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Synthesis and Structure of Trinuclear Boryloxycarbyne Complexes
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The µ3-boryloxycarbyne complexes [{Fe(CO)3}3{µ3-COBCl- dichlorodiboranes(4) B2(NMe2)2Cl2, respectively. The
products are formed by a nucleophilic attack of the CO{NtBu(SiMe3)}}2] (1) and [{(η5-C5H5)Ni}3{µ3-COBX(NR2)}µ3-

CO] (2a: NR2 = NtBu(SiMe3), X = Cl; 2b: NR2 = N(SiMe3)2, oxygen atom at the boron centres with subsequent salt
elimination. All compounds were characterized by IR andX = Cl; 2c: NR2 = NMe2, X = BNMe2Cl) were obtained by

reaction of the anionic complexes K2[{Fe(CO)3}3{µ3-CO}2] multinuclear NMR spectroscopy, and the structures of 1 and
2c in the solid state were determined by single-crystal X-rayand K[{(η5-C5H5)Ni(CO)] with the corresponding chloro-

boranes Cl2BNR2 {NR2 = NtBu(SiMe3), N(SiMe3)2}, or 1,2- diffraction studies.

Introduction

A large number of complexes [Lx(CO)yM2ERz] with
transition metal element bonds have been obtained over the
last decades by salt elimination reactions between anionic
complexes of the type M9[LxM(CO)y] and element halides
HalERz according to Equation 1a.[1a,b] More recently, this
fundamental reaction has also been very successfully em-

equivalents of Cl2BNtBu(SiMe3) afforded the µ3-oxycar-ployed for the synthesis of transition metal complexes of
byne complex 1 according to Equation 2.boron, especially for boryl and borylene complexes.[2a,b] In

The product was isolated as red crystalline platelets inthe course of our investigations in this field we found that
yields of about 62%. It is readily soluble in nonpolar sol-the mononuclear anionic complexes K[(η5-C5H5)M(CO)3]
vents, extremely sensitive to air and moisture, and melts(M 5 Mo, W) undergo salt elimination reactions with 1,2-
without decomposition at 124°C. The structure of 1 in solu-diiododiboranes(4) by nucleophilic attack of the CO oxygen
tion derives from IR and NMR spectroscopic data. A dis-atom at the boron centre with formation of oxycarbyne
tinct high-field shift of the 11B NMR signal at δ 5 28.1complexes of the type [1,2-{(η5-C5H5)M(CO)2CO}2B2-
relative to that of the starting material Cl2BNtBu(SiMe3)(NMe2)2]. [3] Despite the spectroscopic and experimental evi-
(δ 5 36.6)[6] indicates the formation of an oxoborane de-dence for the nucleophilic character of the CO atom in
rivative, and all other spectroscopic findings, such as theanionic carbonyl complexes,[4a2d] this alternative pathway,
CO stretching frequencies in the IR spectrum (ν̃ 5 2040,with formation of the corresponding oxycarbyne complexes
2007 and 1942 cm21), confirmed our expectations. [7] An X-of the type [Lx(CO)y21M;C2O2ERz] according to Equa-
ray structure analysis was carried out on a single crystaltion 1b, has only been observed once before.[5] In the present
of 1, which was grown from a hexane solution at 230°C.paper we describe the syntheses of some trinuclear µ3-boryl-
Although the quality of the structure refinement suffersoxycarbyne complexes, which were obtained from anionic
from incorporated and disordered solvent molecules, the re-carbonyl complexes and suitable haloboranes; these com-
sults unambigously prove the constitution ofpounds are also formed by nucleophilic attack of CO oxygen
[{Fe(CO)3}3{µ3-COBCl{NtBu(SiMe3)}}2] (1) in the crystal-atoms at boron and salt elimination.
line state (Figure 1).

