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Abstract

By refluxing of a mixture of (NH4)2[MoCl5(H2O)] and KOCN in pyridine, the neutral mer-[Mo(NCO)3py3] and anionic trans-

[Mo(NCO)4py2]
� species originated simultaneously at reflux temperature. After a separation of the water-unsoluble neutral and

water-soluble ionic species, the single crystals of compounds [Mo(NCO)3py3] Æ 2py (1) and (py2H)[Mo(NCO)4py2] (2) have been pre-

pared and crystal structures of both were determined by X-ray crystallography.
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In the last 30 years, numerous transition metal com-

plexes containing a mononuclear octahedral halogeno-
pyridine/picoline species of type mer-[MX3L3] and

trans/cis-[MX4L2]
z (M = transition metal; X = Cl, Br,

I; L = pyridine (py), 4-methylpyridine (pic); z =

+1, 0, �1) were prepared and structurally characterized.

Much more rare are corresponding compounds contain-

ing pseudo halogeno ligands like NCS and NCO, respec-

tively. The crystal structure of only one mer-complex,

[Os(NCS)3py3] [1], and a few trans-compounds,
(picH)2[Mn(NCS)4pic2] Æ 2pic [2] and (picH)2 [Fe(NCS)4
pic2] Æ 2pic [2], Hg[Co(NCS)4py2] [3], and (py2H) [Mo

(NCS)4py2] [4] have been determined but none of the

isocyanate complex of related stoichiometry has been

noticed in the literature. We described here a synthesis

[5], a separation of neutral [Mo(NCO)3py3] and ionic

[Mo(NCO)4py2]
� species [6], subsequently isolated in a
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crystalline form as mer-[Mo(NCO)3py3] Æ 2py (1) and

trans-(py2H)[Mo(NCO)4py2] (2) [7], the structures of
which were determined by a single crystal

X-ray diffraction analysis [8].

The molecular structure of the compound 1 is shown

in Fig. 1 with selected bond distances and angles in the

caption of the figure. The central molybdenum atom is

surrounded by six N-donor ligands, which constitute a

typical distorted octahedral coordination sphere with a

mer ligand arrangement of pyridine molecules and isocy-
anate groups. There is almost no difference between the

Mo and N distances for NCO groups, which are in the

range 2.080(4)–2.092(4) Å. Similar differences were

found also for the Mo–N distances for the pyridine mol-

ecules, which are between 2.196(3) and 2.207(3) Å. The

N–Mo–N angles range from 88.36(13)� to 91.98(14)�
and deviate less than 2� from the ideal value of 90�.
The N–C–O ligands are almost perfectly linear, the an-
gles being in the range 178.6(6)–179.9(5)�. The angle be-
tween the axial pyridine rings is 87.5(3)�, which means

nearly ideal staggered conformation. The dihedral
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Fig. 1. Molecular structure of 1 (labeled atoms from the asymmetric

unit). Selected bond lenghts (Å) and angles (�): Mo(1)–N(1) 2.088(3),

Mo(1)–N(2) 2.080(4), Mo(1)–N(3) 2.092(4), Mo(1)–N(4) 2.197(3),

Mo(1)–N(5) 2.196(3), Mo(1)–N(6) 2.207(3), O(1)–C(1) 1.192(6),

O(2)–C(2) 1.195(8), O(3)–C(3) 1.190(7), N(1)–C(1) 1.159(5), N(2)–

C(2) 1.137(7), N(3)–C(3) 1.141(6) and N(1)–Mo(1)–N(2) 91.98(14),

N(1)–Mo(1)–N(3) 177.02(14), N(1)–Mo(1)–N(4) 90.19(13), N(1)–

Mo(1)–N(5) 90.93(12), N(1)–Mo(1)–N(6) 88.75(13), N(2)–Mo(1)–

N(3) 90.90(14), N(2)–Mo(1)–N(4) 91.02(13), N(2)–Mo(1)–N(5)

89.51(13), N(2)–Mo(1)–N(6) 179.25(14), N(3)–Mo(1)–N(4) 89.02(13),

N(3)–Mo(1)–N(5) 89.83(13), N(3)–Mo(1)–N(6) 88.36(13), N(4)–

Mo(1)–N(5) 178.74(13), N(4)–Mo(1)–N(6) 89.10(12), N(5)–Mo(1)–

N(6) 90.35(12), O(1)–C(1)–N(1) 179.9(5), O(2)–C(2)–N(2) 178.6(6),

O(3)–C(3)–N(3) 179.3(6).

Fig. 2. Molecular structure of 2 (labeled atoms from the asymmetric

unit). Selected bond lenghts (Å) and angles (�): Mo–N(1) 2.096(3),

Mo–N(2) 2.098(3), Mo–N(3) 2.183(3), Mo–N(4) 2.198(3), O(1)–C(1)

1.198(5), O(2)–C(2) 1.197(5), N(1)–C(1) 1.155(4), N(2)–C(2) 1.152(4),

N(3)–C(3) 1.336(5, N(3)–C(7) 1.349(5), N(4)–C(8) 1.340(4), C(3)–C(4)

1.379(7), C(4)–C(5) 1.362(8), C(5)–C(6) 1.369(8), C(6)–C(7) 1.372(7),

C(8)–C(9) 1.376(5), C(9)–C(10) 1.361(5), N(5)� � �N(6) 2.706(6), N(5)–

H(56) 1.04(9), N(6)� � �H(56) 1.68(9) and N(1)–Mo–N(2) 178.89(12),

N(1)–Mo–N(3) 89.65(9), N(1)–Mo–N(4) 90.46(9), N(1)–Mo–N(1)

