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Abstract

The reactions of [Mo(CO)4(NBD)] with two equivalents of Hpz (pyrazole) or Hdmpz (3,5-dimethylpyrazole) in hexane lead to the
precipitation of cis-[Mo(CO)4(Hpz),] or cis-[Mo(CO)4(Hdmpz),], which are the first pyrazole complexes of molybdenum(0). In the
solid state structure of cis-[Mo(CO)4(Hdmpz),], two molecules are self-assembled by intermolecular hydrogen bonds between the N-
bound hydrogen of one Hdmpz ligand and a oxygen atom of a carbonyl group. This explains the lack of planarity observed for the
nitrogen donor atom of the Hdmpz involved in the intermolecular interaction. The complexes are unstable in solution and as solids.

© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Complexes containing pyrazole ligands present sev-
eral aspects of main interest. Concerning their crystal
structure, the N-bound hydrogen of pyrazole complexes
is commonly involved in hydrogen-bonds, giving rise to
supramolecular arrangements which are related to one
of the big challenges of chemistry, that is the under-
standing and control of the organization of molecules
[1]. Uncoordinated pyrazoles lead to chains, or cyclic
oligomers in the solid state, depending on the nature of
their substituents [2]. Pyrazole complexes, however,
frequently exhibit intramolecular hydrogen bonds, or
hydrogen bonding to solvent molecules or counterions
in their crystal structures. In contrast, they rarely show
intermolecular hydrogen-bonded chains or oligomers
[3,4].

A second aspect of interest concerns their reactivity.
Terminal pyrazole ligands are very useful precursors for
homo- or heterobimetallic complexes, which may be
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obtained by deprotonating the N-bound hydrogen of
the coordinated pyrazole when a second metallic sub-
strate is present (Scheme 1). This strategy has been
successively used by different groups, mainly with
middle and late transition elements [5].

We have recently reported the synthesis of (allyl)mo-
lybdenum(II) complexes containing two terminal pyr-
azoles coordinated cis, and their use as precursors for
heterobimetallic molybdenum—gold complexes [6]. We
considered of interest to explore the chemistry of similar
molybdenum(0) complexes containing two terminal
pyrazoles coordinated cis. These species had not been
previously reported, as opposite to the similar chro-
mium(0) and tungsten(0) complexes with 3,5-dimethyl-
pyrazole, which were reported 30 years ago [7]. The
syntheses, structure, and chemical behavior of these
complexes are herein described.

2. Results and discussion

The reactions of [Mo(CO)4NBD)] with two fold
excess of pyrazole (Hpz) or dimethylpyrazole (Hdmpz)
in hexane occur rapidly at room temperature, leading to
the precipitation of cis-[Mo(CO)4(Hpz),] (1) or cis-
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Scheme 1.

[Mo(CO)4(Hdmpz),] (2), respectively, isolated as yellow
microcrystalline solids. The reaction is faster for Hpz,
what can be attributed to steric reasons.

The cis geometry of both complexes is evident from
their solid IR spectra in the C—-O stretching region,
which show four absorptions. The C—O frequencies are
slightly higher for 1 than for 2, as is to be expected
considering that Hdmpz is a better donor than Hpz.

No structures of pyrazoles coordinated to Group 6
metals in oxidation state zero had been previously
reported, therefore the geometry of 2 was subjected to
an X-ray diffractometric study. Although several struc-
tures of cis-tetracarbonyl complexes containing chelat-
ing ligands derived from pyrazoles have been reported
[8], structure reports of pyrazole molybdenum com-
plexes are relatively scarce, and the metal has a high
oxidation state in most of them [6,9]. On the other hand,
there are many structure reports of tetracarbonylmo-
lybdenum(0) complexes containing a chelate nitrogen
donor ligand, but we have found only one precedent of a
similar structure containing two monodentate nitrogen
donor ligands [10].

The structure obtained is shown in Fig. 1 and relevant
distances and angles are collected in Table 1. The
octahedral geometry is severely distorted, as is usually
observed in other tetracarbonyl complexes containing
nitrogen donor ligands. This is clearly shown by the
deviation from the linearity of the trans carbonyl groups
(170.82(11)°). The nitrogen donor atoms and the trans
carbonyls are also slightly deviated from linearity

Fig. 1. Perspective view of cis-[Mo(CO)4(Hdmpz),] (2) showing the
atom numbering.

