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Borylenes B—R are of growing interest as ligands in organ-
ometallic chemistry because of their close relationship to
CO.!" Since the first reported example of a transition-metal
borylene complex in 1995, the number of compounds
featuring bridging and, more rarely, terminal borylene ligands
has continuously increased.®! Especially for terminal borylene
complexes, with a two-coordinate boron center, electronic
stabilization or steric protection by the boron-bound group is
essential. As a consequence, the number of terminally bound
borylene ligands in neutral complexes is still restricted to a
few examples, namely the aminoborylene B=N(SiMe;),,[*! the
bulky, electronically unsaturated BSi(SiMe;),,”! the metal-
loborylene BFe(CO),(n’-CsMes),!!! and most recently the
alkylborylene BfBu.”! Additionally, cationic iron complexes
of the type [(’-CsMes)(OC),Fe(BR)]" (R =mesityl, NiPr,,
NCy,) were established by Aldridge et al. by halide abstrac-
tion from the corresponding bromoboryl complexes with
Na[BAr!,].®! Recently, this route was used to synthesize the
first terminal platinum borylene complex trans-
[(CysP),Pt(Br)(BMes)]".! We report herein on the halide
abstraction from bridged haloborylene complexes!'”! and the
isolation of the first cationic metalloborylene complexes
[{(OC);Mn},(w-B)J[BAF'] (2) and [{(n-CsHR)(OC),Fel, (u-
B)][BAr",] (4a: R=H; 4b: R=Me).

The reaction of [{(OC)sMn},(u-BBr)] ()" with one
equivalent of Na[BAr',] in dichloromethane resulted in the
formation of a bright yellow solution and the appearance of a
colorless NaBr precipitate within minutes. The "B NMR
spectrum of the reaction mixture showed a broad signal at 6 =
225 ppm, which is significantly shifted to low field with
respect to the signal for the starting material (6 =163 ppm),
indicating the formation of a new compound. After workup,
the cationic metalloborylene complex [{(OC);Mn},(u-B)]-
[BAr',] (2) was obtained as a pale yellow solid in 11 % yield.
The anticipated structure was confirmed by single-crystal X-
ray diffraction (Figure 1). Suitable crystals were obtained
from a solution of 2 in dichloromethane/hexane (1:1) at
—35°C.1"% Compound 2 crystallizes in the monoclinic space
group C2/c and the cation exhibits approximately D,,
symmetry with a linear Mn-B-Mn arrangement. The Mn—B
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Figure 1. Molecular structure of 2. The [BAr’]™ ion is omitted for
clarity. Selected bond lengths [A] and angles [°]: Mn—B 1.9096(5), Mn—
Cirans 1.932(4), Mn—C(av) 1.8748(4); Mn-B-Mn 180.0.

bond (1.9096(5) A) is significantly shorter than those in 1
(2.149(3) and 2.163(3) A)!" or in the dichloroboryl complex
[(OC)sMn(BCl,)] (2.060(5) A)!" or other related boryl com-
plexes."*l The CO ligands cis to the boron atom show a
noticeable umbrella effect that is indicated by the average
C.s-Mn-B (86.04°) and Mn-C,_,-O bond angles (176.6°). The
Mn—C,,,, distance (1.932(4) A) is significantly longer than the
corresponding Mn—C,, distances (1.864(4)-1.884(4) A),
which is in agreement with the enhanced trans-influence of
the boron ligand with respect to the CO ligand.[*!

Complex 2 is very air- and moisture-sensitive and readily
decomposes within a few days in the solid state at —35°C
under an atmosphere of argon. The stability of 2 in solution is
even lower. Monitoring the decay of a sample of 2 in CD,Cl,
by "B NMR spectroscopy revealed the formation of a new
compound within 2h with a doublet at 6=123.9 (Jyp=
265 Hz). This is in the expected area for the bridged
fluoroborylene complex [{(OC)sMn},(n-BF)], which is obvi-
ously formed by fluoride abstraction from the [BAr"]™ ion.
Similar behavior was observed before by Aldridge et al. for
the reaction of [(n’-CsMe;)(OC),Fe{B(Cl)OMes)] with Na-
[BAr!,] .15

