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Metal Nitrosyl Reactivity: Acetonitrile-Promoted Insertion of an Alkylidene
into a Nitrosyl Ligand with Fission of the NO Bond

C. M. Frech, O. Blacque, H. W. Schmalle, and H. Berke*[a]

Introduction

Reactions on coordinated p-acceptor ligands belong to an
important class of organometallic transformations,[1] because
they often provide facile access to molecular arrangements
that are sometimes difficult or even impossible to obtain by
conventional organic routes.[2,3] Comparable to the CO-in-
sertion reaction, the selective formation of C�N bonds from
NO insertion would be desirable for production of both fine
and commodity chemicals.[1g,4–6] In contrast to the ubiquitous
CO insertion, the related shift of alkyl units onto NO is con-
fined to only a few reported examples. The first direct obser-
vation of the conversion of a well-defined alkyl–nitrosyl
complex into a C-nitroso–alkane species was reported by H.
Klein et al. in 1976.[7] Other examples were published subse-
quently by the group of R. G. Bergman.[3] Related couplings
of carbene with p-acceptor ligands are rare, although the
metal-mediated coupling of an alkylidene and CO to pro-
duce a ketene moiety is known.[8] The related conversions of

alkylidene units with coordinated nitrosyl ligands are yet un-
known chemical transformations, but were found to exist as
a unique step in the reaction sequence of [Re-
(=CHPh)(NO)2ACHTUNGTRENNUNG(PR3)2]ACHTUNGTRENNUNG[BAr

F
4] complexes (2a and 2b) in-

duced by acetonitrile.[9] The reactions of such benzylidene
complexes with acetonitrile were first thought to be related
to studies of R. Beckhaus reporting the [2+2] addition reac-
tion of the titanium vinylidene complex [Cp*2Ti ACHTUNGTRENNUNG(=CCH2)]
with organonitrile compounds.[10] However, the reactions of
2a and 2b with acetonitrile turned out to be much more
complicated, showing a sequence of elementary steps involv-
ing the coupling of the benzylidene and the NO ligand. De-
tailed investigations of the reaction course, including label-
ling studies and theoretical modelling, led us to propose a
plausible reaction mechanism.

Results and Discussion

The treatment of benzene solutions of the cationic com-
plexes [Re(NO)2 ACHTUNGTRENNUNG(PR3)2]ACHTUNGTRENNUNG[BAr

F
4] (R = Cy, 1a ; R = iPr, 1b)

with phenyldiazomethane at room temperature gave the
moderately stable benzylidene complexes [Re-
(=CHPh)(NO)2ACHTUNGTRENNUNG(PR3)2]ACHTUNGTRENNUNG[BAr

F
4] (2a and 2b) in good yields

(Scheme 1).[9] As a large stoichiometric excess of acetonitrile
was added to CH2Cl2 solutions of the benzylidene complexes
2a and 2b at �30 8C, exclusive formations of [Re ACHTUNGTRENNUNG(N�CCH3)-
ACHTUNGTRENNUNG(N�CPh)(NO)(OC ACHTUNGTRENNUNG(CH3)=NH) ACHTUNGTRENNUNG(PR3)] ACHTUNGTRENNUNG[BAr

F
4] (3a and 3b)
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were observed. Monitoring the reaction by 31P{1H} NMR
spectroscopy showed new singlet resonances at d=�2.8 and
6.12 ppm assigned to the products 3a and 3b. Signals due to
intermediates could not be observed. Complete conversion
was achieved overnight, accompanied by a colour change
from dark-red to orange. Compounds 3a and 3b were isolat-
ed in almost quantitative yields. The 1H NMR spectra of 3a
and 3b displayed, in addition to the phosphine signals, sin-
glets at d=2.94 and 2.90 ppm. These correlated to
13C{1H} NMR signals in the two-dimensional spectra at d=
139.0 and 138.9 ppm and at d=5.3 and 5.1 ppm, respectively.
These resonances are, thus, consistent with the coordination
of one acetonitrile to the metal centre. Additional singlets
were detected in the 1H NMR spectra at d=1.92 and
4.14 ppm (3a) as well as at d=1.85 and 4.15 ppm (3b). In
the two-dimensional spectra these signals correlated with
the 13C{1H} NMR signals at d=177.4 and 177.8 ppm, respec-
tively. The 1H NMR signals at d=1.92 and 1.85 ppm were
assigned to methyl groups, whereas those at d=4.14 and
4.15 ppm have a typical chemical shift for imine protons, im-
plying the generation of an ethanimidate ligand. The forma-
tion of this moiety was confirmed for both cases by reac-
tions using 15N-labelled acetonitrile. The 15N{1H} NMR spec-
tra of 3a and 3b show two strong signals at d=�213.4 and
�250.0 ppm and at d=�215.0 and �250.3 ppm, respectively,
of which the signals at d=�213.4 and �215.0 ppm were as-
signed to the coordinated acetonitrile molecule. The reso-
nances at d=�250.0 and �250.3 ppm correlate with the ni-

trogen-bound hydrogen atoms at d=4.14 and 1.92 ppm and
at d=4.15 and 1.85 ppm. Interestingly, no 1H NMR signals
were detected in the region characteristic for alkylidene hy-
drogen atoms, which indicates transformation of the benzyli-
dene unit. The IR spectra of 3a and 3b exhibit two weak
bands for both complexes, at 2270 and 2229 cm�1 and at
2271 and 2228 cm�1, respectively, attributable to different
types of nitrile units. A further intense absorption band at
1704 and 1697 cm�1, respectively, is consistent with the pres-
ence of a mononitrosyl complex. Compound 3a could be
confirmed further in its molecular structure by MS, which
revealed fragmentations expelling benzonitrile, two subse-
quent acetonitrile molecules and tricyclohexyl phosphine.
The reaction sequence of [Re ACHTUNGTRENNUNG(=CHPh)(NO)2ACHTUNGTRENNUNG(PR3)] ACHTUNGTRENNUNG[BAr

