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Coordination to a transition-metal center offers a convenient
synthetic approach applicable both to the labilization of
kinetically inert molecules and to the trapping of highly
reactive species.[1–3] Thus, the activation of the dinitrogen
molecule (N2) at a metal center—mimicking the capabilities
of complex biological systems—illustrates the significant
changes in electronic structure which occur on coordina-
tion.[2, 4] The isoelectronic molecule carbon monoxide (CO),
while more reactive in the “free” state, is a much-utilized
ligand in organometallic chemistry, primarily owing to its
ability to stabilize low-valent transition-metal centers.[5]

Among this family of simple diatomic molecules, fluorobor-
ylene (BF) offers a stark contrast to both N2 and CO, being an
exotic species known only at extreme temperatures or in high
vacuum, and as yet eluding structural characterization as a
ligand in a simple metal complex.[6] In part, the steady
increase in lability along the series of diatomic molecules N2,
CO, BF reflects the decreasing energy difference between the
highest occupied and lowest unoccupied molecular orbitals
(HOMO–LUMO gap) and increasing bond polarity.[7]

Notwithstanding this, quantum chemical studies have
predicted BF to form stronger bonds to transition-metal
centers than either N2 or CO, principally owing to improved
s-donor capabilities.[7] Despite such thermodynamic advan-
tages, the high B�F bond polarity, and consequent electro-
philicity at boron, are likely to render such complexes very
labile. The borylene ligand is therefore typically found in
conjunction with more sterically bulky or p-electron-releasing
substituents (such as amino groups).[8] However, recent
synthetic studies have demonstrated the viability of com-
plexes containing bridging BX or terminal GaX ligands (X =

heavier Group 17 element),[9, 10] together with transition-
metal compounds containing the difluoroboryl (BF2) unit,
which might serve as precursors in the formation of BF-
containing complexes by either fluoride abstraction or meta-
thesis processes (Scheme 1).[11] With this in mind, we set out to
synthesize BF-containing transition-metal complexes, focus-
ing initially on systems featuring a bridging coordination
mode, given the reduced lability typical of bridging borylene
complexes compared to their terminally coordinated ana-

logues.[12] Herein we report the synthesis and structural
characterization of the first such system, together with a
comparative study (vs. CO) of its reactivity towards electro-
philes.

The reaction of BF3·OEt2 with Na[CpRu(CO)2] (Cp =

C5H5) in diethyl ether is shown by 11B NMR spectroscopy to
result in the formation of the fluoroborylene complex
[{CpRu(CO)2}2(m-BF)] (1) as the predominant boron-
containing product in greater than 90 % conversion (dB =

97.3 ppm, 1JBF = 247 Hz). The presence of a small amount
(less than 10%) of a second product is also indicated by a
triplet resonance (1JBF = 169 Hz) at dB = 40.8 ppm; this spe-
cies was subsequently shown to be the difluoroboryl complex
[CpRu(CO)2BF2] (2).[13] Interestingly, this selectivity for boryl
and borylene products is reversed when toluene is used as the
reaction medium (for otherwise identical reaction stoichio-
metries and durations); under these conditions, only 10% of
the product mixture is shown to be the desired fluoroborylene
system 1, with the remainder being the difluoroboryl complex
2 (Scheme 2).

1H and 13C NMR spectroscopy and elemental microanal-
ysis data for 1 are consistent with the proposed formulation,
and the 11B and 19F NMR spectra show a doublet and a
partially collapsed quartet, respectively (1JBF = 284 Hz), con-
sistent with an intact B�F bond.[11, 14] The 11B resonance (dB =

97.3 ppm) is shifted 50–60 ppm downfield from those of
related difluoroboryl complexes (e.g. dB = 40.8, 47.1 ppm for 2
and [CpFe(CO)2BF2], respectively), consistent with previous

Scheme 1. Syntheses of transition-metal complexes containing
Group 13 monohalide ligands in either terminal or bridging coordina-
tion modes.

