first
xample of one borane bound to the metal center through two
eminated �-B H bonds (Figs. 17 and 20) [87]. It was obtained
n excellent yield by reaction of RuH2(�2-H2)2(PCy3)2 with a
toichiometric amount of dimeric mesitylborane (H2BMes)2 or
rom RuHCl(�2-H2)(PCy3)2 in the presence of lithium mesityl-
orohydride. It was characterized by NMR spectroscopy, and its
tructure was determined by X-ray diffraction at 100 K (Fig. 20)
nd was also analyzed by theoretical calculations. The four
oordination sites in the equatorial plane of the pseudo octahe-
ral structure are occupied by two hydrides in cis position and
ne bis(�-B H) coordinated mesitylborane. The Ru B distance

f 1.938(4) Å is the shortest Ru B bond ever reported, much
horter than the sum of the covalent radii (2.09 Å) suggesting an
nteraction between the metal center and the boron atom. The
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H bond distances (1.24(3) and 1.29(3) Å) are less than 10%
longated by comparison to the calculated B H bond distances
f 1.197 Å in a free monomeric mesitylborane showing only a
light activation. The 11B NMR spectrum at 293 K shows a broad
ignal at δ 58 located downfield of starting dimeric mesitylbo-
ane (δ 22). The 1H NMR spectrum of L exhibits at 296 K in the
ydride region two resonances in a 1:1 ratio. The broad singlet
t δ − 5.90 that sharpens upon boron decoupling is attributed to
he two hydrogen atoms attached to boron, whereas the triplet at
− 11.05 that collapses into a singlet upon phosphorus decou-
ling (2JPH = 25.2 Hz) is in agreement with a cis coupling of
wo hydrides with two equivalent phosphorus atoms. The T1min
easurements on the hydride resonances rule out the presence

f any �-H2 ligand in L. No direct coupling constant between
1B and 1H could be measured. The formulation as a bis-�-
orane complex is best ascertained by X-ray diffraction and DFT
nalysis. The coordination of the two geminated �-B H bonds
nvolves �-donation to the ruthenium and �-back-donation from
he ruthenium to the vacant p orbital of boron.

. Conclusion

The present selection of results on �-silane and �-borane
omplexes illustrates the benefits of using NMR as a technique
llowing in particular discrimination between a �-formulation
nd the corresponding product of oxidative addition. However,
one of the common parameters deriving from NMR analysis
an be used as a unique probe to ascertain a �-formulation.
hemical shift values demonstrate the incorporation of the silane

borane) into the coordination sphere of the metal but are not
nformative on the real nature of the bonding mode. One can
xpect to define more precisely the situation by obtaining 29Si
nd 11B NMR parameters (chemical shifts and coupling con-
tants) but very few data are still available. Coupling constant
alues tend to be much more informative but again care must
e taken on a direct analysis. Variable temperature studies often
ive insight into exchange processes, but in polyhydride sys-
ems it is often difficult to block the exchange pathways. We
ave seen over the years the benefits of combining X-ray and
FT analysis to ascertain a better location of hydrogen atoms.
e believe that NMR and DFT data will become more and more

omplementary, as chemical shift and coupling constant values
ecome now computationally calculated with a better accuracy
90,91].

The limits of NMR analysis we have evidenced in this review
hould not overcome the extreme benefit one can gain from
his technique, which still remains one of the best method for
he characterization of organometallic complexes. Substantial
rogress in 29Si and 11B NMR acquisition has been made and
his area should also benefit from the tremendous improvement
een recently in solid state NMR [92,93].
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