F
4]

(2a and 2b) with acetonitrile leading to 3a and 3b is repre-
sented in Scheme 1.
Attempts to crystallise any of the [Re ACHTUNGTRENNUNG(N�CCH3) ACHTUNGTRENNUNG(N�

CPh)(NO)(OCACHTUNGTRENNUNG(CH3)=NH) ACHTUNGTRENNUNG(PR3)] ACHTUNGTRENNUNG[BAr
F
4] complexes to

obtain X-ray-quality crystals failed, because of impurities
caused by the consecutive transformation of these com-
pounds into the cationic phosphine derivatives of [Re-
ACHTUNGTRENNUNG(NCCH3)(OC ACHTUNGTRENNUNG{CH3}NH ACHTUNGTRENNUNG{C6H5})(NO)ACHTUNGTRENNUNG(PR3)2] ACHTUNGTRENNUNG[BAr

F
4] 4a and

4b. These subsequent transformations turned out to be sol-
vent independent (tetrahydrofuran, methylene chloride, di-
ethyl ether or acetonitrile), and were complete after two
days at room temperature. Compounds 4a and 4b were iso-
lated in quantitative yields. Higher reaction temperatures
were inappropriate, as they promoted the formation of side

Scheme 1.
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products. The 1H NMR spectra of 4a and 4b in CD2Cl2
showed, in addition to phenyl and the phosphine protons,
broad resonances at d=8.76 and 8.78 ppm characteristic for
the formed (1Z)-N-[iminoACHTUNGTRENNUNG(phenyl)methyl]ethanimidate
ligand. In the two-dimensional spectra these resonances cor-
related with the 13C{1H} NMR signals at d=163.6 and
164.0 ppm, confirming the presence of the imino ACHTUNGTRENNUNG(phenyl)
moiety. In the 1H NMR spectra of 4a and 4b two further
sharp singlets appeared at d=2.89 and 2.36 ppm and at d=
2.94 and 2.38 ppm, respectively. The resonances at d=2.89
and 2.94 ppm were assigned to acetonitrile ligands. The sig-
nals at d=2.36 and 2.38 ppm correlated in two-dimensional
NMR spectra with the 13C{1H} NMR signals at d=176.9 and
29.8 ppm and at d=177.1 and 29.6 ppm, consistent with the
formation of (1Z)-N-[imino ACHTUNGTRENNUNG(phenyl)methyl]ethanimidate li-
gands. This assignment is further supported by 15N{1H} NMR
spectroscopy and 1H, 15N{1H} correlation experiments of the
15N-labelled complexes 4a and 4b. The 15N{1H} NMR signals
at d=�207.9 and �209.4 ppm are due to the coordinated
acetonitrile ligands. The signals at d=�163.5 and
�163.9 ppm are shifted significantly upfield (Dd�90 ppm)
and have no correlation to any proton signal, indicating a re-
action sequence with formation of a carbon–nitrogen bond
and a concomitant proton shift. The structures of 4a and 4b
were established by an X-ray diffraction study on crystals of
4b (Figure 1). Single crystals were obtained by slow evapo-
ration of a concentrated methylene chloride solution at
�30 8C. The rhenium centre possesses a pseudooctahedral
environment with the nitrosyl and acetonitrile ligands dis-

placed cis. The chelating (1Z)-N-[imino-
ACHTUNGTRENNUNG(phenyl)methyl]ethanimidate ligand occupies positions trans
to these ligands with the presumably more-labile oxygen
atom opposite to NO. The C23�N3 and C21�N4 bond
lengths of 1.307(4) and 1.321(4) M, respectively, have rather
double-bond character, whereas the N4�C23 and O2�C21
bond lengths of 1.373(4) and 1.294(4) M, respectively, refer
to relatively short single bonds, suggesting a delocalised che-
late ligand, similar to the isoelectronic b-diketonates and b-
diiminato ligands. The imine hydrogen atom H3 was located
in the difference Fourier map and was refined isotropically.
Unfortunately, it was not possible to detect spectroscopi-

cally any intermediates other than 3a and 3b. Even the ace-
tonitrile adducts of 2a and 2b could not be observed, de-
spite the fact that the DFT calculations indicated their
slightly stabilised nature with respect to 1a and 1b. As 2a
and 2b were treated with trimethylphosphine to eventually
promote the NO–alkylidene coupling and trap the oximate
species, the formation of several phosphorous-containing
compounds occurred. Attempts to identify spectroscopically
or to separate one of these products from the reaction mix-
tures failed.
From the reaction of 2a and 2b with 15N-labelled acetoni-

trile conclusive mechanistic insights were obtained. Most im-
portantly, it was shown that the nitrogen atom of the benzo-
nitrile ligand of 3a and 3b originates from the NO ligand.
Hence, the products formed in this reaction sequence
indeed involved the coupling of one of the NO ligands with
the benzylidene ligand, with the plausible intermediates A,
B and C referring also to a shift of the formed oximate
ligand from C, N to N, O binding to rhenium. The formation
of the bent NO species A gains support from the reaction of
a related hydridodinitrosylbis(triphenylphosphine)rhenium
complex [Re(H)(NO)2ACHTUNGTRENNUNG(PPh3)2] with HCl, resulting in the
corresponding dichloro–nitroxyl complex [Re(Cl)2ACHTUNGTRENNUNG(NH=
O)(NO) ACHTUNGTRENNUNG(PPh3)2],

