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The dimeric µ2-amino-phenoxy complexes of rhenium
[(CO)3Re(µ2-O�NH2)]2 (1) do not react with the C-nitroso
compounds R−C6H4NO [R = NMe2 (2), H (2�)] in the presence
of AlCl3 by a condensation reaction to give the desired azo
dye complexes [(CO)3Re(µ2-O�N=NC6H4R)]2. Instead, they
react to give the novel neutral η2-N,O-bridged C-nitroso
complexes [{CO)3ReCl}2ONC6H4R] (3, 3�) by means of a sub-
stitution reaction. Both complexes yield golden gleaming
crystals, and their solutions are deeply blue (3) or violet (3�)
due to the broad UV/Vis absorption at λ = 617 (3) and 505 nm
(3�). Single crystals of 3, 3� show nonlinear optical properties,
they are dichroic and have a red and blue (3) or violet and

Introduction

Recently we reported on the syntheses and structures of
several dimeric µ2-O amino-phenoxy complexes of rhenium
of the type [(CO)3Re(µ2-O�NH2)]2 as well as on their con-
densation reactions with acetone to give the corresponding
Schiff base products [(CO)3Re(µ2-O�N�CMe2)]2 in almost
quantitative yields.[1] Because of the high reactivity and
good selectivity of the complexes [(CO)3Re(µ2-O�NH2)2]
towards organic carbonyl compounds, the analogous con-
densation reaction with C-nitroso compounds should also
be possible and should yield an N�N bond and hence the
directed synthesis of azo dyes in the coordination sphere of
a transition metal atom. The starting materials, however,
did not react, and refluxing them for more than 2 h led to
their decomposition. Attempts to catalyze the desired reac-
tion by addition of some AlCl3 for activating the nitroso
compound immediately changed the situation. After a few
minutes, the solution turned deep blue, and finally an al-
most black solid was separated, though in bad yield. Its
characterization proved it to be the novel, neutral η2-N,O-
bridged nitroso complex {(CO)3ReCl}2ONC6H4N(CH3)2

(3).
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green (3�) side. The molecular structures of 3, 3� have been
determined by single-crystal X-ray analyses. Both com-
pounds contain two face-joined octahedra, with two chloro
and the NO ligands as bridges. The C-nitroso groups to-
gether with the NC2 moiety of NMe2 (3) lie almost exactly
within the symmetry plane of the molecules. Both the N
atoms of 3 have a trigonal-planar geometry. 3 and 3� are the
first single, neutral and dinuclear C-nitroso complexes with
the rare non-assisted µ-(η2-N,O) bridge and only single
atoms as additional bridges.
( Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2004)

There are three types of RxNO-containing complexes
(x � 0, 1). The first one (x � 0) is the large and well-known
group of nitrosyl complexes.[2,3] They show the terminal lin-
ear (η1-NO, 3e-donor), bent (η1-NO, 1e-donor) or bridging
µn-NO ligand function (n � 2�4). Even in the NO-contain-
ing triply bridged rhenium dimer, which is similar to 3, the
NO ligand is to be found in the terminal position.[4] Re-
cently, metastable states of [(CN)5FeNO]2� were detected
with side-on-bound NO (η2-NO) and η1-ON ligands (isoni-
trosyl).[5]

The next family are RNO· nitroxyl radicals, which nor-
mally coordinate through the oxygen atom.[6] Jaitner et al.,
however, reported on the η2-N,O coordination of the special
2,2,6,6-tetramethylpiperidine-1-oxyl (� TEMPO).[7]

The coordination chemistry of organic RNO nitroso
compounds has also been investigated,[8] their different li-
gand functions are summarized in Scheme 1. The terminal
η2-N,O ligand function (I) dominates,[9] the η1-N,O linkage
through the nitrogen atom (II) has also been well docu-
mented,[10,11] whereas that through the oxygen atom (III)
has rarely been found.[12] The C-nitroso group may also
bridge two metal centers in an η1-N (IV),[11] an η1- and η2-
fashion [µ-(η1:η2-N,O), V][13] or as an η2-N,O moiety [µ-
(η1:η1-N,O), VI]. The latter simply as a bridging ligand is
less common;[11,14,15] most examples are known with sup-
porting second coordination by a further donor system for-
ming in addition a five- (VII)[16] or six-membered ring
(VIII).[17] Only a few examples are known for bridging two
metal atoms [µ2-(η2:η2-N,O), IX][18] or four metal atoms
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Scheme 1. Coordination modes of C-nitroso ligands

