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Summary: Coordinated C-nitrosochloroalkanes were obtained
by electrophilic addition of K[IrCl5NO] to cyclooctene or
dicyclopentadiene; in the last case, the crystal structure of
trans-[IrCl4(CH3CN)(syn-1-chloro-2-nitroso-1,2-dihydrodicyclopenta-
diene)] was determined by X-ray diffraction. Although the
reaction between NOCl and alkenes is well-known, there are
Very few examples of clean electrophilic addition of coordinated
NO+ to alkenes.

C-Nitroso compounds are interesting not only due to their
intrinsic chemical properties but also because of the discovery
of their important role in a variety of metabolic processes.1,2

As Gowenlock and Richter-Addo have recently stated,3 the
relatively high reactivity of these compounds imposes restric-
tions on the methods employed for their preparation. If they
are obtained by oxidation of some precursor, the desired product
may be oxidized to the nitro derivative, and isomerization to
the corresponding oxime (R2C(H)NO / R2CdNOH) can
restrict the selection of the solvent for the preparation of primary
and secondary nitrosoalkanes. However, a wide variety of
synthetic routes exist for the preparation of these compounds
with high yields, and in the last two decades these techniques
have been improved or new ones have been developed.

Reactions of olefins with different electrophiles have been
extensively studied. In particular, the product of the addition
reaction of nitrosyl chloride to dicyclopentadiene was described
to yield the dimeric nitroso chloride, which was converted to
the blue monomer by dissolving it in hot solvents.4 It has also
been well established that nitrosyl chloride adds to norbornene
and norbornadiene without rearrangement.5 The infrared stretch-
ing frequency for the NO moiety of the product from norbor-
nadiene was determined (1572 cm-1), and it was shown that
the product of addition was only the syn-exo unrearranged
isomer.6

On the other hand, only a few reactions between coordinated
nitrosyl and carbanionssyielding theC-nitroso compoundshave
been described, involving the following: nitroprusside and sp3

carbanions (enolates from simple ketones, acetophenones, and
derivatives from malonic acid),7 ruthenium nitrosyls and
acetone,8 aromatic secondary and tertiary amines (leading the
p-nitrosoarene complexes),9 and just one reaction between a
ruthenium nitrosyl and an alkyne.10 None of them involve an
alkene as the nucleophile, and only in a few cases could the
product be crystallized. There are a few examples of reactions
of Co-NO complexes with alkenes, which produce cobalt
dinitrosoalkanes.11

In this work we describe the preparation of coordinated
nitrosoalkanes from a nitrosyl complex and alkenes and their
characterization. Only a few examples ofC-nitrosoalkane
complexes have been previously crystallized, all of them
containing an ethyl,tert-butyl, or isopropyl radical.12

The nitrosyl in K[IrCl5NO], according to its extremely high
IR frequency13 and its electrochemical behavior,14 is probably
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the most electrophilic species known to date. Whencis-
cyclooctene (or dicyclopentadiene) was added to an acetonitrile
solution of K[IrCl5NO] at room temperature, immediate forma-
tion of the corresponding coordinatedC-nitroso compound was
observed as a green precipitate.15 After recrystallization and
exchange of the potassium counterion by tetraphenylarsonium
(AsPh4

+), crystals of (AsPh4)[trans-IrCl4(CH3CN)(syn-1-chloro-
2-nitroso-1,2-dihydrodicyclopentadiene)] (1) suitable for X-ray
diffraction were obtained (Figure 1).16 Relevant structural
parameters for this compound are shown in Table 1. Complete
data are included as Supporting Information. Comparison with
other complexes containing the IrIIICl4(NO)X moiety shows that
the N-O and Ir-N distances as well as the Ir-N-O angle are
in all cases very similar, including those for an HNO complex
that was not described. Considering the above and the angle of
123.2° for Ir-N-O in 1, a description of these complexes as
{MNO}8 could be suggested, according to the Enemark-
Feltham notation.17

As described in the literature, in the observed products the
C-Cl and C-N bonds are in a syn arrangement. The chloride
added to the alkene could originate from a trans-labilized atom,
from the same or another unit, or a cis atom that added con-
certedly with the nitrosyl. This latter mechanism is in agreement
with one that is well established for this kind of addition.18

In the case of the reaction with dicyclopentadiene, NO adds
to C1 or C2 indistinctly, producing 1:1 mixtures of two structural
isomers (Figure 2). Each of these structural isomers are in fact
racemic mixtures: (1S,2R)-1-chloro-2-nitroso-1,2-dihydropen-
tadi-5-ene/(1R,2S)-1-chloro-2-nitroso-1,2-dihydropentadi-5-
ene and (1S,2R)-1-chloro-2-nitroso-1,2-dihydropentadi-6-ene/
(1R,2S)-1-chloro-2-nitroso-1,2-dihydropentadi-6-ene. In the present
case, the stereoisomers are indistinguishable by X-ray diffraction
analysis. The X-ray refinement shows almost identical lengths
for the C30-C31 and C31-C32 bonds, shorter than for the
rest of the C-C bonds. This is due to the presence of the isomers
described above, in a 1:1 ratio. The1H NMR spectrum (see
Figure SI5 in the Supporting Information) shows duplicated
doublets for the methyne protons adjacent to the NO (H1 at
7.6 and 7.8 ppm) and the chloride (H2 at 4.3 and 4.4 ppm), the
first one being shifted to a very highδ value. We also observe
a more complex signal corresponding to the alkene protons,