Table 1

Selected distances (A) and angles (°) for cis-[Mo(CO)4(Hdmpz),] (2)
Mo(1)-C(3) 1.941(3)
Mo(1)-C(2) 1.945(3)
Mo(1)-C(1) 2.036(3)
Mo(1)-C(4) 2.044(3)
Mo(1)-N(3) 2.276(2)
Mo(1)-N(1) 2.304(2)
N(1)-C(7) 1.338(3)
N(1)-N(2) 1.364(3)
NQ2)-C(5) 1.338(4)
N(3)-C(12) 1.333(3)
N(3)-N(@) 1.361(3)
N(4)-C(10) 1.332(3)
C(5)-C(6) 1.368(4)
C(6)-C(7) 1.397(4)
C(10)-C(11) 1.361(4)
C(11)-C(12) 1.398(4)
C(3)-Mo(1)-C(2) 85.14(11)
C(3)-Mo(1)-C(1) 87.92(11)
C(2)-Mo(1)-C(1) 86.39(12)
C(3)-Mo(1)-C(4) 86.77(11)
C(2)-Mo(1)-C(4) 85.71(11)
C(1)-Mo(1)-C(4) 170.82(11)
C(3)-Mo(1)-N(3) 176.53(9)
C(2)-Mo(1)-N(3) 97.81(10)
C(1)-Mo(1)-N(3) 94.08(9)
C(4)-Mo(1)-N(3) 91.62(9)
C(3)-Mo(1)-N(1) 90.81(9)
C(2)-Mo(1)-N(1) 175.91(9)
C(1)~Mo(1)~N(1) 92.92(10)
C(4)-Mo(1)-N(1) 94.63(10)
N(3)-Mo(1)-N(1) 86.25(7)

(175.91(9) and 176.53(9)°). Slight distortions are also
observed for the mutually cis-carbonyl groups (cis-C—
Mo-C angles range from 85.14(11) to 87.92(11)°) and
for the carbonyls cis to Hdmpz (cis-N-Mo—-C angles
range from 90.81(9) to 97.81(10)°). The angle formed by
the two Hdmpz ligands is also lower than 90°
(86.25(7)°). A similar value (85.4(2)°) is detected in the
only precedent suitable for comparison, that is cis-
[Cr(CO)4py»] [11], where a Group 6 metal in oxidation
state zero is coordinated to two monodentate nitrogen
donor ligands, these being pyridines, which resemble
closely the pyridinic nitrogen of pyrazole. However, this
angle is larger than those found when the pyrazole is a
part of a chelating ligand coordinated to molybde-
num(0), such as pyrazolylpyridine, pyrazolylpyridazine
or bis(pyrazolyl)methane [§8]. The Mo—N distances in
these complexes are similar to those detected in 2
(2.276(2) and 2.304(2) A), as well as the N—C and C—
C distances in the heterocycles. The Mo—C lengths of
the carbonyls trans to Hdmpz (1.941(3) and 1.945(3) A)
are shorter than those cis to them (2.036(3) and 2.044(3)
A), as a result of the strong donor character of the
Hdmpz ligand compared with the carbonyl.
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The N-bound hydrogens of both Hdmpz point to the
same side of the molecule, what could be attributed to
steric reasons, as this orientation reduces the steric
hindrance of the methyl groups. As discussed below,
electronic factors cannot be completely ruled out, since
the N-bound hydrogens in the structures of these two
complexes are involved in moderate or weak intermole-
cular hydrogen bonds, and therefore they could also be
responsible for the orientation of both Hdmpz.

The Hdmpz ligands are tilt in the same sense around
the Mo—N bonds, being close to the planes which bisect
the angles between cis substituents. This feature seems
to be common to other heterocyclic nitrogen donor
ligands acting as monodentate, as dihedral angles close
to 45° have also been found in the structure of cis-
[Cr(CO)4py»] [11]. In 2, the averaged dihedral angles are
47(1)° for the Hdmpz ligand containing N(3) as donor
atom, but only 29(1)° for the Hdmpz ligand containing
N(1). The latter value is smaller than the expected angle,
since this nitrogen donor atom is not planar. This is a
striking feature considering that the donor atom is a
pyridinic nitrogen (see Scheme 1) and should be planar,
as occurs in cis-[Cr(CO)4py»] [11]. However, in 2 the
Mo—N(1) bond is not coplanar with the Hdmpz plane
which contains N(1), but bent 16.0(4)°, whereas the
Mo-N(3) bond is, as expected, coplanar with its
respective Hdmpz plane (the angle between the Mo—
N(3) bond and the heterocycle plane is 0.16(3)°).

