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Abstract: Reaction of the diborane(4)
B2(NMe2)2I2 with two equivalents of
K[(�5-C5H5)M(CO)3] (M�Cr, Mo, W)
yielded the dinuclear boryloxycarbyne
complexes [{(�5-C5H5)(OC)2M�CO}2-
B2(NMe2)2] (4a, M�Mo; b, M�W; c,
M�Cr), which were fully characterised
in solution by multinuclear NMR meth-
ods. The Mo and W complexes 4a, b
proved to be kinetically favoured prod-
ucts of this reaction and underwent
quantitative rearrangement in solution

to afford the complexes [{(�5-C5H5)-
(OC)2M�CO}B(NMe2)B(NMe2)-
{M(CO)3(�5-C5H5)}] (5a, M�Mo; b,
M�W); 5a was characterised by X-ray
crystallography in the solid state. Corre-
sponding reactions of B2(NMe2)2I2 with
only one equivalent of K[(�5-C5H5)-

M(CO)3] (M�Mo, W) initially afforded
1:1 mixtures of the boryloxycarbyne
complexes 4a,b and unconsumed
B2(NMe2)2I2. This mixture, however,
yielded finally the diborane(4)yl com-
plexes [(�5-C5H5)(OC)3M{B(NMe2)-
B(NMe2)I}] (6a, M�Mo; b, M�W)
by [(�5-C5H5)(OC)3M] transfer and re-
arrangement. Density functional calcu-
lations were carried out for 4c and 5a,b.

Keywords: boranes ¥ boron ¥ boryl
complexes ¥ carbyne ligands ¥
transition metals

Introduction

Over the past decade transition-metal complexes of boron
have become established as a novel class of compounds
involving direct metal ± boron interactions. In contrast to the
other three major groups in this area, that is, borides,
metallaboranes, and � complexes with boron-containing
ligands, transition-metal complexes of boron are character-
ised by electron-precise two-centre, two-electron bonds
between boron and the metal centre. A variety of different
coordination modes for boron-centred ligands has been
realised, and allows systematic classification of these com-

pounds into borane, boryl and borylene complexes.[1a±e] Boryl
complexes of general formula [LxMBR2] have attracted
considerable interest as key intermediates in transition-
metal-catalysed hydroboration[2a±d) ] and for the �-borylation
of alkenes by C�H activation.[3a±c] Oxidative additions of
boron ± element bonds to low-valent metal centres and salt-
elimination reactions between haloboranes HalBR2 and
anionic transition-metal complexes, most commonly carbon-
ylate derivatives M�[LxM(CO)y], were successfully applied to
the synthesis of boryl complexes over the past decade.[1a±e]

Salt-elimination reactions have a pivotal role not only for the
synthesis of boryl complexes, but also for obtaining complexes
of the type [Lx(CO)yMERz] with bonds between transition
metals M and main group elements E in general
[Eq. (1a)].[4a,b]

The formation of M�E bonds suggests that the transition
metal acts as the nucleophilic centre in these reactions.[4b]

There is, however, both spectroscopic and experimental
evidence that the carbonyl oxygen atom also displays some
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nucleophilic character in anionic complexes M�[LxM(CO)y],
especially towards hard and bulky lewis acids.[5a±d) ] In the case
of addition of the carbonyl oxygen atom to the element E with
salt elimination according to Equation (1b), formation of

transition-metal oxycarbyne complexes of the type
[Lx(CO)y�1M�C�O�ERz] can be expected. This alternative
pathway to the common formation of [Lx(CO)yM�ERz],
however, is very rare and was observed only in the case of
[(dmpe)2(OC)M�C�O�SiiPr3] (1a, M�Nb; b, M�Ta;
dmpe� 1,2-bis(dimethylphosphanyl)ethane), obtained from
the reaction of Na[(dmpe)2M(CO)2] with iPr3SiCl.[6]