[µ4-(η2:η2-N,O), X].[19] To the best of our knowledge type
VI is only realized, besides a special case[11] in cationic di-
mers, with two further µ2-thiolato bridges.[14]

Results and Discussion

The bad yield mentioned above and the chloro bridges
of 3 led us to repeat the reaction not catalytically, but stoi-
chiometrically. The reaction of 1, 2 and AlCl3 in the molar
ratio 1:1:2 in boiling toluene for 5�10 min resulted
in the formation of neutral di-µ2-chloro[µ2-(η2-N,O)-N,N-
dimethyl-4-nitrosoaniline]bis[tricarbonylrhenium()] (3;
Scheme 2), and, indeed, the yield rose to about 70%. The
same reaction was repeated with 1, 2� (nitrosobenzene) and
AlCl3, and the analogous nitroso complex 3� was obtained.
Many nitroso complexes have been synthesized by re-
duction of organic nitro compounds, which may proceed
through an intermediate nitroso compound,[8] or by a nitro-
syl migration reaction.[8]

Scheme 2. Synthesis of 3, 3�
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Compounds 3 and 3� are obtained as golden gleaming
crystals, which are stable towards air. They are soluble in
THF, toluene, ketones and CH2Cl2 and even in pentane
(3�). Compound 3 is not soluble in pentane. Solutions of 3
and 3� in CHCl3, CH2Cl2, THF or toluene are deep blue
or violet, respectively. In the UV/Vis spectrum (CHCl3) one
very broad absorption at λ � 617 (3) and 505 nm (3�) due
to a ligand-to-metal CT band [NO�Re()] is observed,
which is shifted to lower frequency than the corresponding
electronic transition (π�π* NO) of the ligands 2 (λ �
419 nm) and 2� (λ � 306 nm). Single crystals of 3 and 3�
show non-linear optical properties; they are dichroic and
viewed by transmitted light; they have a red and a blue (3)
or violet and green side (3�), respectively. The absorption
maxima of 3 are found at λ � 495 and 575 nm, those of 3�
have not yet been measured because of technical problems.

The IR spectra of 3, 3� in CH2Cl2 show four ν(CO) ab-
sorptions. As the NO group coordinates to one rhenium
center with the nitrogen atom and to the other with the
oxygen atom, the electronic situation at both rhenium cen-
ters is different. Therefore, there are two different Re(CO)3

fragments, each with C3v local symmetry, and we observe
two separated patterns of ν(CO) (A1 � E). Resulting from
electronic reasons, the two absorptions at higher wave-
numbers are assigned to the {(CO)3Re�N} fragment [ν̃ �
2041 (A1), 1946 (E) cm�1], whereas the two at ν̃ � 2024
(A1) and 1917 (E) cm�1 belong to the {(CO)3Re�O} frag-
ment as in 3. The ν(NO) of 3 absorbs significantly lower at
ν̃ � 1605 cm�1.

The 1H NMR spectrum of 3 (in [D8]THF) shows two
singlets at δ � 3.54 and 3.55 ppm for the N-methyl protons,
and the four double-doublets for the different pairs of o-
and m-phenyl protons (see Exp. Sect.), that of 3� (in
CD2Cl2) exhibits only the multiplet at δ � 7.34�7.65 ppm
for the phenyl protons. In the 13C{1H} NMR spectrum of
3 (in [D8]THF) each carbon atom of the NMe2 group and
of the phenyl ring is found by separated signals between
δ � 30 and 160 ppm; the signals of the CO ligands appear
at δ � 190�200 ppm. The signals of the carbon atoms of
3� are observed at δ � 129.1�131.3 ppm (phenyl) and δ �
188 ppm (CO) (in CDCl2).

In the mass spectra of 3, the parent peak as well as all
signals of fragments resulting from the loss of up to six
carbonyl groups are observed.