The compound crystallizes in the space group P1̄ (no. 2),
and the molecule adopts C1 symmetry. The three iron atoms

Results and Discussion form an almost regular triangle with iron-iron distances
ranging between 250 and 253 pm. This Fe3(CO)9 moiety is

The reaction of the trimeric dianion [Fe3(CO)11]22, which capped by two µ3-COBCl{NtBu(SiMe3)} carbyne ligands
was used as the corresponding dipotassium salt, with two resulting in a central trigonal-bipyramidal Fe3C2 core with

iron-carbon distances of about 195 pm. The boron-oxygen
{B12O1 5 138(1) pm, B22O2 5 135(1) pm} and boron-[a] Institut für Anorganische Chemie der Technischen Hochschule,

Templergraben 55, D-52056 Aachen nitrogen {B12N1 5 B22N2 5 141(1) pm} bond lengths
E-mail: holger.braunschweig@ac.rwth-aachen.de are in the expected range for B2O and B2N linkages with[b] Chemical Crystallography Laboratory University of Oxford,
9 Parks Road, Oxford OX1 3PD, UK partial double bond character. [8]
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are obviously the products of a complex, nonstoichiometric
reaction, and hence, attempts were made to obtain the
nickel complexes directly from the corresponding trinuclear
monoanion [{(η5-C5H5)Ni}3{µ3-CO}2]2. [9] Interestingly,
these reactions always resulted in mixtures of several boron-
containing species and the formation of compounds 2a2c
could not be observed.

The molecular structure of the trinuclear nickel com-
plexes in solution was deduced from IR and multinuclearFigure 1. PLATON[21] representation of 1 in the crystal (displace-
NMR spectroscopic measurements. The boryl compoundsment ellipsoids scaled to 30% probability, hydrogen atoms omitted);

selected bond lengths (pm) and angles (deg): Fe12Fe2 250.6(2), 2a,b show the expected shift to higher field for the 11B
Fe12Fe3 250.1(2), B22O2 135(1), B12O1 139(1), B12N1 141(1),

NMR signals [δ 5 26.0 (2a) and δ 5 25.9 (2b)], whereas theB22N2 141(1); Fe22Fe12Fe3 60.80(5)
diboran(4)yl derivative 2c is characterized by two signals at
δ 5 30.9 and 38.0. The position of the latter signal is almostRelated trinuclear nickel carbyne complexes were ob-
unaltered with respect to that of the starting diborane(4)tained from the reaction of mononuclear K[{(η5-
B2(NMe2)2Cl2, [10] and is assigned to the chloride-substi-C5H5)NiCO] with monoborane- or diborane(4)chlorides,
tuted boron atom, while the distinct high-field shift of therespectively (Equation 3).
other signal clearly indicates the boron-oxygen linkage. DueThe formation of [{(η5-C5H5)Ni}3{µ3-COBX(NR2)}µ3-
to a restricted rotation around the boron-nitrogen doubleCO] (2a, NR2 5 NtBu(SiMe3), X 5 Cl; 2b, NR2 5
bonds the four methyl groups exhibit four signals in the 1HN(SiMe3)2, X 5 Cl; 2c, NR2 5 NMe2, X 5 BNMe2Cl) was
and 13C NMR spectra. The CO stretching frequencies inagain achieved from nucleophilic attack of a CO oxygen
the IR spectra at ν̃ 5 1719 (2a), 1716 (2b) and 1734 cm21

atom at the boron centre. All three boryloxycarbyne com-
(2c) are in the expected range for µ3-CO ligands. An X-plexes were isolated in 12%215% yields as black, crystalline
ray structure analysis was carried out for the diborane(4)solids that dissolve readily in nonpolar solvents such as hex-
derivative 2c (Figure 2).ane. Solutions of 2a2c are stable for several days at ambient

temperature under an inert gas atmosphere, but exposure This compound crystallizes in the monoclinic space
group P21/n, and the molecule adopts C1 symmetry. Theto air immediately leads to decomposition.