In the course of our investigations on diborane(4)yl
complexes[7a±d) ] we obtained a series of compounds such as
[(�5-C5H5)(OC)nM{B(NMe2)B(NMe2)Hal}] (2a, M�Mo; b,
M�W; n� 3; 3a, M�Fe; b, M�Ru, n� 2; Hal�Cl, Br)[7a,b]
from salt elimination reactions of B2(NMe2)2Hal2 and corre-
sponding anionic transition-metal complexes. All these reac-
tions with 1,2-dichloro- and 1,2-dibromodiboranes(4) proceed
according to Equation (1a) with nucleophilic addition of the
metal centre to one boron atom and formation of a metal ±
boron bond.
Recently, however, we com-

municated the unprecedented
formation of the boryloxycar-
byne complexes 4a, b, which
were obtained from corre-
sponding 1,2-diiododibor-
anes(4) with nucleophilic addi-
tion of carbonyl oxygen atoms
to both boron centres, thus
following the pathway outlined
in Equation (1b). These com-
plexes undergo a unique rear-
rangement to yield the novel
diborane(4)yl complexes
5a, b.[8]

Here we report full details on
the synthesis, structural charac-
terisation, novel reactivity and
computational studies of these
compounds.

Results and Discussion

Treatment of B2(NMe2)2I2 with two equivalents of
K[(�5-C5H5)M(CO)3] for one hour at ambient temperature
afforded the dinuclear boryloxycarbyne complexes
[{(�5-C5H5)(OC)2M�CO}2B2(NMe2)2] (4a, M�Mo; b, M�
W; c, M�Cr) according to Equation (2).
The molybdenum and tungsten complexes 4a and 4b,

respectively, were obtained in yields of about 33% as yellow,
crystalline materials, while the chromium anologue 4c could
be isolated in a significantly higher yield of 62% in the form of
green crystals. All three compounds are extremely sensitive to
air and moisture and dissolve readily in common aliphatic and
aromatic solvents.
Their molecular structure in solution was derived from

multinuclear NMR data (Table 1). Single sets of signals in all
NMR spectra for the cyclopentadienyl, carbonyl and amino
groups indicates C2v symmetry of the molecules in solution.
The presence of two CH3 resonances in the 1H and 13C NMR
spectra is due to restricted rotation about the boron ± nitrogen
double bonds. The signals of the carbyne carbon atoms in the
13C NMR spectra were at about �� 245 ppm, and thus display
the expected characteristic low-field shifts.[6] The 11B NMR
signals at �� 31.1 (4a), 30.8 (4b) and 31.3 ppm (4c) are
shielded with respect to those of the borane precursors and of
diborane(4)yl complexes, and hence indicate the presence of
boron ± oxygen bonds.[7a,b]

Table 1. Selected experimental and calculated data.

4a 4b 4c 5a 5b 6a 6b

�(1H) Cpobsd 5.22 5.15 4.72 5.03; 5.20 5.04, 5.12 5.00 4.97
Cpcalcd ± ± 4.73 5.29; 5.33 5.41; 5.44 5.30 5.42

�(11B) BMobsd ± ± ± 65.2 62.7 66.0 63.3
BMcalcd ± ± ± 63.6 61.4 63.0 60.8

31.1 30.8 31.3 31.5 32.6 ± ±
BOcalcd ± ± 29.9 29.5 30.0 ± ±
BIobsd ± ± ± ± ± 35.5 37.4
BIcalcd ± ± ± ± ± 44.0 44.7

�(13C) M�Cobsd 245.2 242.7 250.4 241.2 239.0 ± ±
M�Ccalc ± ± 248.5 235.3 226.4 ± ±

d/pm BMobs ± ± ± 234.8(4) ± ± ±
BMcalcd ± ± ± 240.0 240.2 240.3 240.4
BOobs ± ± ± 146.0(5) ± ± ±
BNobs ± ± ± 139.8(5); 137.4(5) ± ± ±
BNcalcd ± ± 139.3 140.5; 140.0 140.6; 140.2 140.4; 139.8 140.6; 139.9
BOcalcd ± ± 144.7 144.7 144.5 ± ±
BBobsd ± ± ± 170.4(6) ± ± ±
BBcalcd ± ± 171.2 170.7 170.9 169.6 169.8
M�Cobsd ± ± 182.5(4) ± ± ± ±
M�Ccalcd ± ± 170.9 184.6 185.0 ± ±
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Interestingly, the complexes 4a and 4b represent only
kinetically favoured products of the reaction. These com-
pounds undergo an unprecedented rearrangement according
to Equation (3) to give the thermodynamically more stable
products [{(�5-C5H5)(OC)2M�CO}B(NMe2)B(NMe2){M(CO)3-
(�5-C5H5)}] (5a, M�Mo; b, M�W), which were isolated in
quantitative yield from solutions of 4a and 4b, repsectively, in
benzene after seven days at ambient temperature as yellow,
crystalline materials. Complexes 5a, b are readily soluble in
all common hydrocarbons, and in contrast to their precursors,
only moderately sensitive towards air and moisture. Although
the conversion requires a considerable time for completion,
11B NMR spectra of the reaction mixture show that traces of
5a, b are already present after two hours.
To avoid contamination with the rearranged products, short