The composition and structure of complex 3 was con-
firmed by X-ray structure analysis; single crystals were ob-
tained by diffusion of pentane into a solution of 3 in
CHCl3. The molecular structure and selected bond lengths
and angles are given in Figure 1,[20] which shows two face-
joined octahedra with two chloro and the NO ligands as
bridges. The distance N(1)�O(1) is 1.319(8) Å and clearly
longer than the N�O distance in the free N,N-dimethyl-4-
nitrosoaniline (1.212 Å[21]). The bond Re(1)�O(1)
[2.131(6)] is shorter than the Re(2)�N(1) [2.208(7)],
whereas all Re�Cl bonds in the bridge are exactly the same
[Re(1)�Cln � 2.49 Å, Re(2)�Cln � 2.49 Å). The dihedral
angles Re(1)�O(1)�N(1)�Re(2) and O(1)�N(1)�C(1)�
C(6) are 6.54° or 12.00°, respectively; that is, the NO group
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Figure 1. Molecular structure of 3; selected bond lengths [Å] and
angles [°]: Re(1)�C(11) 1.882(11), Re(1)�C(21) 1.887(10),
Re(1)�C(31) 1.913(11), Re(1)�O(1) 2.131(6), Re(1)�Cl(2)
2.492(2), Re(1)�Cl(1) 2.497(2), C(11)�O(11) 1.175(13),
C(21)�O(21) 1.161(11), C(31)�O(31) 1.132(11), Re(2)�C(22)
1.889(9), Re(2)�C(32) 1.891(9), Re(2)�C(12) 1.922(10),
Re(2)�N(1) 2.208(7), Re(2)�Cl(2) 2.490(2), Re(2)�Cl(1) 2.493(2),
C(12)�O(12) 1.145(10), C(22)�O(22) 1.170(10), C(32)�O(32)
1.169(10), O(1)�N(1) 1.319(8); C(21)�Re(1)�Cl(2) 95.6(3),
Cl(2)�Re(1)�Cl(1) 80.69(7), O(1)�N(1)�C(1) 113.4(7),
Re(2)�Cl(1)�Re(1) 90.36(7), Re(2)�Cl(2)�Re(1) 90.53(6)

lies almost within the symmetry plane of the molecule,
whereas the phenyl ring is larger and turned out of this
plane. It is noteworthy that both the nitrogen atoms are
exactly trigonal planar in geometry [sum of angles for
N(1) � 359°, for N(4) � 360°], consistent with their sp2

nature. The analogous molecular structure was also found
for 3�, and is given in Figure 2.[20] In both compounds there

Figure 2. Molecular structure of 3�; selected bond lengths [Å] and
angles [°]: Re(1)�C(1) 1.906 (5), Re(1)�C(2) 1.976 (6),
Re(1)�Cl(1) 2.4829 (12), Re(1)�N(1) 2.092 (5), Re(2)�C(3) 1.930
(8), Re(2)�C(4) 1.904 (6), Re(2)�Cl(1) 2.4829 (12), Re(2)�O(5)
2.106 (4), O(5)�N(1) 1.282 (7), N(1)�C(5) 1.440 (8), C(1)�O(1)
1.145 (6), C(2)�O(2) 1.124 (8), C(3)�O(3) 1.151 (9), C(4)�O(4)
1.144 (7); C(1)�Re(1)�Cl(1) 94.92 (14), O(5)�N(1)�C(5)
110.5 (5), Re(1)�Cl(1)�Re(2) 88.41 (4).
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is no Re�Re interaction [Re(1)�Re(2) 3.540 Å (3), 3.463
Å (3�)].

Compounds 3 and 3� are the first simple, neutral and
dinuclear C-nitroso complexes which have the very rare
non-assisted µ-(η2-N,O) bridge (VI) and only single atoms
as additional bridges, and which have been synthesized di-
rectly by means of nitroso compounds as starting materials.
Their observed dichroism may be derived from the special
ligand function of the nitroso compound and of its place-
ment exactly in the plane of symmetry of 3 and 3�. In a
recent paper[22] a very similar structure of dialkylnitrosoam-
ine complexes (N-nitroso ligand) of CuII with the same µ-
(η2-N,O) coordination and with the NO group roughly par-
allel to the Cu�Cu direction. Their single crystals, however,
do not exhibit the dichroic effect.