The compounds [{(η5-C5H5)Ni}3{µ3-COBX(NR2)}µ3- three nickel atoms form a regular triangle, with Ni2Ni
bond lengths of about 243 pm, which is capped on one sideCO] (2a, NR2 5 NtBu(SiMe3), X 5 Cl; 2b, NR2 5

N(SiMe3)2, X 5 Cl; 2c, NR2 5 NMe2, X 5 BNMe2Cl) by a µ3-CO ligand and on the other side by a µ3-oxycarbyne
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Figure 2. CAMERON[22] representation of 2c in the crystal (displacement ellipsoids scaled to 30% probability, hydrogen atoms omitted);
selected bond lengths (pm) and angles (deg): Ni12Ni2 243.19(9), Ni12Ni3 243.33(9), B602B70 172.2(7), B702N71 135.3(7), B602N61,
137.7(8), B602O51 143.4(7); Ni22Ni12Ni3 59.98(3)

red residue was extractet with 30 mL of hexane, and after filtrationmoiety. The structural parameters of the central Ni3C2 core
and cooling to 230°C, compound 1 (1.99 g, 61.7%) was obtainedresemble those of the trimeric monoanion [{(η5-
as an extremely air-sensitive red solid. Recrystallisation from hex-C5H5)Ni}3{µ3-CO}2]2, [9] and the geometry of the boryl-
ane at 230°C yielded dark red platelets of 1, m.p. 124°C (sealedoxycarbyne moiety C2O2B(NMe2)2B(NMe2)Cl is similar
tube). 2 1H NMR: δ 5 0.46 (s, 18 H, SiMe3), 1.53 (s, 18 H, CMe3).to that of the related mononuclear complex [1,2-{(η5-
2 11B NMR: δ 5 28.1 (s). 2 13C NMR: δ 5 5.4 (SiMe3), 32.8

C5H5)Mo(CO)2CO}2B2(NMe2)2]. [3] In both cases the bo- (CMe3), 56.6 (CMe3), 209.8 (CO), no signals for µ3-carbyne were
ron-nitrogen bond lengths range from 135 to 137 pm, thus found. 2 IR (toluene): ν̃ 5 2040, 2007, 1942 cm21 (CO). 2
indicating double bonds, whereas the boron-oxygen bond C25H36B2Cl2Fe3N2O11Si2 (856.78): calcd. C 35.04, H 4.24, N 3.27;
lengths of about 144 pm are evidence for B2O linkages found C 34.55, H 4.36, N 3.02.
without significant π-interactions. These observations with [{(η5-C5H5)Ni}3{µ3-COBCl{NtBu(SiMe3)}}µ3-CO] (2a): Neat
respect to the bonding situation of the boron atom to the Cl2BNtBu(SiMe3) (1.01 g, 4.45 mmol) was added to a suspension
neighbouring RO- and R2N groups of 2c are in contrast to of K[(η5-C5H5)Ni(CO)] (0.85 g, 4.45 mmol) in 20 mL of toluene at

0°C. The black reaction mixture was stirred for 20 min, warmedthe results described for [{Fe(CO)3}3{µ3-COBCl-
to ambient temperature and all volatiles were removed under high{NtBu(SiMe3)}}2] (1). The hindered rotation of the Me2N
vacuum. The remaining solid was extracted with 20 mL of hexanegroups in 2c, which was not observed for the monoborane
and the resulting black suspension was filtered. The residue wasderivatives 1 and 2a,b, gives further evidence for less effec-
discarded after rinsing with two portions of 5 mL of hexane. Aftertive boron-nitrogen π-interaction bond in the latter com-
evaporating the dark red filtrate to ca. 20 mL and cooling toplexes, which may be due to the electron-withdrawing effect
230°C, compound 2a (0.38 g, 14%) was obtained as a black mic-

of the SiMe3 groups. rocrystalline solid, no m.p. observed, decomposition above 200°C
(sealed tube). 2 1H NMR: δ 5 0.47 (s, 9 H, SiMe3), 1.51 (s, 9 H,
CMe3), 5.11 (s, 15 H, C5H5). 2 11B NMR: δ 5 26.0 (s). 2 13C