reaction times of only one hour are crucial for the synthesis of
the boryloxycarbyne complexes 4a, b, and thus the yields of
these compounds are limited. The conversion of 4a and 4b to
5a and 5b, respectively, occurs with a 1,3-shift of one boryl
group from the carbyne oxygen atom to the metal centre and
restoration of the former carbonyl ligand. A corresponding
rearrangement of the secondM�C�O�Bmoiety, which would
lead to compounds of the type [{(�5-C5H5)(OC)3M}B-
(NMe2)B(NMe2){M(CO)3(�5-C5H5)}] with two metal ± boron
bonds is not observed, even at slightly elevated temperatures.
This is believed to be due to the increased steric requirements
of the (�5-C5H5)(OC)3M moiety with respect to the (�5-
C5H5)(OC)2M�C�O fragment. This observation corresponds
with the finding that in complexes [(�5-C5H5)(OC)nMB-
(NMe2)B(NMe2)Hal}] (2a, M�Mo; b, M�W, n� 3; 3a,
M�Fe; b, M�Ru, n� 2; Hal�Cl, Br) all attempts to
substitute the remaining boron-bound halide by a second (�5-
C5H5)(OC)nMmoiety failed.[7a,b] Although 1,3-silatropic shifts
from transition-metal centres to acyl oxygen atoms are well
known,[9] reverse intramolecular migration of a main group
element from oxygen to a transition-metal centre was not
observed before.
In contrast to the facile rearrangement of the molybdenum

and tungsten complexes 4a and 4b, their chromium counter-
part 4c displays no such reactivity. It remains unaltered in
benzene solutions at ambient or slightly elevated temper-
atures for weeks, as proven by 11B NMR spectroscopy;
heating the solution to reflux finally leads to complete
degradation of the complex.

The structure of 5a and 5b in solution was revealed by
multinuclear NMR spectroscopy (Table 1). Owing to their C1
symmetry the complexes show two sets of signals for the
cyclopentadienyl and amino ligands, the latter again doubled
due to hindered rotation about the boron ± nitrogen double
bond. The presence of the carbyne carbon atom is proven by
signals in the 13C NMR spectra at �� 241.2 (5a) and
239.0 ppm (5b). The most significant spectroscopic difference
between compounds 4 and 5 is found in the 11B NMR spectra.
The rearranged complexes display two signals: the shielded
resonance signals at �� 31.5 (5a) and 32.6 ppm (5b) match
those of the precursor compounds 4a and 4b and indicate the
oxygen-bound boron atoms. The signals at �� 65.2 (5a) and
62.7 ppm (5b) are significantly deshielded and thus closely
resemble the characteristic shifts of the transition-metal-
bound boron atoms in diborane(4)yl complexes.[7a,b]

Single crystals of 5a suitable for X-ray structure analysis
(Figure 1) were obtained from hexane at �30 �C after several
days. The compound crystallises in the space group P21/c and

Figure 1. Structure of 5a in the crystal. Selected distances [pm] and
angles [�]: Mo2�B2 234.8(4), B1�N5 137.4(5), B2�N6 139.8(5), B1�B2
170.4(6), Mo1�C13 182.5(4); O13-C13-Mo1 174.9(3).

hasC1 symmetry in the solid state. The geometry of the central
B2(NMe)2 moiety closely resembles that of related dibora-
ne(4)yl complexes.[7a,b]