Scheme 2. Solvent-induced selectivity in the synthesis of fluoroborylene
and difluoroboryl complexes 1 and 2. Key reagents and conditions:
a) BF3·OEt2 (0.58 equiv), diethyl ether, �78 to 20 8C, then a further 24 h
at 20 8C, 90% conversion to 1 as determined by 11B NMR spectroscopy
(32% yield of isolated product). The analogous reaction in toluene
under otherwise identical conditions leads to 90% conversion to 2.
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reports of the effects of increasing metalation at the boron
center.[10, 11] Moreover, the significant upfield shift of this
signal compared to bridging borylene complexes featuring
less strongly p-donating substituents (e.g. dB = 146.7,[10]

158.1,[12a, b] 170.0 ppm[15] for related m-BCl, m-BMes, and
m-BtBu systems) is as expected on the basis of ample
precedent in tri(organo)borane chemistry (cf. dB =

119.1 ppm for the more strongly p-stabilized m-BN(SiMe3)2

ligand).[16]

Among bridging borylene complexes of the Group 8
metals, two structural types are precedented (types I and II,
Scheme 3), that is, with or without a formal metal–metal bond

(and associated bridging carbonyl ligand).[10,12, 17] Although
the mass spectrometric data for 1 cannot distinguish between
a structure of type II and one of type I in which fragmentation
has led to the loss of one carbonyl ligand under electron-
impact conditions, the measured carbonyl stretching frequen-
cies for 1 (2012, 1960 cm�1) imply an exclusively terminally
bound carbonyl ligand set.[10, 12a,b] These spectroscopic infer-
ences were subsequently confirmed crystallographically with
single crystals of 1 obtained from a saturated hexane solution
at �30 8C. The molecular structure (Figure 1) conforms to an

unsupported type I geometry (d(Ru···Ru) = 3.844 �) and
features a planar tricoordinate boron center (sum of the
angles = 3608 within the standard 3s limit). As far as we are
aware, this mode of coordination of the BF ligand is
unprecedented in carbonyl chemistry—there are no crystallo-
graphically authenticated examples of a single CO ligand
bridging between two transition-metal centers without an
attendant metal–metal bond or additional bridging ligand.[18]

The Ru�B bond lengths in 1 (2.107(3), 2.110(3) �) are
very similar to the sum of the covalent radii for ruthenium and
boron (2.12 �)[19] and are comparable to those in related
systems for which an essentially s-only Ru�B linkage has
been proposed (e.g. 2.115(2) � for [CpRu(CO)2B(Cl)N-
(SiMe3)B(Cl)N(SiMe3)2]).[20] Furthermore, the B�F bond
length (1.348(3) �) is comparable to those found in fluoro-
boryl complexes (typically 1.32–1.35 �);[11, 14] while this value
is somewhat smaller than the sum of the covalent radii for
boron and fluorine (1.46 �),[19] the shortening is much less
significant than that observed for bridging carbonyl ligands
(e.g. 1.166(3) � for 4 (see below) vs. 1.43 � for the sum of the
covalent radii for carbon and oxygen),[19] consistent with a
lower E�X (EX = BF, CO) bond order for BF. Furthermore,
the more polar nature of the BF ligand is presumably
responsible for intermolecular contacts in the solid-state
structure of 1 (between the boron-bound fluorine atom F(22)
and the hydrogen atom H(101) attached to C(10)), which fall
within the sum of the respective van der Waals radii
(2.67 �).[19] Moreover, the H(101)···F(22) and C(10)···F(22)
separations (2.56 and 3.161(3) �) and the C(10)-H-
(101)···F(22) angle (120.38) fall within the ranges expected
for unconventional hydrogen bonds of the type C-H···X[21] and
are reminiscent of the values reported for earlier examples of
B-F···H-C interactions.[14d] Such interactions in solid 1 hint at
an ability to interact with Lewis acids in a manner reminiscent
of classical activation pathways for coordinated dinitrogen.[22]

With this in mind, and as an additional comparison of the
electronic structure of the coordinated diatomic molecules
BF and CO, we examined the reactivity of 1 and of bridging
carbonyl complexes towards a range of Lewis acids
(Scheme 4).