coupled between them and to a methylene and a methyne. At
lower shifts appear the signals of the remaining methynes and
the two methylenes. In the13C NMR spectra (see Figure SI6 in
the Supporting Information), all signals appear duplicated. The
methynes directly bonded to NO are shifted upward (δ 100.5
and 102.1 ppm) with respect to the standard values for methynes.
The other ones, bonded to chloride, appear at lowerδ values
(57.7 and 60.4 ppm). Above 120 ppm, there are two sets of
signals for the alkenyl carbons. This duplication of the NMR
signals is due to the presence of the structural isomers shown
in Figure 2. In the case of cyclooctene, only one set of signals
was observed in the1H and13C NMR spectra, as expected for
this symmetric compound (see the Supporting Information).

In the case of the dicyclopentadiene products,15N-labeled
compounds with the Ir15N(O)CR moiety were obtained by
reaction of K[IrCl515NO] with dicyclopentadiene, showing FTIR
frequencies attributable to C15NO (νNO) at 1520 cm-1 for the
unlabeled compounds and 1494 cm-1 for the labeled ones
(Figure 3). In the case of 1-chloro-2-nitrosocyclooctene (2), νNO

is found at 1529 cm-1.
In the UV-vis spectra corresponding to the dicyclopentadiene

products, a shift of the1MLCT band (nO f π*) at 410 nm and
the 3MLCT band (nN f π*, forbidden) at 618 nm to shorter
wavelengths (20 and 54 nm, respectively) is observed by
changing the solvent from acetonitrile to water. The solvent
change also shifts, but in the opposite direction, the UV band
assigned to the ligand (π f π*, from 207 to 230 nm). The
negative mode high-resolution mass spectrum (ESI-MS) shows
the molecular anion without the coordinated acetonitrile, [M-
CH3CN]-, with the formula C10H12Cl5IrNO (m/z 531.89). We
also observe with appreciable intensity an ion atm/z 506.94
corresponding to [M- Cl - NO - H]-, with the formula
C12H14Cl4IrN, formed by loss of NO and HCl. In the MS/MS
spectra of the molecular ion we observed the loss of the
carbonated fragment, which is replaced by the anion [IrCl5NO]-,
m/z 399.93, by breakage of the C-N bond. In the MS/MS
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Figure 1. X-ray crystal structure and atom numbering fortrans-
[IrCl 4(CH3CN)(syn-1-chloro-2-nitroso-1,2-dihydrodicyclopenta-
diene)]- (1). Thermal ellipsoids are drawn at the 50% probability
level.

Figure 2. Two of the reaction products:trans-[IrCl 4(CH3CN)(1S-
chloro-2R-nitroso-1,2-dihydropentadi-5-ene) and (1S-chloro-2R-
nitroso-1,2-dihydropentadi-5-ene).
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spectrum of the ion withm/z 506.94, the ion [M- Cl - NO -
H - CH3CN]-, m/z 468.95, was seen.

Formation of the products by electrophilic addition is shown
in Scheme 1. Initial nucleophilic attack by the alkene is followed
by immediate or simultaneous syn addition of chloride. The
chloride located trans to NO is labilized and replaced by an
acetonitrile molecule.

In summary, we have shown the facile formation of mono-
meric C-nitroso compounds which remain stabilized by coor-
dination and can be easily crystallized, as some of the few
examples of electrophilic addition of coordinated NO to an
alkene. This could be achieved thanks to the high electrophi-
licity, due to very weak back-bonding, and the inertness of the
[IrCl5]2- moiety. These two qualities, generally not compatible,
define the anion [IrCl5NO]- as a rather unique reagent. Other
alkenes,25 substituted by attracting groups such as nitriles or
carboxylates, do not react under the conditions described herein.
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Table 1. Selected Bond Lengths (Å) and Angles (deg)

1
K[IrCl 4(CH3CN)-
N(O)SCH2Ph]19

[IrCl5(N-nitroso-p-
toluidine)]2- 20

(PPh4)-
[IrCl5NO]

[IrCl5-
(HNO)]2- a

Bond Lengths
N4-O2 1.216(8) 1.22 1.225 1.214 1.225
C23-N4 1.494(9)
N4-Ir2 1.948(6) 1.96 1.992 1.745 1.900
N3-Ir2 2.066(7) 2.03
C30-C31 1.387(13)
C31-C32 1.390(14)

Bond Angles
O2-N4-Ir2 123.2(5) 124.1 124.9 149.5 134.2
O2-N4-C23 117.3(6)
Ir2-N4-C23 119.1(5)
N4-C23-C27-Cl10 11.2(9)

a Calculated by DFT (G98 software package).21 Fully optimized geometry at the B3LYP22 level with a double-ú plus polarization (DZPV) basis set23 for
N, O, H, and Cl atoms and the LANL2DZ basis set and effective core potential for Ir.24

Figure 3. FTIR spectra for the unlabeled (light black line) and15N isotopically labeled (thick black line) complexes (1).

Scheme 1
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