Both boron atoms have trigonal-planar coordination envi-
ronments with boron ± boron distances of 170.4(6) pm and
boron ± nitrogen distances of 137.4(5) pm (B1�N5) and
139.8(5) pm (B2�N6). The latter are in the expected range
for boron ± nitrogen double bonds. The molybdenum±boron
distance of 234.8(4) pm is similar to that of 236.5(5) pm in
[(�5-C5H5)(OC)3Mo{B(NMe2)B(NMe2)Br}] (2a),[7b] but sig-
nificantly shorter than that of 249.7(5) in [(�5-C5Me5)2-
Mo(BH2PMe3)], in which the boron atom has a higher
coordination number of four.[10] The Mo�C�O moiety in 5a
displays the expected linear arrangement with an Mo1-C1-O1
angle of 174.9(3)� and a molybdenum± carbon distance of
182.5(4) pm, which is characteristic of a triple bond.[11] The
boron ± oxygen distance of 146.0(5) pm, the C1-O1-B1 angle
of 127.4(3)� and the aforementioned boron ± nitrogen distance
suggest that the bonding situation at the boron centre should
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be described in terms of a boron ± oxygen single and a boron ±
nitrogen double bond.[12]

We also investigated 1:1 reactions of B2(NMe2)2I2 with
K[(�5-C5H5)M(CO)3] (M�Mo, W). The diborane(4)yl com-
plexes [(�5-C5H5)(OC)3M{B(NMe2)B(NMe2)I}] (6a, M�Mo;
b, M�W) were obtained according to Equation (4) after
stirring 1:1 mixtures of the starting materials in benzene at
ambient temperature for seven days.

The new complexes were isolated in yields of about 28% as
red (6a) or maroon (6b) crystalline solids, which are readily
soluble in aliphatic and aromatic hydrocarbons and extremely
sensitive towards air and moisture. The IR and multinuclear
NMR data for 6a, b are unobtrusive and match corresponding
findings for related diborane(4)yl complexes. The 11B NMR
spectra show two widely separated signals at �� 35.5 (6a) and
37.4 ppm (6b) for the iodo-substituted boron atom and at ��
66.0 (6a) and 63.3 ppm (6b) for the metal-coordinated boron
centre. Both compounds display three carbonyl stretching
frequencies in the IR spectra in the range from 1992 to
1883 cm�1, that is, no evidence for metal ± boron � back-
donation in solution.[1, 7a,b] Monitoring the progress of this
reaction by 11B NMR spectroscopy revealed that already after
one hour the boryloxycarbyne complexes 4a, b had formed,
as proven by the characteristic shielded resonance signals for
the oxygen-bound boron atoms at �� 31.1 and 30.8 ppm,
respectively.[13] The presence of an equimolar amount of
unconverted B2(NMe)2I2 was deduced from the second 11B
NMR signal at �� 36.2 ppm.[14] The characteristic 11B NMR
signals of the diborane(4)yl complexes 6a,b could be detected
after an additional hour in very low intensities, which however
continually increased over a period of several days. This
observation provides evidence that even in the presence of
surplus B2(NMe)2I2 the formation of the boryloxycarbyne
complexes 4a, b with nucleophilic attack of carbonyl oxgen
atoms at both boron centres of the same diborane(4) molecule
is favoured. Additionally, it must be concluded that the
complexes 4a, b are not stable in the presence of B2(NMe)2I2,
but transfer one (�5-C5H5)(OC)3M moiety with formation of
the diborane(4)yl complexes 6a, b. This assumption was
proven by treating the isolated and purified complexes 4a,b
with one equivalent of B2(NMe2)2I2. After stirring the two
reactants in benzene at ambient temperatures for 5 d, the
diborane(4)yl complexes 6a, b were obtained according to
Equation (5) and isolated in yields of about 30%.
Monitoring the progress of this reaction with 1H and 11B