An examination of the hydrogen bonds involving the
N-bound hydrogen of the ‘bent” Hdmpz explains this
uncommon feature. The shortest intermolecular hydro-
gen bonds detected is 2.23 A for H(2)--O(3). This and
the corresponding N(2)---O(3) distance (2.988(13) A)

Fig. 2. Perspective view of two molecules of cis-[Mo(CO)4(Hdmpz),]
(2) linked by NH- - -OC hydrogen bonds.

confirm the presence of a hydrogen bond which may be
considered as ‘moderate’ [12]. As shown in Fig. 2, two
molecules are linked by complementary two hydrogen
bonds, giving a dimeric structure. The bending of the
pyrazole favors the intermolecular interaction, as shown
in Fig. 2. The other N-bound hydrogen is also involved
in intermolecular hydrogen bonds, but these may be
considered as  ‘weak’ H(4)---O(2)=2.55 A;
H(4)---O(4) =2.64 A [12], and they are not shown in
Fig. 2.

The participation of a CO ligand as acceptor in these
hydrogen bonds is remarkable, as we have not been able
to find any precedent of such an interaction where the
donor N—-H group belongs to a pyrazole. A growing
attention is recently receiving the intermolecular inter-
actions with participation of carbonyls, which are one of
the prototype ligands in organometallic chemistry [13].
The presence of this interaction in 2 may be explained
considering that the oxygen of the carbonyls are the
more basic sites of the molecule, since carbonyls
participate in hydrogen bonds only when other accep-
tors are not in competition. This is confirmed since the
carbonyls involved in the hydrogen interaction in the
structure of 2 are those trans to nitrogen donors, which
are more basic [14]. The N(2)- - -O(3)—C(3) angle is close
to 120° (125(1)°), what also points to the basicity of
these carbonyls, which increases with their ketonic
nature.

The characterization of the complexes in solution is
difficult due to their high unstability. Thus, clean 'H-
NMR spectra could only be recorded after the solids
were mixed with frozen CDCl; at 195 K, and the NMR
spectra were recorded at 253 K immediately after the
solvent melted. The spectra show singlets for all the
signals of the equivalent pyrazoles, except the N-bound
protons of 1, which display a broad signal. This broad-
ness might be due to a rapid prototropic exchange
involving the N-bound proton, which is common in
pyrazole complexes [15]. The observation of singlets for
the pyrazolic protons of 1 contrasts with the coupling
observed for similar molybdenum(II) complexes [6]. The
assignment of the pyrazolic hydrogens is tentative, since
the chemical shift of the hydrogens or methyl groups in
positions 3 and 5 seems to be affected by different
factors, which are difficult to evaluate: whether the
hydrogen (or methyl) group at position 3 resonates at
higher field than 5 or vice versa may vary in the same
family of complexes [16], or even depending on the
solvent used [17]. Other NMR experiments were pre-
cluded by the unstability of the complexes, and also
sometimes by their low solublility, as for the '*C-NMR.

The IR spectra of the C—O stretching region show the
expected four absorptions for a cis-tetracarbonyl, being
those of 1 slightly higher, as should be expected. The
NMR and IR spectra were examined in order to obtain
information about what type of processes occur in
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solution, and the final products were isolated as solids.
However, the only identifiable signals detected in
solution were those corresponding to free pyrazole and
to [Mo(CO)g]. The solids finally obtained could neither
be identified, as they did not show any C-O stretching
absorption. Finally, the solids had to be stored under a
dinitrogen atmosphere at —20 °C, but even under these
conditions 1 darkened and decomposed in a few days.
This unstability precluded any study of their reactivity.
All the attempts to deprotonate the pyrazoles and
further attack of different metallic fragments (Scheme
1) lead to decomposition products. As indicated before,
the metal has a high oxidation state in most of the
structures previously reported of pyrazole molybdenum
complexes, what points to its preference for hard metal
centers. Therefore, the unstability of these complexes
may be explained considering the hard character of the
pyrazole ligands bonded to a soft molybdenum(0)
center.

3. Experimental

All manipulations were performed under N, atmo-
sphere following conventional Schlenk techniques. Sol-
vents were purified according to standard procedures
[18]. [Mo(CO)4NBD)] was obtained as previously
described [19]. Other reagents were obtained from the
usual commercial suppliers, and used as received.
Infrared spectra were recorded in Perkin—Elmer RX I
FT-IR apparatus on KBr pellets from 4000 to 400
cm . NMR spectra were recorded in Bruker AC-300
or ARX-300 instruments in CDCl;. NMR spectra are
referred to the internal residual solvent peak for 'H-
NMR spectra. Elemental analyses were performed on a
Perkin—Elmer 2400B microanalyzer.