[11] in which a primary nucleophilic attack
of Cl� is followed by protonation of one of the bent nitrosyl
ligands. Another related example is the recently reported re-
action of the cationic dinitrosyl complex [Re(NO)2ACHTUNGTRENNUNG(PR3)2]

+

with phenylacetylene, yielding the {1-[(aminooxy)methyl]-
vinyl}benzene complexes [ReACHTUNGTRENNUNG(C�CPh) ACHTUNGTRENNUNG(CH=
C(Ph)ONH)(NO) ACHTUNGTRENNUNG(PR3)2], for which R = Cy or iPr. This is
among other steps thought to proceed with initial acetylene
attack on rhenium and proton transfer to the bent NO.[12]

In a further step, either a 1,3-dipolar cycloaddition, a
[2+3] cycloaddition or a pericyclic heteroene-type reaction
between the azaketenate ligand in C and an acetonitrile
molecule could take place. 1,3-Dipolar cycloadditions are
known from organic nitrones and nitriles. This would lead to
an [(amido) ACHTUNGTRENNUNG(phenyl)methyl]ethanimidato ligand in inter-
mediate G. If a [2+3] cycloaddition occurs, a 5-methyl-3-
phenyl-1,2,4-oxadiazol-2(3H)-yl complex F would be gener-
ated, which is analogous to reactions of nitrones with nitriles
observed in the ligand sphere of platinum–benzonitrile com-
plexes [Pt(Cl)2ACHTUNGTRENNUNG(N�CPh)2].[13] However, transformations
giving intermediates F or G can be ruled out, as these inter-
mediates could hardly be transformed in simple steps into

Figure 1. Molecular structure of 4b (50% probability displacement ellip-
soids). The hydrogen atom H3 was refined isotropically. The [BArF4]

�

counterion and all hydrogen atoms, with exception of H3 and those of
the isopropyl groups, have been omitted for clarity. Selected bond lengths
(M) and angles (8): Re1�N1 1.763(3), Re1�N2 2.088(3), Re1�N3
2.074(3), Re1�O2 2.064(2), O2�C21 1.294(4), C21�N4 1.321(4), N4�C23
1.373(4), C23�N3 1.307(4); N3-Re1-O2 82.70(10).
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the identified benzonitrile ethaneimidate complexes 3a and
3b. Although intermediate F would mark a dead end in the
reaction sequence, intermediate G could be envisaged to be
converted directly into 4a and 4b by a simple proton shift.
This is not observed, therefore, a pericyclic heteroene-type
reaction between the azaketenate ligand in C and an aceto-
nitrile molecule (see Scheme 1) is anticipated to be the most
plausible route for the transformation of C into 3a and
3b.[14, 15] The conversion of 3a and 3b into 4a and 4b in-
volves a nucleophilic attack of the imino group onto the
Cbenzonitrile followed by a proton migration.
DFT analysis : To support the mechanism of the transfor-

mation of 2a and 2b into 3a and 3b and the subsequent for-
mation of the (1Z)-N-[iminoACHTUNGTRENNUNG(phenyl)methyl]ethanimidate
complexes 4a and 4b, given in Scheme 1, density functional
theory (DFT) calculations were carried out on PMe3-substi-
tuted model derivatives. These began with calculations on
the [Re{CH ACHTUNGTRENNUNG(C6H5)}(NO)2ACHTUNGTRENNUNG(PMe3)2]

+ complex 2-Me and re-
vealed that the LUMO of this cationic species is composed
mainly of dominating pbenzylidene character and the in-phase
p* combination of the NO groups (Figure 2). The second

unoccupied molecular orbital (0.95 eV higher in energy than
the LUMO) is similar in shape to the LUMO with NO p*-
orbital contribution, but in contrast to the LUMO, there is a
further strong out-of-phase rhenium d-orbital character.
These empty frontier orbitals signal the electrophilic charac-

ter of 2a and 2b, which facilitates the nucleophilic attack of
any Lewis base. A frontier-orbital-controlled nucleophilic
attack of acetonitrile could, therefore, be envisaged to occur
either on the Re centre to form the octahedral intermediate
A-Me or on the Ccarbene atom leading alternatively to the ni-
trilium ylid complex A’-Me. The alternative attack on a NO
p* orbital would be expected to establish a thermodynami-
cally weak N�N bond. In accord with this, such a reaction
step is not precedented by literature reports.
The two isomers A-Me and A’-Me are relatively close in

energy; A-Me is favoured over complex A’-Me by only
DE0=++6.0 kcalmol�1 (calculated DDG=++5.2 kcalmol�1).
The computed energy differences DEe (classical electronic
energies computed at the mPW1PW91 level), DE0 (DE0=
DEe+D ACHTUNGTRENNUNG(ZPE)), DEsol (DEPCM+D ACHTUNGTRENNUNG(ZPE), in which DEPCM rep-
resents the relative electronic energies after PCM solvation
correction) and DG (relative Gibbs free energy) of all opti-
mised species relative to the energetics of 2-Me are given in
Table 1. The coordination of the acetonitrile to the rhenium

centre is energetically slightly downhill (�3.0 kcalmol�1)
and induces bending of both M-N-O moieties (139.4 and
141.88) in A-Me and, thus, enforces NO to act as a one-elec-
tron ligand (Figure 3). The bent nitrosyl ligands were found
to be further stabilised by weak hydrogen-bonding interac-
tions with the hydrogen atom of the carbene ligand and with
one ortho-hydrogen atom of the phenyl ring (N···H=2.73
and 2.34 M, respectively). These relatively short N···H con-
tacts witness additional energetic stabilisation of isomer A-
Me, so that it becomes more stable than A’-Me. However,
species A’-Me appears to be located on a nonproductive
pathway, making its existence in equilibrium plausible, but
not allowing further transformation.