NMR spectroscopy showed 6a, b to be the major products
after five days. Besides, only traces of the unconverted
boryloxycarbyne complexes 4a,b together with some uniden-
tified boron-containing products, presumably originating
from the degradation of B2(NMe2)2I2, were detected. The

absence of significant amounts of 5a, b during the reaction, as
proven by 1H and 11B NMR spectroscopy, implies that 1) (�5-
C5H5)(OC)3M transfer to B2(NMe2)2I2 proceeds faster than
the rearrangement of 4a, b and 2) 6a, b are not formed via
5a, b as intermediates.
Further evidence for this was provided by an experiment in

which the reactivity of the rearranged complexes 5a,b
towards an equimolar amount of B2(NMe)2I2 was investigat-
ed. Monitoring corresponding solutions in benzene with 1H
and 11B NMR spectroscopy showed that 5a, b also transfer
one (�5-C5H5)(OC)3M moiety to B2(NMe2)2I2 with formation
of the diborane(4)yl complexes 6a,b according to Equa-
tion (6). This reaction, however, is complete only after 14 days
at ambient temperature, and is thus significantly slower than
the corresponding transfer from the boryloxycarbyne com-
plexes 4a, b.

Density functional calculations were carried out on the
chromium carbyne complex 4c, the rearranged products
5a, b, M�W) and the diborane(4)yl complexes 6a, b with
ECP basis sets for transition metals, 6-311G(d, p) basis sets for
iodine and 6-31G(d, p) basis sets for all other nonmetal atoms.
The structures shown in Figure 2 were calculated to be
minima, as proven by vibrational analysis.
The chromium complex 4c was optimised in C2 symmetry

and an unobtrusive geometry was found for the central
diborane(4) moiety (Table 1). The boron ± boron and boron ±
nitrogen distances are in the expected range for single and
double bonds, respectively, and the two bonding planes
around the boron centres enclose an angle of approximately
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80 �C, that is, somewhat distorted from an ideal orthogonal
arrangement. The oxycarbyne ligand shows the expected
linear geometry with a Cr-C-O angle of 178.5�.
The geometry calculated for 5a is in very good agreement

with the experimental data; as expected, the calculated
interatomic distances are slightly longer. The related tungsten
complex 5b was optimised in C1 symmetry, and the structural
data match those of its molybdenum counterpart (Table 1).
The diborane(4)yl complexes 6a, b were optimised in C1

symmetry, and their overall geometry resembles that of the
closely related tungsten complex [(�5-C5H5)(OC)3W{B-
(NMe2)B(NMe2)Cl}] (7), the structure of which was derived
from X-ray crystallography.[7a] In particular, the tungsten ±
boron, boron ± boron and boron ± nitrogen distances of 6b
and 7 differ by less than 3 pm.
The NMR shifts for all five compounds were calculated

with the GIAO method (Table 1) and are generally in good
agreement with the experimental data (Table 1). However,
more pronounced deviations between calculated and exper-
imental shifts are observed in the case of the tungsten-bound
carbyne carbon and iodine-bound boron atoms.

Conclusion

The reactivity of the diiododiborane(4) B2(NMe2)2I2 towards
K[(�5-C5H5)M(CO)3] (M�Cr, Mo, W) proved to be rather
complex and in sharp contrast to the common reactions of
B2(NMe2)2Hal2 (Hal�Cl, Br) with transition metal carbon-
ylates.
The various reactions and rearrangements observed and

described here are summarized in Scheme 1.
The formation of the dinuclear boryloxycarbyne complexes

[{(�5-C5H5)(OC)2M�CO}2B2(NMe2)2] (4a, M�Mo; b, M�
W; c, M�Cr) with two boron ± oxygen bonds clearly proves

the intrinsic nucleophilic char-
acter of the carbonyl oxygen
centre in the transition metal
carbonylates. In the case of
molybdenum and tungsten
these complexes undergo an
unprecedented rearrangement
with formation of the thermo-
dynamically favoured dibora-
ne(4)yl complexes 5a,b with
one boron ± oxygen and one
boron ±metal linkage. The fail-
ure of the corresponding chro-
mium complex 4c to undergo
the same rearrangement re-
mains to be explained. Howev-
er, this observation is well in
line with the fact that chromium
boryl complexes are unknown
as yet and could not be ob-
tained by salt elimination reac-
tions or any other synthetic
method.
The reaction of 4a,b and

5a,b with B2(NMe2)2I2 to give the diborane(4)yl complexes
6a, b is of some significance, as it represents a novel, albeit not
very specific, method for the generation of classical metal ±
boron bonds. Future investigations will focus on the exploi-
tation of this potentially useful method.