The lability of 2 might be attributed to the highly
unsaturated character of the boron atom in comparison to
other cationic borylene complexes such as [(1’-
CsMe;)(OC),Fe(BNiPr,)|*, wherein the boron center is
stabilized electronically by the amino substituent.*™? In
addition, the [(n’-CsMes)(OC),Fe] fragment provides steric
protection and is also more electron-rich than the [(OC);sMn]
moiety. To synthesize a more stable cationic metalloborylene
complex, we focused our attention on the reactivity of the
iron chloroborylene complex [{(n’-CsHs)(OC),Fe},(u-BCl)]
(3a)."'' Reaction of 3a with Na[BAr'] afforded after workup
the analytically pure complex [{(n’-CsHs)(OC),Fe},(u-B)]-
[BATr',] (4a) as a pale red, crystalline solid in 34% yield.
Under an atmosphere of argon, 4a showed no propensity to
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decompose neither in the solid state nor in dichloromethane
solution over a period of two weeks, and thus, its thermal
stability is substantially higher than that of 2. Single crystals of
4a for X-ray diffraction studies were obtained from dichloro-
methane/toluene at —35°C. Due to significant disorder of the
Fe-B-Fe-moiety, a discussion of the structure parameters of
4a is not meaningful. Hence, we subsequently synthesized the
(CsH,Me)-substituted derivatives [{(n’-CsH,Me)(OC),Fe},(p-
BCI)] (3b) and [{(n-CsH,Me)(OC),Fe},(u-B)][BAr'] (4b) by
an analogous procedure. Compound 4b crystallizes in the
orthorhombic space group Pca2,, and the unit cell contains
two independent ion pairs (Figure 2). In one of the cations,
the [(n’-CsH,Me)(OC),Fe] moiety is rotationally disordered
and therefore only the other molecule is discussed in the
following.

Figure 2. Molecular structure of 4b. The [BAr,]” ion is omitted for
clarity. Selected bond lengths [A] and angles [°]: Fe1-B 1.828(5), Fe2-B
1.851(5); Fel-B-Fe2 174.6(3).

In analogy to 2, the cation in 4b is characterized by a
linear Fe-B-Fe moiety and the twist between the [(1’-
CsH;5)(OC),Fe] fragments amounts to 107.2°. The Fe—B
bond lengths (1.828(5), 1.851(5) A) are significantly shorter
than in the chloroborylene complex 3a (2.018(2),
2.006(2) A)") but are comparable to those in the cationic
aminoborylene complex [(7’-CsHs)(OC),Fe(BNCy,)][BAT',]
(1.859(6) A)* and the neutral metallaborylene complex
[{(n*-CsMe5)(OC),Fe(u-B)Fe(CO),] (1.867(2) A).1!

To elucidate the bonding situation, SCF calculations on 2
and 4a were performed.™ The energy surface of both cations
was computed at the DFT/B3LYP level of theory. In the case
of 2, the D,, transition state lies only 2.5 kJmol™" higher in
energy than the minimum (D). For 4a, a minimum with C,,
symmetry was found, whereas the observed C, geometry in
the crystal structure represents a low-lying transition state (+
2.7kJmol™), and the C,-symmetric structure is a saddle
point with a rotational barrier of 12.9 kJ mol™". These results
indicate almost free rotation of the metal carbonyl moieties
around the M-B-M axis in both cations. The experimental IR
spectra of 4a show two sharp signals in the CO stretching
frequencies region at 2068 and 2048 cm ' and a broad band at
2017 cm™'. This is consistent with the presence of a C,-
symmetrical molecule in solution and thus, all further
presented computational results for 4a are restricted to this
symmetry.
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The IR spectroscopic data are well reproduced by
computations. The scaled carbonyl stretching frequencies
were found at 2127, 2098, and 2076 cm™~' for 2 and at 2068,
2048, 2029, and 2026 cm™' for 4a. The calculated ''B NMR
chemical shifts are in the expected low-field region, but are
about 30 ppm low-field shifted in comparison to the exper-
imental signals (2: 257 and 4a: 230 ppm), which might be
attributed to a low accuracy of the frontier orbitals energies in
the conjugated M-B-M-moieties. The Wiberg bond index
(WBI) for the metal-boron interaction has a magnitude
comparable to this found in terminal aminoborylene com-
plexes, which feature a distinctive metal-boron nt-component
(2: 0.66; 4a: 0.76; [(CO)sCr=B=N(SiMe,),]: 0.74 versus [(1’-
CsH;)(OC),FeBCL,)]: 0.18).1 The most striking aspect of the
canonical orbitals is the presence of a m-type orbital that
describes the metal-boron-backbonding interactions
(depending on the molecule and symmetry HOMO-3 to
HOMO-9). These findings and the observed cylindrical
distribution of the electron localization function (ELF)
around the B—M bonds (Figure3) also emphasize the
delocalized nature of the M-B-M linkage.

a)

HOMO-5

7
Ll

& B

ELF=0.81

Figure 3. a,b) Kohn—Sham orbitals describing M-B-M mt-interactions in
2 (a) and 4a (b); c) the isosurface of the ELF of 4a. The envelopes of
core basins and valence C—H basins are omitted for clarity.