Figure 2. Shapes and phases of the LUMO (top) and the SUMO
(bottom) of the cationic model complex [Re ACHTUNGTRENNUNG(=CHPh)(NO)2 ACHTUNGTRENNUNG(PMe3)2]

+ 2-
Me.

Table 1. Computed relative energies[a] [kcalmol�1] and lowest harmonic
frequencies [cm�1] of the species studied.

Complex DEe DE0 DEsol DG nmin

2-Me 0.0 0.0 0.0 0.0 +27.5
A-Me �3.5 �3.0 �0.2 +9.3 +9.5
A’-Me +0.8 +3.0 +1.8 +14.5 +14.0
TS1 +20.1 +20.9 +23.7 +32.9 �183.8
B-Me �13.0 �10.5 �8.5 +1.7 +25.9
TS2 �0.1 +1.8 +3.5 +14.7 �176.2
C-Me �51.9 �49.0 �46.5 �37.5 +20.5
3-Me �107.2 �102.1 �95.8 �77.7 +16.8
D-Me �118.2 �111.8 �107.4 �85.9 +16.4
4-Me �131.3 �124.4 �118.2 �100.6 +12.6

2-Me 0.0 0.0 0.0 0.0 +27.5
TS1’ +42.8 +42.2 +42.1 +42.0 �307.7
B’-Me +22.1 +23.2 +22.0 +23.9 +31.8
E-Me +8.9 +11.7 +16.5 +34.3 +14.4
F-Me �44.2 �39.1 – �13.6 +20.4

[a] Definitions of the energetics are: DEe, classical relative electronic en-
ergies computed at the mPW1PW91 level; DE0=DEe+DACHTUNGTRENNUNG(ZPE); DEsol=
DEPCM+D ACHTUNGTRENNUNG(ZPE), for which DEPCM is the relative electronic energy after
PCM solvation correction; DG, relative Gibbs free energy.
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In A-Me, in contrast to 2-Me, the NNO atoms come closer
to the Ccarbene atom, preparing the complex for carbene/NO
coupling (Figure 4).

In the fashion of a migratory insertion, this corresponds
to a nucleophilic attack of one of the bent nitrosyl nitrogen
atoms on the carbene carbon atom being exothermic by
DDE0=�7.5 kcalmol�1, and leads to the C-nitroso complex
B-Me (DE0=�10.5 kcalmol�1) with a significant calculated
barrier of DDE0

�=++23.9 kcalmol�1 (TS1). Thus, TS1 repre-
sents the highest energetic point on the reaction pathway
and sets the barrier for the whole process from 2-Me to 4-
Me (20.9 kcalmol�1 above 2-Me). Views of the DFT-opti-
mised structures of B-Me and of the transition state TS1 are
given in Figure 5.
The N1-Re-N3 bond angle increases by 148 upon progres-

sion from A-Me to TS1 and the carbene ligand moves by
about 308 from its trans position (C1-Re-N3=159.58 for

TS1). In the DFT-optimised structures of A-Me, TS1 and B-
Me the changes in the intermolecular distances N1�C1 of
2.87, 2.19 and 1.41 M, respectively, reveal a relatively early
transition state for the coupling process. The product B-Me
may be best described as an azaketene ligand that can rear-
range from C=N metal binding (B-Me, �10.5 kcalmol�1) to
N=O coordination (C-Me, �49.0 kcalmol�1). Such an iso-
merisation process seems plausible, as a large number of
stable oximate complexes with N,O attachment are
known.[16] The isomerisation is accompanied by only a small
activation barrier of TS2 (DDE0

�=++12.3 kcalmol�1), but is
very exothermic, with DDE0=�38.5 kcalmol�1. The opti-
mised h1-structure of TS2 (Figure 5) reveals a very long Re�
C1 distance of 2.78 M with the C1 atom almost sp2 hybri-
dised.
The heteroene-type reaction step includes the cleavage of

the NO bond, previously elongated and weakened by inter-
action of the oxygen atom with the metal centre (N�O=

1.23 and 1.35 M for B-Me and C-Me, respectively). The
model complex 3-Me is tremendously stabilised in energy
relative to all previous key intermediates: the mass-balanced
relative energies are DE0=�102.1 kcalmol�1 with respect to
2-Me and DDE0=�53.1 kcalmol�1 with respect to C-Me.
The rhenium centre is in a stable pseudooctahedral environ-
ment and the two trans nitrile ligands in 3-Me contribute
strongly to the high stability of the complex. The slow trans-
formation of 3a and 3b into 4a and 4b can be considered as
a nucleophilic attack of the imino function on the carbon
atom of the benzonitrile ligand accompanied by a prototrop-
ic rearrangement of the imino proton. Both these processes
have been simulated, leading successively from 3-Me to D-
Me and from D-Me to 4-Me, and have been calculated to be
exothermic by 9.7 and 12.6 kcalmol�1, respectively.
Alternatively, the NO insertion was also studied, starting

directly from 2-Me instead of A-Me, eliminating any influ-
ence of acetonitrile in the coordination sphere. The relative
energies of the optimised stationary points TS1’ and B’-Me
(for geometries, see Figure S1 in the Supporting Informa-
tion) corresponding to the first step of the insertion revealed
an energetically unfavourable pathway. The acetonitrile-free
analogue of B-Me, B’-Me, is higher in energy by DE0=
+23.2 kcalmol�1 and its formation has a much higher ener-
getic barrier of DE0