Experimental Section

All manipulations were carried out under a dry nitrogen atmosphere with
common Schlenk techniques. Solvents and reagents were dried by standard
procedures, distilled and stored under nitrogen over molecular sieves.
B2(NMe2)2I2,[14] K[(�5-C5H5)Mo(CO)3],[15] K[(�5-C5H5)W(CO)3][15] and
K[(�5-C5H5)Cr(CO)3][16] were obtained according to literature procedures.
NMR: Varian Unity 500 at 499.843 (1H, standard TMS, internal), 150.364
(11B, standard BF3 ¥OEt2 in C6D6, external), 125.639 MHz (13C{1H}, APT,
standard TMS, internal). All NMR spectra were recorded at 25 �C in C6D6

unless otherwise stated. Mass spectra were recorded on a Finnigan MAT 95
(70 eV), and elemental analyses (C, H, N) were obtained from a Carlo-Erba
elemental analyzer, model 1106.

4a : A solution of B2(NMe2)2I2 (0.98 g, 2.70 mmol) in benzene (10 mL) was
added dropwise to a suspension of K[(�5-C5H5)Mo(CO)3] (1.53 g,
5.30 mmol) in benzene (10 mL). After the mixture had been stirred for
1 h at ambient temperature, all volatile materials were removed under high
vacuum. The residue was suspended in hexane (30 mL), filtered and the
remaining solid was rinsed with hexane (10 mL). The filtrate was
concentrated in vacuo to 20 mL and stored at �30 �C. After 48 h 4a
(0.53 g, 32.7%) was obtained as a yellow, very air- and moisture-sensitive,
crystalline material. 1H NMR: �� 2.31, 2.37 (s, 6H; N(CH3)2), 5.22 ppm (s,
10H; C5H5); 11B NMR: �� 31.1 ppm (BO); 13C NMR: �� 35.28, 39.33
(N(CH3)2), 91.31 (C5H5), 229.49 (CO), 245.18 ppm (carbyne C); elemental
analysis (%) calcd for C20H22B2Mo2N2O6 (599.90): C 40.04, H 3.70, N 4.67;
found: C 39.52, H 3.83, N 4.66.

4b : As described for 4a, a suspension of K[(�5-C5H5)W(CO)3] (1.19 g,
3.20 mmol) in benzene was treated with a solution of B2(NMe2)2I2 (0.58 g,
1.60 mmol) in benzene. 4b (0.40 g, 32.2%) was obtained as yellow, very air-
and moisture-sensitive crystals. 1H NMR: �� 2.39, 2.41 (s, 6H; N(CH3)2),
5.15 ppm (s, 10H; C5H5); 11B NMR: �� 30.8 ppm (BO); 13C NMR: ��
35.31, 39.44 (N(CH3)2), 89.80 (C5H5), 220.11 (CO), 242.72 ppm (carbyne C);

Figure 2. Calculated structures of 4c, 5a and 6b.
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elemental analysis (%) calcd for C20H22B2N2O6W2 (775.72): C 30.97, H 2.86,
N 3.61; found: C 30.17, H 2.84, N 3.37.

4c : As described for 4a, a suspension of K[(�5-C5H5)Cr(CO)3] (1.39 g,
5.78 mmol) in benzene was treated with a solution of B2(NMe2)2I2 (1.05 g,
2.89 mmol) in benzene. 4c (0.92 g, 62.3%) was obtained as green, very air-
and moisture-sensitive crystals. 1H NMR: �� 2.29, 2.37 (s, 6H; N(CH3)2),
4.72 ppm (s, 10H; C5H5); 11B NMR: �� 31.3 ppm (BO); 13C NMR: ��
35.21, 39.31 (N(CH3)2), 87.32 (C5H5), 238.90 (CO), 250.39 ppm (carbyne C);
elemental analysis (%) calcd for C20H22B2Cr2N2O6 (512.02): C 46.92, H
4.33, N 5.47; found: C 46.20, H 4.48, N 5.35.
5a : A solution of 4a (0.20 g, 0.33 mmol) in benzene (10 mL) was stirred for
seven days at ambient temperature, after which all volatile materials were
removed under high vacuum. The residue was dissolved in hexane (20 mL),
and the resulting yellow solution was concentrated in vacuo to 10 mL and
stored at�30 �C. After 48 h 5a was obtained in quantitative yield as yellow
crystals. 1H NMR: �� 2.16, 2.24, 2.79, 2.84 (s, 3H; N(CH3)), 5.03, 5.20 ppm
(s, 5H; C5H5); 11B NMR: �� 31.5 (BO), 65.2 ppm (BMo); 13C NMR: ��
34.78, 38.32, 42.84, 48.95 (N(CH3)), 91.50, 93.68 (C5H5), 224.11, 226.58,
229.75, 229.97, 233.78, (CO), 241.20 ppm (carbyne C); elemental analysis
(%) calcd for C20H22B2Mo2N2O6 (599.90): C 40.04, H 3.70, N 4.67; found: C
39.59, H 3.65, N 4.66.