In conclusion, cationic metallaborylene complexes with a
boron atom in the coordination sphere of two transition-metal
centers were synthesized by halide abstraction from bridged
haloborylene complexes and structurally characterized. The
highly unsaturated boron center in these cationic species is
expected to exhibit a broad and very interesting reactivity
that will be the subject of further investigations.

Experimental Section

All manipulations were performed under an atmosphere of dry argon,
using standard Schlenk line and glove-box techniques. See Supporting
Information for details on the crystal data collection and the
computations.

Synthesis of 2: In a glove box, [{(OC)sMn},(u-BBr)] (1) (111 mg,
240 umol) and Na[BAr",] (223 mg, 240 pmol) were allowed to react in
dichloromethane (3 mL) over a period of 5 min. The yellow solution
was filtered and all volatiles were subsequently removed in vacuo.
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The yellow solid was washed with hexane (3x1mL) and dried in
vacuo to afford 2 as a pale yellow solid (yield: 32 mg, 11%). IR: 7=
2127 (s), 2098 (w), 2061 cm ™" (s), v(CO); *C{'H} NMR (CD,Cl,): 6 =
117.4 (m, C*, BA1Y), 125.8 (q, Jcr =273 Hz, CF;), 129.0 (q, Jcr=
32 Hz, C*, BAr'), 135.0 (s, C*, BAr',), 162.1 (q, Yo =50 Hz, C,,
BAT1.,),211.4 (s, CO), 211.6 ppm (s, CO); "B{'H} NMR (CD,Cl,): 6 =
2249 ppm (br s); elemental analysis caled (%) for
C,H,B,F,,Mn,0yy: C39.91, H 0.96; found: C 39.10, H 1.29.
Synthesis of 4a: In a glove box, [{(n>-CsH;)(OC),Fe},(n-BCI)]
(3a) (20 mg, 50 umol) and Na[BAr',] (44 mg, 50 umol) were allowed
to react in dichloromethane (0.5 mL) over a period of 5 min. The red
solution was filtered, hexane (2 mL) was added, and the mixture was
stored at —35°C overnight. The pale red crystals that separated were
washed with hexane (3 x 1mL) and dried in vacuo to afford 4a as a
pale red solid (yield: 21 mg, 34%). IR: 7=2068 (s), 2048 (w),
2017 cm™ (s), v(CO); 'H NMR (CD,CL,): 6 =7.72 (s, 8H, BAr'), 7.57
(s, 4H, BAr',), 5.27 ppm (s, 10H, CsH;); *C{'H} NMR (CD,Cl,): 6 =
87.04 (s, CsHs), 117.9 (m, C,, BAT')), 125.0 (q, Yer=272 Hz, CF;),
129.2 (q, ¥cr=29 Hz, C**, BAr',), 135.2 (s, C*°, BAr')), 162.2 (q, Jc.
5=50 Hz, C', BAr',), 205.9 ppm (s, CO); "B{'"H} NMR (CD,CL,): =
191.2 (br s), —7.19 ppm (s, BAr',); elemental analysis calcd (%) for
C,sHpB, FyFe,0,: C 44.99, H 1.81; found: C 45.29, H 1.15.
Synthesis of 4b: In a glove box, [{(n’-CsH,Me)(OC),Fe},(u1-BCl)]
(3b) (10 mg, 25 pmol) and Na[BAr,] (22 mg, 25 pmol) were allowed
to react in dichloromethane (3 mL) over a period of 5 min. The red
solution was filtered and all volatiles were subsequently removed in
vacuo. The red solid was washed with hexane (3x1mL) and
recrystallized from dichloromethane/toluene (1:2) to afford 4b as a
pale red solid (yield: 21 mg, 66%). IR: 7=2063 (s), 2043 (w),
2011 ecm™ (s), v(CO); '"H NMR (CD,CL): 6=7.72, 7.57 (s, 12H,
BATr',), 5.33 (s, 4H, CsH,Me), 5.12 (s, 4H, CsH,Me), 2.05 ppm (s, 6 H,
CH,); “C{'H} NMR (CD,CL): 6=12.7 (s, CH;), 84.5, 862 (s,
CsHMe), 117.2 (m, C*, BAr',), 124.2 (q, Jor=272 Hz, CF;), 128.3
(q, Jcr=32 Hz, C*°, BAr',), 135.0 (s, C>¢, BAr',), 205.5 ppm (s, CO);
no signals for the boron-bound carbon atoms were observed due to an
adversarial signal-noise ratio; "B{'H} NMR (CD,Cl,): 6 =193.7 (br
s), —720ppm (s, BAr'); elemental analysis caled (%) for
C,sHy6B,F,,Fe,0,: C 45.90, H 2.09; found: C 45.79, H 2.09.
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