�=++42.2 kcalmol�1 (TS1’). Although
these computational results for the PMe3 model systems
strongly support the given mechanism of Scheme 1, alterna-
tive reaction pathways cannot be excluded completely.
Indeed, the first step after addition of an acetonitrile mole-
cule to 2a and 2b would be rate determining. Therefore,
evaluation of alternatives to the TS1 route would be appro-
priate. For instance attack of an acetonitrile molecule on the
metal centre of A’-Me or on the carbene ligand of A-Me
are conceivable. The energy difference between these iso-
mers could actually be reduced from DE0=6.0 kcalmol

�1 to
DEsol=2.0 kcalmol

�1 by applying a solvation model. Both
reactions would result in the same product E-Me (Figure 6).
Interestingly, a simple rotation of the alkyl group, during
which the acetonitrile approaches the equatorial plane,

Figure 3. DFT-optimised structures and relative energies of the model
complexes A-Me and A’-Me. Important geometrical parameters are as
follows. A-Me: Re�C1=1.96, N1···C1=2.87 M; Re-N1-O1=139.4, Re-
N2-O2=141.8, N1-Re-C1=94.1, N2-Re-C1=101.58. A’-Me: Re�C1=
2.30 M; N1-Re-C1=116.7, N2-Re-C1=121.78.
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could lead to a direct migration of one NO group onto the
carbon atom of the nitrilium unit core to form the 5-mem-
bered ring species F-Me (Figure 6).
According to the calculated energy of F-Me (DE0=

�39.1 kcalmol�1), the formation of this species would be
plausible, but its involvement in the mechanism can be ruled
out for several reasons. Chemically, the final product 4
would necessitate a nucleophilic attack of the nitrogen atom
on the weakly metal-bound carbon atom across the ring
system, leading to a four-membered heterocycle. Such a re-
action step would generate a highly strained ligand system,
which would require the elimination of acetonitrile from the
heterocycle in a further step to generate B-Me, and is, there-
fore, unlikely. Furthermore, due to its relative thermody-
namic stability, F-Me would mark a thermodynamic drop in
this reaction sequence and one would expect to be able to
detect intermediates of this kind. However, our spectroscop-
ic analysis revealed no such intermediates, rather, the
almost quantitative formations of 3a and 3b and 4a and 4b
were detected. Finally, the calculations revealed that the co-
ordination of a second acetonitrile molecule is energetically
unfavourable at A-Me by 14.7 kcalmol�1 and at A’-Me by
8.7 kcalmol�1. The calculated energies, including solvation,
even raise these energies to 16.7 and 14.7 kcalmol�1, respec-

tively. Furthermore, the Gibbs free energy of E-Me is
+34.3 kcalmol�1, which is calculated to be even higher than
the Gibbs free energy of +32.9 kcalmol�1 calculated for
TS1, the first transition state of the NO insertion pathway
described. Thus, we can assume that the alternative-pathway
species, such as F-Me, cannot be formed during the reaction,
as coordination of a second acetonitrile molecule is less fa-
vourable.

Conclusion

We describe a unique reaction sequence in the ligand sphere
of complexes 2a and 2b, in which a coordinated nitrosyl
ligand, a carbene unit and an acetonitrile molecule were
transformed into a (1Z)-N-[iminoACHTUNGTRENNUNG(phenyl)methyl]ethan-
ACHTUNGTRENNUNGimidate ligand. Experimental observations with concomitant
DFT calculations allowed us to describe this unique reaction
sequence on a mechanistic level, and confirmed that the
pathway first involved the direct migratory insertion of the
nitrosyl ligand into the benzylidene ligand, leading to a
short-lived oximate species. In a further step, a pericyclic
heteroene-type reaction between the azaketenate ligand in
C and an acetonitrile molecule is anticipated to yield direct-

Figure 4. Calculated reaction pathway with electronic energies (DE0 in kcalmol
�1) relative to compound 2-Me taken as reference.
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ly the complexes 3a and 3b. The conversion of 3a and 3b
into 4a and 4b involves a nucleophilic attack of the imino
group onto the Cbenzonitrile, followed by a 1,2-H shift.