5b : As described for 5a, a solution of 4b (0.20 g, 0.26 mmol) in benzene
(10 mL) was stirred for seven days. Compound 5b was obtained in
quantitative yield as yellow crystals. 1H NMR: �� 2.21, 2.26, 2.80, 2.87 (s,
3H; N(CH3)), 5.04, 5.12 (s, 5H, C5H5); 11B NMR: �� 32.6 (BO), 62.7
(BW); 13C NMR: �� 34.74, 38.46, 43.46, 49.29 (N(CH3)), 89.92, 92.51
(C5H5), 215.47, 218.04, 220.38, 220.68, 223.42 (CO), 239.02 ppm (carbyne
C); elemental analysis (%) calcd for C20H22B2N2O6W2 (775.72): C 30.97, H
2.86, N 3.61; found: C 30.39, H 3.07, N 3.50.

6a : A solution of B2(NMe2)2I2 (1.03 g, 2.83 mmol) in benzene (10 mL) was
added dropwise to a suspension of K[(�5-C5H5)Mo(CO)3] (0.81 g,
2.81 mmol) in benzene (10 mL). After the mixture had been stirred for
seven days at ambient temperature, all volatile materials were removed
under high vacuum. The remaining residue was suspended in hexane
(40 mL), filtered and the remaining solid was rinsed with hexane (5 mL).
The filtrate was concentrated in vacuum to 15 mL and stored at �30 �C.

After several days 6a (0.40 g, 29.3%) was obtained as a red, very air- and
moisture-sensitive, crystalline material.

Alternative 1: A solution of 4a (0.86 g, 1.42 mmol) in benzene (10 mL) was
treated with a solution of B2(NMe2)2I2 (0.52 g, 1.42 mmol) in benzene
(10 mL) and stirred for five days at ambient temperature. All volatiles were
removed in high vacuum, and the remaining solid repeatedly recrystallised
from hexane at �30 �C to yield pure 6a (0.40 g, 29.1%).
Alternative 2: A solution of 5a (0.59 g, 0.97 mmol) in benzene (10 mL) was
treated with a solution of B2(NMe2)2I2 (0.36 g, 0.97 mmol) in benzene
(10 mL) and stirred for 14 days at ambient temperature. All volatiles were
removed in high vacuum, and the remaining solid repeatedly recrystallised
from hexane at �30 �C to yield pure 6a (0.26 g, 27.6%).
1H NMR: �� 2.49, 2.63, 2.70, 2.80 (s, 6H; N(CH3)2), 5.00 ppm (s, 5H;
C5H5); 11B NMR: �� 35.5 (BI), 66.0 ppm (BMo); 13C NMR: �� 42.45,
42.58, 44.27, 47.58 (N(CH3)2), 93.65 (C5H5), 224.72, 227.96, 233.39 ppm
(CO); IR (hexane): �� � 1992 (m), 1916 (m), 1895 cm�1 (m) (C�O);
elemental analysis (%) calcd for C12H17B2IMoN2O3 (481.74): C 29.92, H
3.56, N 5.82; found: C 29.90, H 3.59, N 5.71.

6b : As described for 6a, B2(NMe2)2I2 (1.00 g, 2.75 mmol) was treated with a
suspension of K[(�5-C5H5)W(CO)3] (1.02 g, 2.75 mmol) in benzene for
seven days at ambient temperature. Compound 6b (0.43 g, 27.4%) was
obtained as a maroon, very air- and moisture-sensitive, crystalline material.