Tris(dimethylamino)borane does not appear to interact
with 1 (as judged by 11B NMR spectroscopy), while reaction
with the much more Lewis acidic borane B(C6F5)3 leads to the
formation of two products. A broad peak at dB = 177 ppm
belongs to the cationic metallaborylene [{CpRu(CO)2}2(m-
B)]+ (see below), while a triplet at dB = 41 ppm (J = 169 Hz)
arises from the difluoroboryl complex 2. The same two
products are also generated in the corresponding reaction
with one equivalent AlCl3.

[23] The formation of
[{CpRu(CO)2}2(m-B)]+ in both reactions is consistent with
the ready heterolytic activation of the BF ligand; the presence
of 2 as a side product in each case, however, points to

Scheme 3. Unsupported (type I) and supported (type II) bridging
modes of coordination of the borylene ligand BX.

Figure 1. Molecular structure of fluoroborylene complex 1. Hydrogen
atoms are omitted for clarity, and thermal displacement ellipsoids are
set at the 50% probability level. Selected bond lengths [�] and angles
[8]: Ru(1)–B(11) 2.107(3), Ru(12)–B(11) 2.110(3), B(11)–F(22)
1.348(3); Ru(1)-B(11)-Ru(12) 131.4(1), Ru(1)-B(11)-F(22) 114.5(2),
Ru(12)-B(11)-F(22) 114.0(2).

Scheme 4. Reactivity of fluoroborylene complex 1: heterolytic cleavage
of the BF bond by reaction with the Lewis acid AlCl3 and thermolysis
to give difluoroboryl complex 2. Key reagents and conditions: a) AlCl3
(3.3 equiv), dichloromethane, 12 h, 20 8C, 50 % yield of isolated prod-
uct. The 1:1 reactions with AlCl3 and B(C6F5)3 also generate 3, although
less cleanly. b) Toluene, 80 8C, 14 days, quantitative yield as determined
by 11B NMR spectroscopy.
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additional modes of reactivity involving M�B bond cleavage.
Complex 2 conceivably results from a competing reaction of
the starting material 1 with abstracted fluoride (i.e. as
[FB(C6F5)3]

� or [AlCl3F]�). Notwithstanding this, reaction of
1 with a greater than three-fold excess of AlCl3 leads to the
clean formation of [{CpRu(CO)2}2(m-B)]+ as judged by
11B NMR spectroscopy. The cationic metallaborylene can
then be isolated as its [AlCl4]

� salt (3) in 50% yield by
layering the dichloromethane reaction solution with hex-
anes.[24] The same cation can also be generated using Na[B-
(C6H3(CF3)2-3,5)4], although the reaction is much slower,
presumably owing to the much lower solubility of the Lewis
acid in dichloromethane (cf. AlCl3). Interestingly, this fluoride
abstraction reactivity for 1 with AlCl3—the first reported
example of such chemistry for substrates of this type—is the
reverse of that reported by Braunschweig and co-workers for
[{Mn(CO)5}2(m-B)]+, which abstracts fluoride from borate
anions.[25]

While the formulation of 3 is strongly implied by its
11B NMR chemical shift (dB = 177 ppm; cf. 191.2 ppm for an
analogous iron complex)[25] and its blue-shifted carbonyl
stretching frequencies (2062, 2027 cm�1 vs. 2012, 1960 cm�1

for 1), its unambiguous structural characterization is afforded
by single crystal X-ray diffraction (Figure 2). An approx-

imately linear environment is revealed for the boron center
(](Ru-B-Ru) = 175.5(2)8), consistent with a two-coordinate
geometry. Moreover, the Ru�B bonds (1.963(3) and
1.931(3) �) are significantly shorter (7.7%) than those
measured for 1[26] and are very similar to those measured
for the aminoborylene complexes [CpRu(CO)(L)(BNCy2)]+

(L = CO 1.960(6) �, L = PMe3 1.928(4) �; Cy = cyclohexyl),
consistent with an enhanced p component to the Ru�B
bond.[27]

Finally, in an attempt to compare the reactivities of
bridging CO and BF ligands, we also examined the reactivity
of [{CpRu(CO)(m-CO)}2] towards AlCl3.