Experimental Section NMR: δ 5 5.4 (SiMe3), 32.8 (CMe3), 56.1 (CMe3), 92.6 (C5H5),
no signals for µ3-CO and µ3-carbyne observed. 2 IR (toluene): ν̃ 5All manipulations were carried out under a dry nitrogen atmos-
1719 cm21 (s, µ3-CO). 2 C24H33BClNNi3O2Si (617.69): calcd. Cphere with common Schlenk techniques. Solvents and reagents
46.64, H 5.38, N 2.27; found C 45.97, H 5.45, N 2.36.were dried by standard procedures, distilled, and stored under ni-

trogen over molecular sieves. B2(NMe2)2Cl2, [10] Cl2BN(SiMe3)2, [11] [{(η5-C5H5)Ni}3{µ3-COBCl{N(SiMe3)2}}µ3-CO] (2b): As described
Cl2BNtBu(SiMe3), [6] K2[Fe3(CO)11], [12] and K[(η5-C5H5)Ni- above for 2a neat Cl2BN(SiMe3)2 (1.48 g, 6.13 mmol) was treated
(CO)][13] were synthesised according to literature procedures. 2 with K[(η5-C5H5)Ni(CO)] (1.17 g, 6.13 mmol). to give 2b (0.47 g,
NMR: Varian Unity 500 at 499.843 MHz (1H, internal standard 12%) as a black microcrystalline solid, no m.p. observed, decompo-
TMS), 150.364 MHz (11B, BF3·OEt2 in C6D6 as external stand- sition above 200°C (sealed tube). 2 1H NMR: δ 5 0.42 (s, 18 H,
ard), 125.639 MHz (13C{1H}, APT, internal standard TMS); all SiMe3), 5.10 (s, 15 H, C5H5). 2 11B NMR: δ 5 25.9 (s). 2 13C
NMR spectra were recorded in C6D6 as solvent unless otherwise NMR: δ 5 3.5 (s, SiMe3), 92.7 (C5H5), no signals for µ3-CO and
stated. 2 Elemental analyses (C, H, N): Carlo2Erba elemental an- µ3-carbyne observed. 2 IR (toluene): ν̃ 5 1716 cm21 (s, µ3-CO).
alyzer, model 1106. 2 IR: Perkin2Elmer FT-IR 1720x 2 C23H33BClNNi3O2Si2 (634.10): calcd. C 43.56, H 5.24, N 2.21;

found C 43.01, H 5. 38, N 2.32.[{Fe(CO)3}3{µ3-COBCl{NtBu(SiMe3)}}2] (1): Neat Cl2BN(tBu)-
SiMe3 (1.70 g, 7.52 mmol) was added to a dark red suspension of [{(η5-C5H5)Ni}3{µ3-COBNMe2{BNMe2Cl}}µ3-CO] (2c): As de-

scribed above for 2a neat B2(NMe2)2Cl2 (1.07 g, 5.92 mmol) wasK2[Fe3(CO)11] (2.08 g, 3.76 mmol) in 30 mL benzene at ambient
temperature. The reaction mixture was stirred for 15 min and the treated with K[(η5-C5H5)Ni(CO)] (1.13 g, 5.92 mmol). to give 2c

(0.44 g, 13%) as a black microcrystalline solid, m.p. 87°C (sealedsolvent was subsequently removed under high vacuum. The orange-
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tube). 2 1H NMR: δ 5 2.48, 2.62, 2.65, 2.73 (s, 6 H, NMe), 5.18 method. Subsequent difference Fourier analysis revealed the ter-

minal (Cl)(Me2N)B fragment to be disordered over two sites. The(s, 15 H, C5H5). 2 11B NMR: δ 5 30.9 (s, BO), 38.0 (s, BCl). 2 13C
NMR: δ 5 36.3, 37.9, 38.7, 42.4 (NMe), 92.2 (C5H5), no signals for refinement of the occupancies of the two disordered groups con-

verged at a ratio of 0.17 to 0.83. The atoms B80 and N81 of theµ3-CO and µ3-carbyne observed. 2 IR (toluene): ν̃ 5 1734 cm21

(m, µ3-CO). 2 C21H27B2ClN2Ni3O2 (572.63): calcd. C 44.01, H isomer with the smaller occupancy factor were refined with iso-
tropic displacement parameters. All non-hydrogen atoms with the4.75, N 4.89; found C 43.39, H 5.10, N 4.74.
exception of B80, N81, C82 and C83 were refined anisotropically.