Experimental Section

General : All synthetic operations were conducted in oven-dried glass-
ware by using a combination of glovebox (M. Braun 150B-G-II), high
vacuum, and Schlenk techniques under dinitrogen atmosphere. Solvents
were freshly distilled under N2 by employing standard procedures and
were degassed by freeze-thaw cycles prior to use. [D2]MeCl2 was pur-
chased from Armar, stored in a Schlenk tube (Teflon tap) over P4O10, dis-
tilled and degassed prior to use. All chemicals were purchased from Al-
drich or Fluka. Unless otherwise stated, all reagents were used without
further purification. [Re ACHTUNGTRENNUNG{=CHACHTUNGTRENNUNG(C6H5)}(NO)2 ACHTUNGTRENNUNG(PR3)2][B ACHTUNGTRENNUNG{m-C6H3 ACHTUNGTRENNUNG(CF3)2}4]
was prepared by following published methods.[9]

Physical measurements : Elemental analyses were performed by using a
Leco CHNS-932 analysator at the University of ZFrich, Switzerland. 1H,
13C, 31P{1H} and 15N NMR data were recorded by using a Bruker Avance
DRX500 spectrometer. Chemical shifts are expressed in parts per million

Figure 5. DFT-optimised structures and relative energies of TS1, B-Me
and TS2. Important geometrical parameters are as follows. TS1: Re�
C1=2.10, Re�N1=2.02, Re�N2=1.81, N1�O1=1.19, N1···C1=2.19 M;
Re-N1-O1=144.8, N1-Re-C1=64.4, N2-Re-C1=99.2, N3-Re-C1=
159.58. B-Me: Re�C1=2.25, Re�N1=2.02, Re�N2=1.78, N1�C1=1.41,
N1�O1=1.23 M; Re-N1-O1=140.1, N1-Re-C1=38.08. TS2 : Re···C1=
2.78, Re�N1=2.10, Re�N2=1.78, N1�C1=1.33, N1�O1=1.27 M; Re-
N1-C1=106.1, Re-N1-O1=115.28.

Figure 6. DFT-optimised structures and relative energies of E-Me and F-
Me. Important geometrical parameters are as follows. E-Me: Re�C1=
2.27, Re�N1=1.93, Re�N2=1.88, N1�O1=1.20, N2�O2=1.19 M; Re-
N1-O1=141.0, Re-N2-O2=146.68. F-Me: Re�C1=2.38, Re�N1=2.11,
Re�N2=1.79, N1�O1=1.28, N1�C5=1.34, C5�N4=1.35, C1�N4=
1.31 M; Re-C1-H1=51.1, Re-N1-O1=120.7, N1-Re-C1=72.18.
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(ppm) referenced to CD2Cl2 or [D5]C6H5Cl. All chemical shifts for
31P{1H} NMR data are reported downfield in ppm relative to external
85% H3PO4 at 0.0 ppm. Signal patterns are reported as follows: s, singlet;
d, doublet; t, triplet; m, multiplet; br, broad. Processing and analyses of
the spectra were performed by using Bruker XWINNMR software. IR
spectra were obtained by using KBr pellets or ATR methods with a Bio-
Rad FTS-45 FTIR spectrometer.

Preparation of [Re ACHTUNGTRENNUNG(NCCH3){NC ACHTUNGTRENNUNG(C6H5)}(NO){OC ACHTUNGTRENNUNG(CH3)=NH} ACHTUNGTRENNUNG(PR3)2][B-
ACHTUNGTRENNUNG{m-C6H3 ACHTUNGTRENNUNG(CF3)2}4] with R = Cy (3a) and R = iPr (3b): Approximately
15 mL of acetonitrile was added to a solution of about �50 mg of 2
(�0.03 mmol) in 1 mL of methylene chloride and kept at �30 8C for 24 h.
The colour turned from dark-red to orange. After the disappearance
(monitored by 31P{1H} NMR spectroscopy) of 2, the solvent was removed
under vacuum and the residue was washed with pentane (3Q10 mL) and
dried under vacuum. Yield 40.2 mg (90% for 3a) and 45.2 mg (90% for
3b).

Data for 3a : 1H NMR (CD2Cl2, 25 8C): d=7.75–7.50 (m, 5H; NC ACHTUNGTRENNUNG(C6H5)),
4.14 (br s, 1H; OC ACHTUNGTRENNUNG(CH3)=NH), 2.94 (s, 3H; NCCH3), 2.34–1.92 (m, 66H;
P ACHTUNGTRENNUNG(C6H11)3), 1.92 ppm (s, 3H; OCACHTUNGTRENNUNG(CH3)=NH);

13C{1H} NMR (CD2Cl2,
25 8C): d=177.4 (s, OC ACHTUNGTRENNUNG(CH3)=NH), 139.0 (s, NCCH3), 141.3, 132.0, 129.9,
126.2 (s, NCACHTUNGTRENNUNG(C6H5)), 110.0 (s, NC ACHTUNGTRENNUNG(C6H5)), 28.2 (s, OC ACHTUNGTRENNUNG(CH3)=NH) 34.6
(pseudo-t, JPC=10 Hz, P ACHTUNGTRENNUNG(C6H5)), 29.2, 27.9, 26.3 (s, P ACHTUNGTRENNUNG(C6H5)), 5.3 ppm (s,
NCCH3);

31P{1H} NMR (CD2Cl2): d=�2.8 ppm (s, P ACHTUNGTRENNUNG(C6H11)3);
15N NMR

(CD2Cl2, 25 8C): d=�213.4 (s, NCCH3), �250.0 ppm (s, OC ACHTUNGTRENNUNG(CH3)=NH);
IR (KBr): ñ=2270 (w, NC), 2229 (w, NC), 1704 cm�1 (s, NO); elemental
analysis calcd (%) for C79H90BF24N4O2P2Re: C 51.50, H 4.92, N 3.04;
found: C 51.81, H 5.19, N 2.64.