3.1. [Mo(CO)4(Hpz):] (1)

Hpz (0.068 g, 1.0 mmol) was added to a solution of
[Mo(CO)4(NBD)] (0.150 g, 0.5 mmol) in hexane (20 ml),
and the mixture was stirred for 45 min, during which
time a microcrystalline yellow solid precipitated. The
colorless solution was decanted, and the solid was
washed with hexane (3 x3 ml) and vacuum dried,
yielding 0.109 g (63%). IR (THF), v(CO): 2012 m,
1888 vs, 1877 vs(sh), 1835 s. IR (KBr): 3434 s, 3154 w,
2024 m, 1898 vs, 1844 s, 1779 s, 1630 s, 1522 w, 1463 w,
1402 w, 1350 w, 1263 w, 1118 m, 1050 w, 763 m, 687 w,
652w, 610 w, 577 w. "H-NMR (253 K, 300 MHz): 10.12
(br, HN, 2 H), 7.61 (s, H>* Hpz, 2 H), 7.36 (s, H>** Hpz,
2 H), 637 (s, H* Hpz, 2 H). Anal. Calc. for
C1oHgMoN,4Oy: C, 34.90; H, 2.34; N, 16.28. Found: C,
35.26; H, 2.27; N, 16.26%.

3.2. [Mo(CO),(Hdmpz),] (2)

Hdmpz (0.577 g, 6.0 mmol) was added to a solution of
[Mo(CO)4NBD)] (0.900 g, 3.0 mmol) in hexane (100
ml), and the mixture was stirred for 9 h, during which
time a microcrystalline yellow solid precipitated. The
colorless solution was decanted, and the solid was
washed with hexane (3 x5 ml) and vacuum dried,
yielding 1.164 g (97%). IR (THF), v(CO): 2009 m,
1882 vs, 1872 vs(sh), 1833 s. IR (KBr): 3431 m, 3374 m,
2926 w, 2018 m, 1916 s, 1860 vs, 1787 vs, 1575 m, 1421
w, 1376 w, 1282 w, 1155 w, 1040 w, 1022 w, 798 w, 653
w, 616 w, 580 w, 555 w. 'TH-NMR (253 K, 300 MHz):
9.42 (s, HN, 2 H), 5.87 (s, H* Hdmpz, 2 H), 2.27 (s, CH;
Hdmpz, 6 H), 1.98 (s, CH; Hdmpz, 6 H). Anal. Calc. for
Ci4HisMoN4Oy4: C, 42.01; H, 4.03; N, 14.00. Found: C,
42.28; H, 3.87; N, 13.84%.

3.3. X-ray crystallographic study of 2

Crystals were grown by slow diffusion of a solution of
Hdmpz in hexane into a solution of [Mo(CO)4(NBD)] in
hexane at room temperature. Relevant crystallographic
details are given in Table 2. A crystal was attached to a

Table 2

Crystal data and refinement details for 2

Formula
Formula weight
Temperature (K)
4 (Mo-K,) (A)
Crystal system
Space group

a (A)

b (A)

¢ (A)

©)

©)
©)
(A%

NS =R

Dcalc (g cm 3)

Absorption coefficient (mm ~ ")
F(000)

Crystal size (mm); color

Index ranges

Reflections collected
Independent reflections
Absorption correction
Max/min transmission
Refinement method
Data/restraints/parameters
Goodness-of-fit on F*
Final R indices [ > 20 ()]
R indices (all data)
Extinction coefficient
Largest difference peak and hole
€AY

Ci4H16MoN4O4

400.25

298(2)

0.71073

Triclinic

Pi

7.873(1)

8.961(1)

13.043(1)

92.891(1)

90.279(1)

111.884(1)

852.5(1)

2

1.559

0.793

404

0.09 x 0.14 x 0.22; yellow
—8<h <8 —9<k <9,

—l4<i<14
5584

2444 [Ryp = 0.0201]
SADABS

1.0000 and 0.7668

Full-matrix least-squares on F>
2444/0/221

1.030

Ry =0.0230, wR, = 0.0607

R, =0.0245, wR, =0.0619
0.0086(11)

0.262 and —0.301
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glass fiber and transferred to a Bruker AXS SMART
1000 diffractometer with graphite monochromatized
Mo-K, X-radiation and a CCD area detector. A
hemisphere of the reciprocal space was collected up to
20 =46.54°. Raw frame data were integrated with the
SAINT program [20]. The structure was solved by direct
methods with sHELXTL [21]. A semi-empirical absorp-
tion correction was applied with the program SADABS
[22]. All non-hydrogen atoms were refined anisotropi-
cally. Hydrogen atoms were set in calculated positions
and refined as riding atoms, with a common thermal
parameter. All calculations and graphics were made
with SHELXTL.

4. Supplementary material

CCDC-197054 contains the supplementary crystal-
lographic data for this paper. These data can be
obtained free of charge at http://www.ccdc.cam.ac.uk/
conts/retrieving.html [or from The Director, CCDC, 12
Union Road, Cambridge CB2 1EZ, UK (Fax: (inter-
nat.) +44-1223-336033; e-mail: deposit@ccdc.cam.
ac.uk)].
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