First attempts using AlX3 (X � Br, I) instead of AlCl3
resulted in the formation of the corresponding bromo- and
iodo-bridged dinuclear complexes. The µ2-O-bridged pre-
cursor 1 apparently serves as a source for Re(CO)3 frag-
ments. Therefore, it might be assumed that [Re(CO)5Cl] can
be used instead of 1. First attempts with [Re(CO)5Cl] and
2 show that 3 is indeed formed.

Experimental Section

General: To remove oxygen, all operations were carried out under
Ar in dry and Ar-saturated solvents.[23] [(CO)3Re(µ2-O�NH2)]2 (1)
was prepared according to a literature procedure.[1] N,N-Dimethyl-
4-nitrosoaniline (2), nitrosobenzene (2�) and AlCl3 were used as
purchased. NMR spectra were recorded with a Jeol EX 400 spec-
trometer (1H: 399.78 MHz; 13C: 100.54 MHz) in [D8]THF or
CD2Cl2. Mass spectra were obtained with a Jeol MStation JMS
700. IR and UV/Vis spectra were measured with a Perkin�Elmer
Spectrum One FT-IR or Perkin�Elmer UV Lambda 16 spec-
trometer, respectively. Elemental analyses were performed with a
Heraeus Elementar Vario EL.

3: 1 (388.2 mg, 0.513 mmol), 2 (118.2 mg, 0.787 mmol) and AlCl3
(173.2 mg, 1.035 mmol) were dissolved in toluene (100 mL) and
refluxed for 10 min, whereby the solution turned deep blue. The
solvent was evaporated, the shiny blue, almost black, residue was
dissolved in CH2Cl2 and the compound purified by column chro-
matography. Yield: 258 mg (0.338 mmol, 66%), blue-red dichroic
crystals; m.p. 189�191 °C (dec.). 1H NMR (399.78 MHz,
[D8]THF): δ � 3.54 [s, 3 H, N(CH3)2], 3.55 [s, 3 H, N(CH3)2], 7.24
(dd, 3J � 10.16, 4J � 2.64 Hz, 1 H, o-Ar-H), 7.41 (dd, 3J � 10.27,
4J � 2.75 Hz, 1 H, o-Ar-H), 8.02 (dd, 3J � 10.22, 4J � 2.64 Hz, 1
H, m-Ar-H), 8.51 (dd, 3J � 10.22, 4J � 2.64 Hz, 1 H, m-Ar-H)
ppm. 13C{1H} NMR (100.53 MHz, [D8]THF): δ � 30.6
(CH3NCH3), 43.1 (CH3NCH3), 118.0 (o-Ar-C), 119.2 (o-Ar-C),
128.2 (m-Ar-C), 139.4 (m-Ar-C), 160.9 (Me2NAr-Cq), 161.6
(ONAr-Cq), 191.8 (CO), 192.0 (CO), 195.3 (CO), 198.4 (CO) ppm.
IR (KBr): ν̃ � 3099.1 w [ν(Ar�H)], 2938.0 w [ν(CH2)], 2857.4 w
[ν(CH2)], 2732.9 w, 2039.8 vs [ν(CO), A1], 2021.4 vs [ν(CO), A1],
1904.3 vs [ν(CO), E], 1604.4 s [ν(NO)], 1393.5 s [δ(CH3)], 1331.1 s,
1170.7 vs, 1129.8 m, 930.9 w, 879.3 w, 833.7 m [γ(Ar)], 741.3 s,
644.3 w, 565.7 w, 518.2 w, 493.5 w, 465.8 w, 398.5 w cm�1. IR
(CH2Cl2): ν̃ � 2041.4 s [ν(CO), A1], 2024.0 vs [ν(CO), A1], 1946.0
m [ν(CO), E], 1916.9 s [ν(CO), E], 1605.1 m [ν(NO)] cm�1. UV/
Vis (CHCl3): λ (A) � 265 (0.3234), 364 (0.1048), 617 (0.9901) nm.
C14H10Cl2N2O7Re2 (761.54): calcd. C 22.08, H 1.32, N 3.68; found
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Table 1. X-ray structure analysis of 3[20]