90.72(10), N(1)–Mo–N(2) 89.95(10), N(2)–Mo–N(3) 89.47(9), N(2)–

Mo–N(4) 90.42(9), N(2)–Mo–N(2) 89.36(10), N(3)–Mo–N(4)

179.84(14), Mo–N(1)–C(1) 175.1(3), Mo–N(2)–C(2) 171.3(3), Mo–

N(3)–C(3) 121.4(3), Mo–N(3)–C(7) 121.1(3), C(3)–N(3)–C(7) 117.4(4),

Mo–N(4)–C(8) 120.9(2), C(8)–N(4)–C(8) 118.3(3), O(1)–C(1)–N(1)

179.3(4), O(2)–C(2)–N(2) 178.5(4), N(3)–C(3)–C(4) 122.9(4), C(3)–

C(4)–C(5) 119.0(5), C(4)–C(5)–C(6) 118.9(5), C(5)–C(6)–C(7) 119.6(5),

N(3)–C(7)–C(6) 122.1(4), N(4)–C(8)–C(9) 121.8(3), C(8)–C(9)–C(10)

119.5(4), C(9)–C(10)–C(9) 119.0(5), N(5)–H(56)� � �N(6) 169(9).

Fig. 3. Thermogravimetric analysis of 1 and 2.
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angles between the (least-square) plane Mo–N2–N4–

N5–N6 and the pyridine rings containing N4, N5 and

N6 atoms are 42.9(2)�, 49.7(2)� and 53.8(2)�,
respectively.

The molecular structure of the compound 2 is shown

in Fig. 2 with selected bond distances and angles in the

caption of the figure. Four NCO and two Npy donor

atoms depict an elongated octahedron around molybde-

num atom. In both species, py2H
+ and [Mo(N

CO)4py2]
�, only one of the pyridine rings lays in a mir-

ror plane. This requires a perfect staggered conforma-

tion of the pyridine rings in both ions. The Mo–NCO

distances 2.096(3) and 2.098(3) Å are slightly longer

and, oppositely, the mean Mo–Npy length of 2.183(3)

and 2.198(3) Å is slightly shorter than those in 1. The

N–Mo–N angles deviate less than 0.7� from the ideal va-

lue of 90�. The pyridine molecule and pyridinium cation

in py2H
+ are held together by the strong hydrogen bond

with the N� � �N distance of 2.706(6) Å and N–H� � �N an-

gle of 169(9)�. Until now, the X-ray structures of less
than a dozen species have been determinated in which

the NCO group is bounded to the central molybdenum

atom. In all compounds, the oxidation number of the

molybdenum is +2, except in one with +4 where two
cis bounded NCO groups are part of the octahedral

coordination sphere, and the Mo–NCO distances are a

bit longer [9].

The results of thermal gravimetric analyses (TGA) of

compounds 1 and 2 are shown in Fig. 3 [10]. The initial

sharp mass-loss step of 23.7% within the range 25–80 �C
in 1 corresponds to the complete removal of two weakly
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bound solvated pyridine molecules (calc. 25.6%). The

temperature range of the loss of one pyridine molecule

from the py2H
+ cation in 2 cannot be precisely deter-

mined, it starts at approximately 100 �C and is com-

pleted at about 150 �C. The removal of the

corresponding molecule in an analog isothiocyanate
complex (trans-(py2H)[Mo(NCS)4py2]) occurs at some-

what lower temperature range [4]. The course of both

curves between 250 and 450 �C is very similar finishing

by a complete oxidation of both substances into MoO3

at about 450 �C (calc. 23.3%, found 22.8% for 1, and

calc. 24.8%, found 25.3% for 2).

Because of an insignificant coupling of m(Mo–NCO)

and m(Mo–Npy) vibrations, and due to the close-to-90�
geometry of all six N–Mo–N bond angles in both com-

pounds, one obtains an ideal C2v local point group sym-

metry for both Mo(NCO)3 and Mo(Npy)3 frameworks

in 1 (three IR active stretching vibrations, 2A1 + B1),

and D4h and D1h symmetry for Mo(NCO)4 and Mo

(Npy)2 frameworks in 2 (in both cases, one IR active

stretching vibration, Eu and Rþ
u ), respectively [11,12].

Because of the real symmetry (C1 in 1 and Cs in 2), more
than one band could usually be expected from the par-

ticular stretching. For m(NC): 2237(s), 2206(s), 2155(s)

in 1, and 2224(sh), 2205(s), 2154(m) in 2. For m(CO):

1367(s), 1342(s), 1305(m) in 1, and 1355(w), 1338(m),

1331(s) in 2. For d (NCO): 607(s), 601(s) in 1, and

605(s), 599(s) in 2. For m(Mo–NCO): 341(sh), 349(s) in

1, and 349(s), 344(sh) in 2. For m(Mo–Npy): 273(s) in

1, and 277(s), in 2 [13].
Supplementary materials

All atoms parameters and other crystallographic data

for both compounds have also been deposited with the

Cambridge Crystallographic Data Centre as supplemen-

tary material with the deposition numbers: CCCD
244698 and 244699, for 1 and 2, respectively. These data

can be obtained free of charge via http://www.ccdc.

cam.ac.uk/const/retrieving.html.
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