Data for 3b : 1H NMR (CD2Cl2, 25 8C): d=7.67–7.44 (m, 5H; NC ACHTUNGTRENNUNG(C6H5)),
4.15 (br s, 1H; OC ACHTUNGTRENNUNG(CH3)=NH), 2.90 (s, 3H; NCCH3), 2.56 (m, 6H; P{CH-
ACHTUNGTRENNUNG(CH3)2}), 1.85 (s, 3H; OC ACHTUNGTRENNUNG(CH3)=NH), 1.29 ppm (m, 36H; P{CH ACHTUNGTRENNUNG(CH3)2});
13C{1H} NMR (CD2Cl2, 25 8C): d=177.8 (s, OCACHTUNGTRENNUNG(CH3)=NH), 138.9 (s,
NCCH3), 140.78, 132.2, 129.6, 126.4 (s, NC ACHTUNGTRENNUNG(C6H5)), 109.4 (s, NC ACHTUNGTRENNUNG(C6H5)),
27.9 (s, OCACHTUNGTRENNUNG(CH3)=NH) 24.0 (pseudo-t, JPC=11 Hz, P{CH ACHTUNGTRENNUNG(CH3)2}), 19.0,
18.0 (s, P{CH ACHTUNGTRENNUNG(CH3)2}), 5.1 ppm (s, NCCH3);

31P{1H} NMR (CD2Cl2): d=
6.12 ppm (s, P{CH ACHTUNGTRENNUNG(CH3)2});

15N NMR (CD2Cl2, 25 8C): d=�215.0 (s,
NCCH3), �250.3 ppm (s, OC ACHTUNGTRENNUNG(CH3)=NH); IR (KBr): ñ=2271 (w, NC),
2228 (w, NC), 1697 cm�1 (s, NO); MS (FAB): m/z (%): 980.0 (18) [M]+ ,
939.0 (23) [M+�NCCH3], 897.9 (7) [M

+�2NCCH3], 876.9 (235) [M
+

�NCPh], 835.8 (34) [M+�NCCH3, NCPh], 699.6 (10) [M
+�PCy3], 658.6

(100) [M+�NCCH3, PCy3], 596.5 (62) [M
+�NCPh, PCy3], 553.5 (100)

[M+�NCCH3, NCPh, PCy3], 512.0 (24) [M
+�2NCCH3, NCPh, PCy3]; el-

emental analysis calcd (5) for C61H65BF24N4O2P2Re: C 45.76, H 4.10, N
3.50; found: C 46.02, H 4.09, N 3.22.

Preparation of [Re ACHTUNGTRENNUNG(NCCH3)(OC ACHTUNGTRENNUNG{CH3}NNH ACHTUNGTRENNUNG{C6H5})(NO) ACHTUNGTRENNUNG(PR3)2] with R
= Cy (4a) and R = iPr (4b): A solution of about �50 mg of 2
(�0.03 mmol) in 20 mL of methylene chloride was stirred at RT for two
days. After completion of the reaction (monitored by 31P{1H} NMR spec-
troscopy), the solvent was removed under vacuum. After removal of the
solvent under reduced pressure, the residue was washed with pentane
(3Q20 mL) and dried under vacuum. Yield 43.6 mg (95% for 4a) and
49.6 mg (>99% for 4b).

Data for 4a : 1H NMR (CD2Cl2, 25 8C): d=8.76 (br s, 1H; NH=C-
ACHTUNGTRENNUNG(C6H5)N=C ACHTUNGTRENNUNG(CH3)O), 7.85–7.54 (m, 5H; NH=C ACHTUNGTRENNUNG(C6H5)N=C ACHTUNGTRENNUNG(CH3)O), 2.89
(s, 3H; NCCH3), 2.36 (s, 3H; NH=CACHTUNGTRENNUNG(C6H5)N=C ACHTUNGTRENNUNG(CH3)O), 2.10–1.05 ppm
(m, 66H; P ACHTUNGTRENNUNG(C6H11)3);

13C{1H} NMR (CD2Cl2, 25 8C): d=176.9 (s, NH=
ACHTUNGTRENNUNG(C6H5)N=C ACHTUNGTRENNUNG(CH3)O), 163.6 (s, NH=C ACHTUNGTRENNUNG(C6H5)N=C ACHTUNGTRENNUNG(CH3)O), 141.3 (s,
NCCH3), 140.9, 131.9, 129.1, 126.7 (s, NH=C ACHTUNGTRENNUNG(C6H5)N=C ACHTUNGTRENNUNG(CH3)O), 34.6
(pseudo-t, JPC=10 Hz, P ACHTUNGTRENNUNG(C6H11)3), 29.8 (s, NH=CACHTUNGTRENNUNG(C6H5)N=C ACHTUNGTRENNUNG(CH3)O),
29.5, 28.2, 26.5 (s, P ACHTUNGTRENNUNG(C6H11)3), 4.9 ppm (s, NCCH3);

31P{1H} NMR
(CD2Cl2, 25 8C): d=3.9 ppm (s, P ACHTUNGTRENNUNG(C6H11)3);

15N NMR (CD2Cl2, 25 8C):
d=�207.9 (s, NCCH3), �163.5 ppm (s, NH=C ACHTUNGTRENNUNG(C6H5)N=C ACHTUNGTRENNUNG(CH3)O); IR
(ATR): ñ=2271 (w, NC), 1696 cm�1 (s, NO); elemental analysis calcd for
C79H90BF24N4O2P2Re: C 51.50, H 4.92, N 3.04: found: C 51.25, H 5.03, N
2.86.