[28] In this case,
crystallographic studies (Figure 2) are consistent with the
formation of a simple CO!AlCl3 donor–acceptor adduct
(cis-[{Cp(CO)Ru}2(m-COAlCl3)(m-CO)], 4) rather than com-
plete EX bond cleavage.[29] Significant weakening of the CO
bond is effected on coordination of the Lewis acid, as implied
by CO bond lengths of 1.235(3) and 1.166(3) � for the
bridging COAlCl3 and CO ligands. However, the greater
multiple-bond character and less polar nature of the CO
linkage are presumably responsible for the markedly reduced
degree of bond activation compared to BF-containing com-
plex 1.

In conclusion, fluoroborylene (BF) has been trapped in
the coordination sphere of a transition metal and structurally
characterized for the first time. The dinuclear complex
[{CpRu(CO)2}2(m-BF)] (1) has been shown crystallographi-
cally to contain an unsupported bridging BF ligand—a mode
of coordination unprecedented in the chemistry of CO.
Moreover, further differences in the electronic structures of
the EX bonds (EX = CO, BF) have been revealed by the
contrasting extents of their reactivity towards Lewis acids.
Thus, in the presence of AlCl3, simple coordination at oxygen

(without bond rupture) is observed for CO, while
heterolytic cleavage is observed for the more polar
and less significantly p-bonded BF ligand. Further
studies of structure and reactivity of BF-containing
complexes are ongoing and will be reported in due
course.

Experimental Section
Included here are the preparative and spectroscopic data
for 1; crystallographic data for 1 and complete data for 2–4
are included in the Supporting Information.

Synthesis of 1: BF3·OEt2 (0.09 mL, 0.710 mmol) was
added to Na[CpRu(CO)2] (0.300 g, 1.223 mmol) in diethyl
ether (20 mL) at �788C, and the reaction mixture was
warmed to 20 8C. After 24 h the reaction was judged
incomplete by 11B NMR spectroscopy, and additional
BF3·OEt2 (0.05 mL) was added, again at �78 8C. After
stirring for a further 24 h at 20 8C, volatile reaction
components were removed in vacuo, and the resulting
solid was extracted with pentane (2 � 20 mL). The result-
ing yellow solution was concentrated to approximately
10 mL and stored at �30 8C. A yellow solid formed, which
was isolated by filtration and dried in vacuo. Single
crystals suitable for X-ray diffraction were obtained by
cooling a concentrated hexane solution to �30 8C. Yield

of isolated product: 0.93 g (32%). 1H NMR (300 MHz, [D6]benzene):
d = 4.67 ppm (s, 10H, Cp). 13C NMR (126 MHz, [D6]benzene): d =
87.6 (Cp), 201.8 ppm (CO). 11B NMR (96 MHz, [D6]benzene): d =

97.3 ppm (d, 1JBF = 247 Hz). 19F NMR (282 MHz, [D6]benzene): d =
�185.0 ppm (broad partially collapsed quartet, 1JBF� 250 Hz). IR
(hexane solution, cm�1): ~nn = 2012, 1960 (CO). EI-MS, m/z (%) 446.9
(70) [M�CO]+; correct isotope pattern for two Ru, one B atom. Exact
mass calcd for [M�CO]+, 10B and 96Ru isotopomer: m/z 435.8854,
found 435.8848. Elemental analysis (%) calcd for 1 (C14H10BFO4Ru2):
C 35.43, H 2.13; found: C 35.37, H 2.00.

Figure 2. Molecular structures of [{CpRu(CO)2}2(m-B)]+[AlCl4]
� (3, left) and

[{Cp(CO)Ru}2(m-COAlCl3)(m-CO)] (4, right). Hydrogen atoms are omitted for clarity,
and thermal displacement ellipsoids are set at the 50% probability level. Selected
bond lengths [�] and angles [8]: 3 : Ru(1)–B(7) 1.931(3), Ru(8)–B(7) 1.963(3);
Ru(1)-B(7)-Ru(8) 175.5(2), Cp centroid-Ru(1)-Ru(8)-Cp centroid 95.8. 4 : Ru(1)–
Ru(2) 2.7159(3), Ru(1)–C(3) 1.986(2), Ru(1)–C(9) 2.045(3), Ru(2)–C(3) 1.978(2),
Ru(2)–C(9) 2.066(3), C(3)–O(4) 1.235(3), O(4)–Al(5) 1.812(2), C(9)–O(10)
1.166(3).
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