Alternative 1: As described for 6a, 4b (0.75 g, 0.98 mmol) was treated with
B2(NMe2)2I2 (0.36 g, 0.98 mmol) to yield 6b (0.34 g, 30.5%).

Alternative 2: As described for 6a, 5b (0.68 g, 0.88 mmol) was treated with
B2(NMe2)2I2 (0.33 g, 0.88 mmol) to yield 6b (0.29 g, 28.5%). 1H NMR: ��
2.47, 2.67, 2.72, 2.85 (s, 6H; N(CH3)2), 4.97 ppm (s, 5H; C5H5); 11B NMR:
�� 37.4 (BI), 63.3 ppm (BW); 13C NMR: �� 42.45, 43.21, 44.20, 47.95
(N(CH3)2), 92.39 (C5H5), 216.31, 219.39, 222.58 ppm (CO); IR (toluene):
�� � 1992 (m), 1899 (m), 1883 cm�1 (m) (C�O); elemental analysis (%) calcd
for C12H17B2IN2O3W (569.65): C 25.30, H 3.01, N 4.92; found: C 24.93, H
3.09, N 4.51.

X-ray structure determination of 5b : X-ray quality crystals were removed
from a Schlenk tube and immediately covered with a layer of viscous
hydrocarbon oil (Paratone N, Exxon). A suitable crystal was selected,

Scheme 1. Summary of reactions and rearrangements described.
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attached to a glass fiber and instantly placed in the low-temperature N2

stream of a P4 four-circle diffractometer (Siemens). C20H22B2Mo2N2O6;
formula mass 599.90 gmol�1, monoclinic space group P21/c (no. 14); a�
17.607(4), b� 8.456(2), c� 18.242(4) pm, �� 117.55(3)�, V�
2.4080(9) mm3, Z� 4, �calcd� 1.655 gcm�3 ; MoK� radiation (��
1.078 mm�1). Data collection at 173 K on a yellow crystal of about 0.4�
0.5� 0.2 mm by using 	 scans in the diffraction range 4.48� 2
� 58�
yielded 7899 reflections. Empirical absorption correction by � scans; 6412
of 6415 unique reflections were used for refinement of 293 parameters;
max./min. residual electron density: �786/715 enm�3. R1� 0.045 (F�
4�(F)) and wR2� 0.101 (all data) with R1�� � �Fo ���Fc � � /� �Fo �
and wR2� {�w(F 2

oF 2
c �2/�w(F 2

o�2}0.5. Calculations were carried out with the
SHELXTL PC 5.03[17] and SHELXL-97[18] program suites. The phase
problem was solved by direct methods, and the structures were refined on
F 2
o by full-matrix least-squares techniques. Anisotropic thermal parameters
were included for all non-hydrogen atoms. H atoms were placed geometri-
cally and refined using a riding model, including free rotation of methyl
groups. Their isotropic thermal parameters were constrained to 1.2
(cyclopentadienyl H) or 1.5 (methyl groups) times Ueq of the bonded
carbon atom. CCDC-116236 contains the supplementary crystallographic
data for this paper. These data can be obtained free of charge via
www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cambridge Crys-
tallographic Data Centre, 12 Union Road, Cambridge CB21EZ, UK; fax:
(�44)1223-336-033; or deposit@ccdc.cam.uk).
SCF calculations : all calculations were performed by using Gaussian98
package with the Becke three-parameter hybrid exchange functionals and
Lee ±Young ±Parr correlation functionals (B3LYP) of DFT.[19] All the
geometries have been fully optimised with CEP-31G basis set for
chromium, molybdenum and tungsten, 6-311G(d,p) basis set for iodine,
and 6-31G(d,p) basis set for other non-metal atoms. For the obtained
stationary points, harmonic frequency analysis at the same level of theory
were performed. Optimisation following the negative eigenvector was
carried out for geometries with imaginary frequencies. The calculations
utilizedC1 symmetry for all molecules except 4c, which was calculated inC2
symmetry. The total energies Eh and the ZPVE (in Hartrees, in
parentheses) are as follows; 4c : �1559.207902 (0.401361); 5a :
�1522.139270 (0.397303); 5b : �1521.728002 (0.365861); 6a :
�7840.099668 (0.286767); 6b : �7839.902147 (0.287680).
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