Data for 4b : 1H NMR (CD2Cl2, 25 8C): d=8.78 (br s, 1H; NH=C-
ACHTUNGTRENNUNG(C6H5)N=C ACHTUNGTRENNUNG(CH3)O), 7.78–7.46 (m, 5H; NH=C ACHTUNGTRENNUNG(C6H5)N=C ACHTUNGTRENNUNG(CH3)O), 2.94
(s, 3H; NCCH3), 2.38 (m, 6H; P{CH ACHTUNGTRENNUNG(CH3)2}3), 2.30 (s, 3H; NH=C-
ACHTUNGTRENNUNG(C6H5)N=C ACHTUNGTRENNUNG(CH3)O), 1.27 ppm (m, 36H; P{CH ACHTUNGTRENNUNG(CH3)2}3);

13C{1H} NMR

(CD2Cl2, 25 8C): d=177.1 (s, NH=ACHTUNGTRENNUNG(C6H5)N=C ACHTUNGTRENNUNG(CH3)O), 164.0 (s, NH=C-
ACHTUNGTRENNUNG(C6H5)N=C ACHTUNGTRENNUNG(CH3)O), 140.9 (s, NCCH3), 135.2, 131.8, 129.3, 126.7 (s, NH=
C ACHTUNGTRENNUNG(C6H5)N=CACHTUNGTRENNUNG(CH3)O), 29.6 (s, NH=C ACHTUNGTRENNUNG(C6H5)N=C ACHTUNGTRENNUNG(CH3)O), 24.4 (pseudo-
t, JPC=12 Hz, P{CH ACHTUNGTRENNUNG(CH3)2}3), 19.3, 19.1 (s, P{CH ACHTUNGTRENNUNG(CH3)2}3), 4.7 ppm (s,
NCCH3);

31P{1H} NMR (CD2Cl2, 25 8C): d=12.1 ppm (s, P{CH ACHTUNGTRENNUNG(CH3)2}3);
15N NMR (CD2Cl2, 25 8C): d=�209.4 (s, NCCH3), �163.9 ppm (s, NH=C-
ACHTUNGTRENNUNG(C6H5)N=C ACHTUNGTRENNUNG(CH3)O); IR (ATR): ñ=2273 (w, NC), 1691 cm

�1 (s, NO); el-
emental analysis calcd (%) for C61H65BF24N4O2P2Re: C 45.76, H 4.10, N
3.50; found: C 46.15, H 4.49, N 3.45.

X-ray structure analysis of 4b : Crystals of 4b protected in hydrocarbon
oil were selected for X-ray analysis by using a polarising microscope. A
crystal of good quality was mounted on the tip of a glass fibre and was
immediately transferred to the goniometer of an imaging-plate-detector
system (Stoe IPDS diffractometer), in which it was cooled to 123(2) K by
using an Oxford Cryogenic System. The crystal-to-image distance was set
to 50 mm (qmax=30.268). The f-rotation scan mode was applied for data
collection. For the cell parameter refinement, 7998 reflections were se-
lected from the whole limiting sphere. A total of 56724 diffraction inten-
sities were collected,[17] of which 18321 were unique (Rint=0.0510) after
data reduction. A numerical absorption correction[18] based on ten crystal
faces was applied with FACEitVIDEO and XRED.[17] The structure was
solved by direct methods in the noncentrosymmetric space group P1 by
using the program SHELXS-97.[19] A centre of symmetry was detected by
examination of the crystal packing in the three main directions of the
unit cell : the atomic parameters had to be shifted by a=0.372, b=0.023
and c=0.08 M. Interpretation of the difference Fourier maps, preliminary
plot generations and checking for higher symmetry were performed by
using PLATON[20] and the implemented program LEPAGE.[21] The re-
finement (SHELXL-97)[22] was continued in space group P1̄ by using ani-
sotropic displacement parameters for all non-hydrogen atoms. Positions
of hydrogen atoms were calculated after each refinement cycle (riding
model), except for the imine hydrogen atom H3, which was found in a
difference electron-density map and was refined with isotropic displace-
ment parameters. The structural plot (Figure 1) was generated by using
ORTEP.[23]

Computational details : All geometry optimisations, vibrational frequency,
zero-point and single-point energy calculations were performed with the
Gaussian03 program package[24] by using the hybrid mPW1PW91 func-
tional, which includes modified Perdew–Wang exchange and Perdew–
Wang 91 correlation,[25] in conjunction with the Stuttgart/Dresden ECPs
(SDD) basis set[26] for the Re centre, the standard 6–31G basis set[27] for
the hydrogen atoms, and the polarised 6–31G(d) basis set[28] for the re-
maining atoms. Pure basis functions (5d, 7f) were used in all calculations.
Geometries were fully optimised without symmetry constraints and tran-
sition-state structures were obtained by using the QST2 procedure.[29]

The nature of the optimised structures, either minima or transition states,
was verified by frequency calculations at the same level. These frequency
analyses also provided the zero-point energy correction to convert the
total energies Ee to ground state energies E0, the thermal corrections to
the total energy, enthalpy and Gibbs free energy (all of which include the
zero-point energy). The solvent effect was investigated by single-point
calculations on the optimised gas-phase geometries for all the intermedi-
ates and transition states by using the CPCM model,[30] which is an imple-
mentation of the conductor-like screening solvation model COSMO[31] in
Gaussian03. Benzene was chosen as solvent (dielectric constant e=

2.247) with UAKS radii for the respective atoms (Re, P, O, N, C, H). The
single-point total energies were also corrected with the gas-phase zero-
point energies (Esol).

CCDC 299908 contains the supplementary crystallographic data for this
paper. These data can be obtained free of charge from the Cambridge
Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.
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