X-ray Crystal Structure Determination of Compound 1·0.5 hexane The B2B bond lengths, the B2Cl bond lengths and the B2N bond
lengths of the B2B(Cl)(NMe2) fragment were restrained to haveExperimental: Crystals of 1·0.5 hexane were grown from a hexane
the same lengths in both isomers. The carbon atoms C82 and C83solution at 230°C. A dark red rod of approximate dimensions
of the isomer with minor occupancy could not be found in differ-0.60 3 0.32 3 0.24 mm3 was selected and mounted on a glass fibre
ence maps. Towards the final stage of the structure determinationin a cold (203 K) stream of nitrogen.
C82, C83 and all hydrogen atoms were added geometrically

Crystal Data: C28H43B2ClFe3N2O11Si2, M 5 899.90 g mol21, tri- (N2C 5 1.47 Å, C2H 5 1.00 Å) after each refinement cycle. Their
clinic, a 5 8.432(2) Å, b 5 12.591(4) Å, c 5 19.067(2) Å, α 5 isotropic temperature factors were chosen to be equal to U[iso] of
78.68(2)°, β 5 85.00(2)°, γ 5 88.32(3)°, V 5 1977(1) Å3, space the heavy atom to which they are linked. During refinement the
group P1bar (no. 2), Z 5 4, DX 5 1.51 g cm23, µ 5 13.34 cm21. geometrically added atoms were treated with fixed thermal and po-

sitional parameters. They were included in the structure factor cal-Data Collection and Processing: Intensity data were collected at
culations. The 298 refined parameters and 2624 observations re-203 K on an Enraf2Nonius CAD4 diffractometer with graphite-
sulted in an observation/refined parameter ratio of 8.8. A Cheby-monochromated Mo-Kα radiation (λ 5 0.71073 Å). 8318 reflec-
shev weighting scheme[18] with parameters 2.27, 0.679 and 1.68 wastions were measured in the scan range 3° < θ < 26° and corrected
applied. Refinement on F converged at R 5 0.038, Rw 5 0.048 andfor Lorentz and polarization effects. An empirical absorption cor-
GOF 5 0.84. A final difference Fourier synthesis showed minimumrection based on azimuthal scans[14] was applied before averaging
and maximum residual electron densities of 20.43 and 0.45 e Å23.over symmetry related reflections. Of 7763 independent reflections
All crystallographic calculations were carried out with the CRYS-4741 data with I > 1.0 σ(I) were considered observed.
TALS program package. [19] Neutral atom scattering factors wereStructure Solution and Refinement: The structure was solved by di-
taken from the International Tables for Crystallography.[20]

rect methods[15] and refined on structure factors with the SDP pro-
Crystallographic data (excluding structure factors) for the struc-gram suite. [16] The crystal structure exhibits a large void of ca 100
tures reported in this paper have been deposited with the Cam-Å3 close to the crystallographic inversion centre, which contains a
bridge Crystallographic Data Centre as supplementary publicationdisordered hexane molecule. All non-hydrogen atoms, except those
no. CCDC-121748 (1) and -121749 (2c). Copies of the data can beof the disordered solvent were refined with anisotropic displace-
obtained free of charge on application to CCDC, 12 Union Road,ment parameters, and hydrogen atoms for the nondisordered part
Cambridge CB2 1EZ, UK [Fax: (internat.) 1 44(1223)336-033;of the structure were included as riding with C2H 5 0.98 Å,
E-mail: deposit@ccdc.cam.ac.uk].Uiso(H) 5 1.3 Ueq(C). The C atoms of the hexane moiety were

assigned isotropic displacement parameters. Convergence was ob-
tained for 440 variables and 4741 observations at R 5 0.10, Rw 5

0.095 and GOF 5 1.774. A final difference Fourier synthesis
showed a local maximum of 3.5 e Å23 close (0.9 Å) to Fe1; residual Acknowledgments
electron density was still located in the region of the disordered sol-
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