3 3�

Empirical formula C14H10Cl2N2O7Re2 C12H5Cl2NO7Re2

Formula mass [g mol�1] 761.54 718.49
Crystal size [mm] 0.10 � 0.05 � 0.004 0.16 � 0.24 � 0.30
Crystal colour, habit red platelet black block
Crystal system triclinic monoclinic
Space group P1̄ C2/m
a [Å] 6.4246(2) 19.0607(7)
b [Å] 9.5409(3) 7.1842(3)
c [Å] 16.6048(4) 13.0451(4)
α [°] 83.7500(13) 90
β [°] 83.0888(13) 112.005(2)
γ [°] 70.9047(12) 90
Volume [Å3] 952.20(5) 1656.21(11)
Z 2 4
Density calcd. [g cm�3] 2.65620(14) 2.88151(17)
Absorption coefficient [mm�1] 13.020 14.960
F(000) 696 1296
Index ranges �7 � h � 7 �24 � h � 24

�11 � k � 11 �9 � k � 9
�19 � l � 19 �16 � l � 16

θ range [°] 3.41�25.00 3.28�27.48
Reflections collected 14429 9317
Independent reflections 3364 2026
Observed reflections 2737 1864
Parameter/restrains 246/0 130/0
R1/wR2 (all data) 0.0471/0.0731 0.0292/0.0560
R1/wR2 (final) 0.0331/0.0694 0.0242/0.0547
Goodness of fit 1.112 1.137
Min./max. ρe [e Å3] �1.125/1.321 �1.279/0.876
Temperature [K] 200(2) 200(2)
Diffractometer used Nonius Kappa CCD Nonius Kappa CCD
Scan type area detection area detection
Solution SHELXS-97 SHELXS-97
Refinement SHELXL-97 SHELXL-97

C 22.85, H 1.49, N 3.63. MS (DEI): m/z (%) � 762.5 (56) [M�],
678.4 (9) [M� � 3 CO], 650.4 (62) [M� � 4 CO], 622.4 (35) [M�

� 5 CO], 594.4 (29) [M� � 6 CO].

3�: Analogous procedure as for 3, with 1 (83.9 mg, 0.111 mmol), 2�

(23.7 mg) and AlCl3 (29.6 mg, 0.222 mmol) in toluene (20 mL), and
stirring for 16 h, yield: 56.6 mg (0.079 mmol, 71%), violet-green
dichroic crystals; m.p. 175�181 °C (dec.). 1H NMR (399.78 MHz,
CD2Cl2): δ � 7.34�7.65 (m, 5 H, Ar-H) ppm. 13C{1H} NMR
(100.53 MHz, CD2Cl2): δ � 129.1 (Ar-C), 129.4 (Ar-C), 129.9 (Ar-
C), 131.3 (Ar-C), 188.0 (CO). IR (KBr): ν̃ � 2062.8 vs [ν(CO), A1],
2029.1 vs [ν(CO), A1], 1992.7 vs [ν(CO), E], 1916.2 vs [ν(CO), E],
1579.9 m [ν(NO)], 1262.3 s, 1190.7 w, 1141.1 s, 1099.3 s, 1023.4 s,
955.1 w, 887.6 w, 802.9 s, 703.4 w, 666.0 m, 628.1 w, 640.7 w, 490.8
w, 455.5 w, 437.4 w, 408.2 w cm�1. IR (CH2Cl2): ν̃ � 2066.8 m
[ν(CO), A1], 2023.8 vs [ν(CO), A1], 1987.8 m [ν(CO), E], 1944.6 s
[ν(CO), E] cm�1. UV/Vis (CHCl3): λ (A) � 255 (0.670), 322 (0.275),
505 (0.623), 709 (0.267) nm. C12H5Cl2NO7Re2 (718.49): calcd. C
20.06, H 0.70, N 1.95; found C 20.18; H 0.65, N 1.91. MS (DEI):
m/z (%) � 718.7 (75) [M�], 634.8 (97) [M� � 3 CO], 578.8 (63)
[M� � 5 CO], 550.8 (100) [M� � 6 CO].
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